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Abstract 

DNA methylation naturally happens at the fifth carbon position of cytosine base within 

the CpG dinucleotides, plays a significant role in the numerous biological events, such as 

gene expression, cellular proliferation, embryonic developments, and chromosome 

instability. Aberrancies in DNA methylation pattern can lead to the genomic instability, 

resulting in the development of various human diseases including cancer, considered as 

one of the promising epigenetic (diagnostic and prognostic) biomarkers. Current research 

shows that abnormality in DNA methylation pattern presents a signature for disease 

diagnosis, therapeutic interventions, and prognosis of outcome. Therefore, current DNA 

methylation research has a major focus and needs for the development of easy, reliable 

and sensitive detection strategies.  

Throughout the last few decades, extensive research has been reported towards 

the quantification of DNA methylation in the mammalian genome. However, having their 

respective advantages in analytical performance and reliability, most of these strategies 

are confined to laboratory-based molecular biology techniques, such as real-time 

quantitative reverse transcription polymerase chain reaction (RT-qPCR), microarrays, 

and sequence-based methods. These methods largely require either bisulfite treatment 

(BT) or specific restriction enzyme digestion followed by a subsequence DNA 

amplification or sequencing. BT converts unmethylated cytosine to uracils leaving 

methylated cytosine unchanged, leveraging the methylated fragments distinguishable for 

detection. Low conversion, non-specific responses, false reading, longer assay time, 

amplification biased and complex chemistries significantly reducing the practice of BT 

and PCR amplification in current DNA methylation analysis. Hence, development of new 

analytical techniques without the BT steps and PCR amplification could be a valuable 

and out-of-bench tool for sensitive, low-cost and rapid platform to accomplish the 

emerging demand in genome-wide DNA methylation analysis in clinics. In this regard, 

bisulfite-free electrochemical biosensors have gained much attention in recent years as 

electrochemistry offers sensitive, cost-effective, portable, and simple biomolecules 

recognition readout. Parallel with electrochemistry, biosensors with optical readout 

enable direct real-time detection of biological molecules and are easily adaptable to 

multiplexing. Incorporation of electrochemical and optical readouts to bisulfite-free DNA 

methylation analysis is paving the way for translation of this important biomarker to 

standard patient care even resource-poor settings. 
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This PhD thesis explores various electrochemistry along with colorimetric 

approach based sensitive, specific, rapid and inexpensive biosensor platform for bisulfite-

free global DNA methylation analysis. Moreover, a series of commercial and in-house 

synthesised novel superparamagnetic nanomaterials were integrated to enhance the 

sensitivity and portability of the detection platform. A comprehensive literature review 

entailing detailed mechanism in DNA methylation pattern, association of DNA 

methylation with various human diseases, progress in DNA methylation biosensors 

techniques with a special emphasis on electrochemical and optical detection platforms 

have been reported. The challenges associated with current strategies have been outlined, 

and a great deal of recommendations also addressed to overcome the existing techniques. 

In the following chapters, four novel DNA methylation analysis strategies have reported 

based on colorimetry, electrochemistry and engineered nanostructures based inorganic 

enzymes (nanozymes) for the sensitive, rapid, and inexpensive analysis of global DNA 

methylation. First, based on the nucleic-acid affinity with the gold surface and 

methylation site-specific 5-mC antibody conjugated with horseradish peroxidase (HRP, 

natural enzyme), an amplification-free electrochemical and colorimetric assay was 

developed for the detection of global DNA methylation. In this strategy, the methylation-

sites to 5-mC antibody recognition were carried out on a screen-printed electrode surface 

and HRP catalysed 3,3′,5,5′-tetramethylbenzidine (TMB) oxidation were employed to 

read out the recognition event. The widely used colorimetry and ultra-sensitive 

chronoamperometry (i-t) were used to readout the DNA methylation pattern. Subsequent 

to the development of this proof-of-concept sensor, we replaced the commercial HRP 

enzyme with an in-house specially designed mesoporous iron-oxide for reading the 

methylation site recognition events in genomic DNA obtained from the oesophageal 

cancer cell lines. In this DNA biosensor, both the BT and PCR amplification were avoided 

to overcome the challenges associated with them and to achieve relatively simple and 

rapid DNA methylation detection. Prior to integration of mesoporous iron-oxides into the 

sensor platform, the peroxidase-like activity was explored and a colorimetric glucose 

sensor was developed. This intrinsic property was then combined with DNA methylation 

site-5-mC antibody immunocomplex and hence a sensitive colorimetric and 

electrochemical readout were reported for global DNA methylations. In the following 

chapter, a more sensitive assay was stated by utilising the coupling of enzymatic and 

electrocatalytic strengths of another natural (glucose oxidase) enzyme. In this assay, 

chronocoulometric (CC) charge measurement from redox mediator [Ru(NH3)6]3+ in the 

presence of glucose subtract via glucose oxidase enzyme was used for DNA methylation 
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analysis. In our final readout strategies, we extended our approach towards an inexpensive 

and portable assay platform which enabled naked-eye, colorimetric and electrochemical 

interrogation of in-house synthesised porous graphene oxide-loaded iron oxide (GO-

Fe2O3) via (TMB)/Nanozyme)-based colorimetric assay.  

All the readout platforms reported herein have shown excellent analytical 

performance with high sensitivity (limit of detection-LOD for global DNA methylation 

5%) and specificity. The applicability of the assays was also demonstrated in different 

cancer cell line samples with high reproducibility. We envisage that this research efforts 

will contribute to the on-going development of simple, inexpensive and sensitive 

technology for global DNA methylation analysis towards commercial aspect of both the 

laboratory settings and resource-poor clinical settings. 
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1.1 Background and motivation  

Cancer is an uncontrollable, life-threatening disease and is one of the leading causes of 

death worldwide. Each year, cancer causes approximately 8.8 million deaths globally and 

the number is expected to increase by 70% during the next two decades [1]. This 

staggering number of deaths has a profound, devastating blow to human society both 

socially and financially. For example, in 2010, the total annual economic cost of cancer 

worldwide was estimated to be approximately US $1.16 trillion; plausibly explaining the 

reason why the research focus for the past three decades has gravitated towards 

developing new techniques to detect early stage in cancer progression. Clinicians and 

researchers have concluded that early stage identification of tumour cells (TCs) in 

patients’ blood along with personalised targeted treatments may improve prognosis 

survival rates and decrease the morbidity and mortality [2-6]. Numerous studies have 

indicated that early understanding of the disease progression will lead to improve and 

more personalise treatments [7-11]. However, as of today, detection remains a daunting 

technical challenge because of the limitations of current methodological practices.  

DNA methylation, an important epigenetic biomarker, plays an essential roles in 

various cellular regulatory pathways, such as gene expression and regulation [12], 

maintaining genomic stability [13], X chromosome inactivation and mammalian cell 

development [14].  Abnormality in methylation pattern can result in different genetic and 

physiological anomalies, thereby, causing a number of diseases including 

neurodegenerative disorders, cardiovascular diseases, and cancers [15]. DNA 

methylation in the genome may undergo two types of alterations, i.e., hypermethylation 

and hypomethylation. Hypomethylation is the erasure of DNA methylation patterns from 

certain genomic regions while hypermethylation corresponds to the methylation of 

previously unmethylated genomic regions. Hypermethylation in the promoter regions of 

tumour suppressor genes can initiate cancer by silencing the corresponding gene. For 

example, hypermethylation-mediated deactivation of homeobox genes triggers abnormal 

morphological development and causes cancer [13]. On the other hand, hypomethylation 

generally occurs in the repetitive regions of the genome as well as the promoter regions 

of proto-oncogenes. Hypomethylation reduces global methylation content of the genome 

leading to genomic instability and activating the transcription of proto-oncogenes, thus 

causing cancer [16]. DNA methylation patterns in cancer and healthy cells are remarkably 
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different and can be utilised to differentiate cancer tissues from their normal counterparts 

[17]. Recent research has also shown that the methylation status of certain genes in 

different cancers provides significant information about disease diagnosis and prognosis 

[18]. Therefore, accurate quantification of methylation level in both whole genome and 

regional levels not only gives the characteristics significance of gene function but also 

gives a better understanding about the diagnostic and prognostic roles of DNA 

methylation in different cancers.    

A wide range of strategies have been detailed over the last few decades to analyse 

and quantify the DNA methylation patterns. The majority of these methods comprise  

bisulfite conversion of the DNA [19], modified PCR and sequencing such as methylation 

specific PCR (MS-PCR) [20], quantitative MS-PCR [21], real-time PCR [22], 

methylation-sensitive single nucleotide primer extension (MS-SNuPE) [23], or most 

recently through next-generation sequencing (NGS) [24], etc. While these methods have 

their respective merits, they all necessitate large sample volumes due to DNA degradation 

during bisulfite conversion. Furthermore, these methods are often limited by low 

amplification efficiency and PCR bias.  The enzyme-linked immunosorbent assay 

(ELISA) circumvents the use of bisulfite conversion and PCR amplification methylation 

assay [25]. However, low sensitivity and the requirement of tedious and time-lengthy 

steps for quantitative analysis limit the clinical application of this technique. Minimising 

these issues, antibody based assays were developed [26] to selectively bind and detect the 

methylated CpG sites within the target DNA sequence.  

Conventional analytical methods, such as high-performance liquid chromatography 

(HPLC), high-performance capillary electrophoresis (HPCE), and mass spectroscopy 

(MS) have been used in conjunction with bisulfite conversion and antibody-based 

methods to give highly accurate detection and quantification [27, 28] of DNA 

methylation. In the view of analytical performance, these techniques have the excellent 

outcome, but they also require expensive and large-scale equipment, professional 

operators, and long analysis time.                                                                                                                     

Recently, several electrochemical [29, 30] and optical readout methods [31] have 

been developed that show cost-effective, rapid, sensitive and accurate detection and 

quantification of DNA methylation. Electrochemical methods, such as cyclic 

voltammetry, chronoamperometry, chronopotentiometry, and impedance spectroscopy 
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etc. provide essential information through electronic signals during the direct conversion 

of a biological event in the presence of various electrolytes. Owing to their robustness, 

easy miniaturisation, and excellent detection limits, the electrochemical detection 

biosensors have emerged as excellent platforms for point-of-care detection. On the other 

hand, optical readouts, such as Raman spectroscopy [32], colorimetry [33], surface 

plasmon resonance (SPR) [34], and electrochemiluminescence (ECL) [35] have also 

shown promise in DNA methylation analysis, attributed primarily to superior surface-

enhance sensitivity. Among these techniques, the colorimetry method has gained 

popularity due to its capability of real-time monitoring and naked-eye evaluation. With 

the introduction of unique properties of nanomaterials to electrochemical and colorimetry 

readouts techniques, not only can the method provide superior performance in the 

detection of methylation, but it also requires a microscale sample amounts using a 

sizeable robust surface area at the micro or nano level. For instance, several research 

groups have used metal nanoparticles, including quantum dots, as a biosensor for DNA 

detection because of their unique optical and catalytic properties. For example, Jing [36] 

et al. reported the use of DNA-modified gold nanoparticles (AuNPs) in the presence of 

methylene blue as the electrochemical indicator to improve signal in DNA methylation 

detection.  

Magnetic nanoparticles (MNPs) have become an exciting platform for DNA 

methylation analysis, which may be due to their strong magnetic characteristics, high 

separation efficiency, intrinsic catalytic activity, applicability in biological imaging, and 

robust surface area. MNPs can easily be separated from solution phase and dispersed 

immediately into the liquids using an external magnet, which makes it possible for the 

modification and hybridisation process to move away from the electrode surface, thereby 

avoiding nonspecific adsorptions at the biosensor regions. Moreover, nanoparticles are 

generally considered to be biologically and chemically inert. MNPs have been used in 

some applications, such as separating proteins, DNA, and cells from samples [37], 

magnetic resonance imaging [38], magnetic biosensors [39], and as mediators of heat for 

cancer therapy (hyperthermia)  [40]. Interestingly, magnetic nanoparticles (such as Fe3O4) 

have also been coated with metal catalysts or conjugated with enzymes to detect 

biomolecules by combining both separating power of the magnetic properties and the 

catalytic activity of the metal surface or enzyme conjugate. This catalytic property of 



Chapter 1 
General introduction 

5 | P a g e  
 
 

nanoparticles itself or coated outer metals can be utilised in both electrochemistry and 

photochemistry to enhance the readout signal. Considering all the advantages of MNPs 

and MNPs moieties, this opens new alternative opportunities towards the development of 

electrochemical and optical detection of DNA methylation.  

In this PhD work, the candidate aims to develop alternative strategies for 

analysing DNA methylation at the global level that could be sensitive, specific, 

inexpensive, and user-friendly. Electrochemical and colorimetric (naked-eye) detection 

will be used to analyse DNA methylation. Also, the candidate will explore highly porous 

magnetic nanoparticle as an alternative to peroxidase to achieve a sensitive and highly 

inexpensive detection platform for DNA methylation analysis in clinical samples.  

1.2 Aims  

This PhD project aims to develop a simple, reliable, and inexpensive device that will 

serve as platform technology to enable analysis of DNA methylation in clinical samples 

for applications in diagnosis of cancer and other diseases. The specific aims of the project 

are to:  

 Development of a bisulfite-free method for the naked-eye (colorimetry) and 

electrochemical detection of DNA methylation;  

 Incorporation of new class of superparamagnetic nanoparticles in colorimetry 

and electrochemical readouts to enhance the analytical performance of our 

method;  

 Integration of these detection systems into a portable device for the analysis 

of DNA methylation; and  

 Application of the device for the diagnosis of cancer by quantifying the level 

of DNA methylation present in the cancer cell line samples.  

1.3 Significance  

Cancer is one of the top causes of death worldwide. Detection of cancer biomarkers, such 

as DNA methylation, could significantly increase patients’ survival through good 

prognosis and treatment options. However, most of the current methodologies for DNA 
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methylation detections lack affordability, simplicity, and sensitivity. Thus, successful 

development of an acceptable platform technology that could effectively capture DNA-

based biomarkers is desirable for improving cancer detection and treatment capabilities. 

The significance of this PhD study relates to the following scientific advances. 

 One of the major challenges in cancer diagnosis using DNA methylation as a 

biomarker is the requirement of an excessive amount of input DNA.  Besides the 

quantity of target DNA, requirement of bisulfite treatment (BT) steps, total 

detection time or assay time, and overall cost are considered to be significant 

challenges in point-of-care platform development. In this thesis, we have selected 

DNA methylation as a cancer biomarker, and avoided the BT- and PCR-

amplification steps to reduce the assay time and cost.  

 The reported assays were designed in such a way that it could meet the increasing 

demand for detecting the low levels of DNA methylation from trace amounts of 

complex biological sample within a short time. Most of the assays either combined 

both colorimetry- and electrochemistry-based readouts, or only electrochemistry-

based readouts with an excellent sensitivity of 5% DNA methylation level in 

genomic DNA sequence. While analysing assay performance in cancer cell lines, 

we found an exceptionally low limit of detection (LOD) bias of 5% to 10% for 

both platforms. Analysis time for our first assay was relatively higher (greater than 

two hours) because it was based on BT. However, the rest of our assays avoided 

BT, which reduced the assay time to 50 minutes from as low as 50 ng of total 

input DNA. Finally, the overall cost was also reduced by replacing the commercial 

HRP enzyme with novel superparamagnetic nanomaterials. 

 Our assays have addressed the poor specificity issues that exist in many DNA 

methylation assay designs. The use of methylation group-specific antibody made 

all of our assays more specific for methylation detection. It also helped to 

overcome the challenge of false readout in the background of abundant non-

specific molecules.  

 Another improvement of our assay platforms was to overcome the reliance of 

hybridisation of targets with surface bound capture probes, sophisticated electrode 

modifications, and the use of radioactive ligands. The use of single-use disposable 

screen-printed electrodes, portable potentiostat, and simple naked-eye detection 
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offered a relatively inexpensive and rapid platform for DNA methylation 

detection. It is proven to be highly advantageous in discriminating the presence 

versus absence of molecular biomarker by simple visual observation, which opens 

an avenue for easy, simple, and cost-effective disease screening in resource-poor 

settings. Importantly, this method can be used as the first-pass screening test for 

any disease primarily in large cohorts, especially in developing countries. Overall, 

we believe that our approach can be further extended towards the development of 

a multiplexed electrochemical device that may have a huge potential in 

miniaturisation and portability of the biosensor with minimal cost, space, and 

power requirements. Development of inexpensive, sensitive, and specific 

detection platforms for personalised clinical applications could also lead to 

enormous investment return through the generation of Australia-based intellectual 

property and the development of appropriate commercialisation prospects. 

1.4 Structure of the thesis 

This thesis includes seven chapters. Half of Chapter 2 has been published as a “Review 

Paper” in a peer-reviewed journal. Chapters 3, 4, 5, and 6 are a collection of journal papers 

that have been published and submitted or ready to submit. Chapter 7 is the overall 

calculations and future direction of this PhD research work. 

Chapter 1: General introduction  

Chapter 1 introduces a brief background, aims, hypothesis, and the significance of the 

PhD projects.  

Chapter 2: DNA methylation detection: recent developments in electrochemical and 

optical approaches  

Chapter 2 covers a comprehensive discussion on the DNA methylation, its biogenesis and 

effect on human disease and cancer, and recent developments in both bisulfite treatment 

based and bisulfite-free DNA methylation analysis via colorimetric and electrochemical 

methods. This chapter also highlights the current challenges associated with available 

detection approaches and possible solutions to these challenges. These limitations and 

challenges inspired us to design several assays which are described in the subsequent 

chapters. 
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Chapter 3: Colorimetric and electrochemical quantification of global DNA methylation  

In this work, we developed a proof-of-concept amplification free bisulfite treatment based 

specific method for global DNA methylation level detection.  We used methylation-

specific antibody conjugated horseradish peroxidase (HRP) enzyme which oxidises the 

TMB substrate solution and gives a colour change (chemical change). We were able to 

detect as low as 5% of methylation level in the synthetic sample via electrochemical 

readout. Using our assay, we also investigated seven esophageal cancer samples, along 

with four cancer cell lines.  

Chapter 4: Mesoporous nanozyme in DNA methylation detection  

Chapter 4 describes the development of a PCR and bisulfite treatment free approach using 

superparamagnetic mesoporous iron oxide nanoparticles (NPs) to detect global DNA 

methylation level. First, we explored the peroxidase-like activity of iron oxide prepared 

from soft template methods in different calcination temperatures. Then, we used NPs to 

design a glucose sensor which could detect as low as 1.0 µM concentrated glucose. After 

this work, we functionalised this NPs with methylation site-specific antibody using 

dextran to design a DNA methylation assay. We utilised the peroxidase-like activity of 

mesoporous iron oxide to detect methylation level in synthetic and cancer cell lines. We 

could detect as low as 10% of methylation level using both colorimetric and 

electrochemical readout. Although the assay did not achieve a limit of detection (LOD) 

lower than 10% of methylation level, this assay was able to avoid the use of bisulfite 

conversion and high HRP enzyme.   

Chapter 5: Enzymatic electrochemical approaches for sensitive DNA methylation assay 

Chapter 5 outlines the increased detection limit of the methylation level using 

electrochemical approach. In this work, methyl-specific antibody (5-mC) was used to 

recognise methylation group in genomic DNA specifically. 5-mC conjugated glucose-

oxidase (GOx) and electrochemical-enzymatic redox cycle were performed to read the 

methylation level. In this assay, Ru(NH3)6
3+ was used as a redox mediator and glucose as 

an enzymatic substrate. In the presence of GOx, Ru3+ was reduced to Ru2+ and glucose 

was oxidised to gluconic acid. During this process, Ru2+ oxidised back to Ru3+ thus 

completing the redox cycle. Repetition of this redox cycle at a particular time raised the 

chronocoulometric charges, which was observed in the electrochemical readout.  
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Chapter 6: Composite nanomaterial in bisulfite-free sensitive DNA methylation assay  

Another new class of magnetic material, graphene loaded ferric oxide (GO-Fe2O3) NPs 

is introduced for DNA methylation level detection. GO-Fe2O3 NPs was conjugated with 

the 5-mC antibody. This work was designed to reduce the complicated conjugation steps 

and used portable potentiostat for electrochemical analysis, which is anticipated to give 

the freedom towards miniaturisation of the assay for point-of-care (POC) application. By 

using both electrochemistry and colorimetry (naked-eye), we demonstrated the 

investigation of global DNA methylation level in the synthetic sample as well as cancer 

cell line samples. 

Chapter 7: Conclusions and future perspectives  

Chapter 7 covers the overall conclusion and future direction of PhD works presented here.  
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Recent developments in DNA methylation detection via 

electrochemical and optical approaches 

 

This chapter includes two part where Part A presents a comprehensive overview of the 

DNA methylation and focuses on the significance of DNA methylation as a diagnostic 

and prognostic biomarker for cancer and methodologies currently available for its 

detection in laboratory and clinical practices. A brief literature review has been provided 

on bisulfite treatment-based methods and the challenges associated with these strategies 

have been identified. In Part B, the recently reported bisulfite-free electrochemical and 

optical approaches have also been discussed. Electrochemical biosensors offer ultra-

sensitive, cost-effective, simple operation, and portability, whereas the optical readout 

enables direct real-time detection of DNA methylation and is easily adaptable to 

multiplexing. Incorporation of both electrochemical and optical readouts to a bisulfite-

free DNA methylation detection platform has paved the way for biomarker translation to 

standard patient care. This extensive literature review provides a roadmap for the 

selection of DNA biomarkers and their detection techniques, in the subsequent chapters. 

 

 

 

 

 

 

 

 



  Chapter 2  
                                           Literature review 

15 | P a g e  
 

Part A: Recent developments in Bisulfite-treated DNA methylation 

detection approaches 

 2.1 Introduction 

Epigenetics is known as the heritable changes or modifications in gene expression that do 

not involve alterations to the primary DNA sequence. In general, epigenetic marks are 

the non-genetic alterations that actively control the gene expression network and basic 

functions of cells. For instance, it regulates when and how certain genes are turned on and 

off for controlled growth and development [1]. Several factors, such as age, disease state, 

environment, or even lifestyle, have been pointed out as possible reasons for the change 

of the systematic epigenetic functions and also the unexpected alterations in their patterns. 

Thus, a large number of diseases or disease conditions (e.g., cancer, obesity, fragile X 

syndrome, etc) have been found to be linked with epigenetic changes [2] and the role of 

epigenetic changes in pathogenesis in many diseases, including cancer, is increasingly 

being recognised [3, 4].  

Epigenetic mechanism relies on three major alterations, i.e. DNA methylation, 

histone modification, and non-coding RNA (ncRNA) that involved in gene silencing. 

Changes in one or other of these mechanisms may lead to unexpected expression. For 

instance, silencing of genes can initiate epigenetic related diseases. Among these changes,  

DNA methylation is the most extensively studied epigenetic modification that plays 

significant impacts in expressing and regulating genes [5], stability in genome [6], 

inactivation of X chromosome [7], and mammalian cell development [8]. In a DNA 

methylation process, DNA methyltransferase (DNMTs) enzymes catalyse the addition of 

an extra methyl group (derived from s-adenosylmethionine [SAM]) to the fifth position 

carbon of the cytosine ring of DNA, either de novo or on the unmethylated strand of a 

hemimethylated DNA duplex post replication (maintenance)  [9]. Maintenance DNMTs 

play multifaceted roles in silencing transposable elements, and transcriptional 

suppression of certain genes. Due to the high mutagenic behaviour of 5mC, substantial 

transitions found in C:G to T:A sequences strongly suppress the CpG methyl acceptor 

site in human DNA. The alteration in the methylation pattern causes genetic and 

physiological abnormality, which is associated with a number of diseases, such as 

neurodegenerative disorders, cardiovascular diseases, and cancers  [10]. Perturbations in 
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the normal DNA methylation pattern can either be hypermethylated or hypomethylated. 

An unusually high level of methylation in regions generally found unmethylated in 

normal cells is known as hypermethylation, whereas an inconsistent low level of 

methylation compared to their regular distribution is considered as hypomethylation.  

Hypermethylation (mostly gene-specific region) at promoter regions of tumour 

suppressor genes can initiate cancer by silencing corresponding genes [11]. On the other 

hand, hypomethylation (mostly genome-wide/global) results in the genomic instability 

and transcription of proto-oncogenes that leads to cancer and metastasis [12]. Thus, DNA 

methylation landscapes in cancerous genomes are quite different from the healthy 

genome in both global and genomic distribution [13]. The overall process is shown in 

Fig. 2.1 [14]. Current research has also shown that the methylation expression in certain 

genes during cancers progression, provides significant information about disease 

 

Figure 2.1 DNA methylation patterns in different regions of the genome. Left column 

represents normal scenario and right side for alterations of this pattern. (a) unmethylated 

CpG promoter region, allowing transcription. Transcriptional inactivation occurs due to 

the aberrant hypermethylation. (b) Similar pattern is observed for CpG island shores. (c) 

In contrast to promoter region methylation, gene body methylation favours gene 

transcription. (d) Finally, hypomethylation in repetitive sequences reactivates the 

endoparasitic sequences to and causes chromosomal instability, translocations and gene 

disruption. (Reproduced with permission from ref. [14]. Copyright 2010, Springer Nature 

Publication) 
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diagnosis and prognosis [15]. Thereupon, accuracy of the DNA methylation level analysis 

in both regional and global levels will not only help in understanding the gene function 

in a better way but may also highlight the diagnostic and prognostic roles of DNA 

methylation in different cancers.  

A growing number of detection techniques have been advanced for the 

quantification of DNA methylation both at global and regional levels, in recent years [16, 

17]. These approaches range from conventional laboratory-based molecular biology 

techniques (e.g., bisulfite sequencing and quantitative PCR [qPCR] mass spectrometry) 

[18-21] to the more recent optical and electrochemical biosensors such as fluorescent 

resonance energy transfer (FRET) [22], surface enhanced Raman spectroscopy (SERS) 

[23], melting temperature measurement [24], surface plasmon resonance (SPR) [25], 

electrochemical assays [16] and nanopore sequencing [26]. Early studies have shown 

stability of bisulfite-treated  DNA and bisulfite conversion (unmethylated cytosine’s 

conversion to uracil, leaving unmethylated unchanged) rate to be low [27, 28]. However, 

conversion of unmethylated cytosine to uracil will only enrich the DNA with thymine 

molecules during PCR amplification and further complicates the PCR primer design [29]. 

To avoid these limitations,  some relatively inexpensive and straightforward bisulfite-free 

techniques have been developed. One example is the affinity-based capture of methylated 

region (i.e, via methyl binding domain protein (MBD protein) or methylation specific 

antibody etc)  [21, 30]. 

2.2 DNA methylation and human diseases 

Alternations in the DNA methylation pattern may cause a number of diseases, such as 

cancer, autoimmune disease, metabolic disorder, and neurological disorders etc [3, 14]. 

DNA methylation as a cause of human disease processes was initially explored on the 

basis of genomic (parental) imprinting, which is an epigenetic phenomenon that causes 

gene expression in the parent-of-origin specific manner. Remarkably, genomic imprinting 

is mitotically heritable [31]. While many disorders such as Beckwith–Wiedemann 

Syndrome [32], Prader–Willi syndrome [33], Angelman syndrome [34], and various 

types of cancer diseases may involve the loss of imprinting (LOI), aberrant expression of 

oncogenes and induced LOI in some loci can be observed as a consequence of 

hypomethylation at specific promoter. Insulin-like growth factor 2 (IGF2) is one of the 

most commonly known LOI event for hypomethylation and is expressed within a broad 
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range of tumour types including breast, lung, colon, and liver cancers [35]. The other 

case-type is where the promoter region of a tumour suppressor gene, such as MASPIN 

(also known as SERPINB5), becomes hypermethylated in breast and prostate epithelial 

cells, but remains hypomethylated in other tumour types [36].  

Alterations in DNA methylation patterns are also responsible for either under or 

over activity of the immune system and cause autoimmune diseases [37]. For example, 

DNA hypomethylation was observed in ICF (immunodeficiency, centromeric instability, 

and facial anomalies) syndrome, pericentromeric satellite 2 and 3 repeats, alpha satellite 

sequences, Alu sequences and the D4Z4 and repeats NBL2 [10, 38]. While genetic and 

external factors have been correlated to rheumatoid arthritis (RA) development, DNA 

methylation level has also shown to be closely related with disease-modifying 

antirheumatic drug treatment  [39]. 

Multiple sclerosis is  another common neurological disability in young adults and 

considered to be a self-immune mediated chronic inflammatory and neurodegenerative 

disease [40]. The cause of this disease is still unknown; however, researchers believe that 

genetic and environmental factors may play significant roles in multiple sclerosis 

development. For instance, a few literature reviews show that CD4+ T cells, CD8+ T 

cells, and CD44+ encephalitogenic T cells have altered DNA methylation patterns in the 

hippocampi of patients with multiple sclerosis due to demyelinating disease (damage to 

the protective covering that surrounds nerve fibres in brain, optic nerves and spinal cords) 

[41, 42].  

Genetic and epigenetic alterations are also recognised to play different roles in 

diseases associated with hyperglycemia and hyperlipidemia. Hyperglycemia has been 

linked to the possible cause of Type I and Type 2 diabetes, and hyperlipidemia to obesity-

related conditions, with a high risk of cardiovascular diseases in the latter [43, 44]. That 

said, Type 2 diabetes mellitus (T2BM) shows, for example, remarkable differences in 

methylation level  between T2BM patients and normal donor patients [45]. In the case of 

obesity, an increased DNA methylation level is observed in hypoxia-inducible factor 3 

alpha in both blood  and adipose cells  [46]. However, a negative relation between DNA 

methylation level and body mass index (BMI) was found for the leptin gene in blood cells 

[47].  

Recent studies have also ‘shed some light’ on the neurological disorders and 

neurodegenerative diseases due to the changes in DNA methylation profile [38, 48, 49]. 
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In neurological diseases, a high level of change in DNA methylation patterns were 

observed. For example, in Fragile X syndrome patient an expansion of the CGG 

trinucleotide repeats to more than 200 copies induced the methylation of FMR1 leading 

to its transcriptional silencing  [50]. In the case of Alzheimer’s disease, hypermethylation 

is observed in the promoter of neprilysin (NEP, also known as MME) as well as in 

Friedrich’s ataxia (FXN), and SMN2 in spinal muscular atrophy [48]. The genome-wide 

studies of Parkinson’s disease (PD) also show differences in methylated CpGs sites of the 

cerebral cortex [51], or from blood and saliva [52].  

2.3 Bisulfite-treatment based DNA methylation detection 

DNA methylation detection with high sensitivity and reliability has created an urgent 

demand in the aspects of exploring diagnostic and therapeutic strategies for cancer and 

other diseases. The revolutionary pathway of bisulfite treatment created by Frommer [53] 

and colleagues in 1992 has led many researchers to use this technique in DNA 

methylation analysis. Due to the high qualitative and quantitative outcomes from bisulfite 

genomic sequencing method, various derived techniques have been developed to 

understand the mystery of the DNA methylation.  

 

Figure 2.2 Steps wise bisulfite conversion of 5-methylcytosine. 

 

 

Figure 2.3 Timeline of the development of bisulfite treatment-based DNA methylation 

detections. 
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PCR is an important tool in methylation analysis. However, elimination of DNA 

methylation patterns (methylcytosine converted to cytosine) during PCR amplification, 

made the analysis hard to distinguish between methylated and unmethylated cytosines 

using sequencing and microarray based technologies. To overcome these issues, a 

complementary step is involved prior to amplification in order to convert the methylation 

information into readily assayable DNA-sequencing information. Consequently, several 

new techniques have been developed for analysing methylation patterns at both global 

and regional scales using the bisulfite conversion of DNA bases [54, 55]. Frommer et al. 

applied the bisulfite conversion reaction to distinguish methylcytosine from cytosine [53]. 

In the bisulfite conversion process, three major steps are involved (Fig. 2.2) [56]. In Step 

1 the addition of HSO3
- initiates the sulfonation process of cytosine to form [C-SO3] at 

pH of 5. In Step 2, in the presence of NH3, the hydrolysis process generates a stable form 

of [U-SO3
-]. In Step 3, the sulfonate group is eliminated by alkaline solution and 

regenerates the double bond to yield uracil. Since 1992, plenty of methodologies have 

been described following this principle to interrogate DNA methylation (Timeline, Fig. 

2.3), which can broadly be categorised as (i) bisulfite sequencing, (ii) melting 

temperature-based methods, and (iii) current optical and electrochemical biosensors.   

2.3.1 Bisulfite sequencing 

Before the inception of bisulfite conversion, complex chemical cleavages or digestion-

based complicated procedures were commonly used in DNA methylation analysis. These 

procedures were limited by poor sensitivity and required high-volume samples [57, 58].  

In 1992, Frommer et al. were able to use a genomic sequencing protocol to map the 

pattern of individual 5-methylcytosine (5mC) residues in DNA strands [53]. In this 

method, initially bisulfite treatment was employed to convert the cytosine to uracil 

leaving the methylated cytosine unchanged in single-stranded DNA (ssDNA). After that, 

PCR amplification of the bisulfite modified DNA further converts the uracil to thymine, 

which can be visualised in the sequencing gel. This method thus offered a relatively 

simple way of positive identification of 5mC in genomic DNA. To simplify the 

sequencing method, Herman’s group reported an advanced DNA methylation detection 

approach they called methylation specific PCR (MS-PCR) [18]. In their method, two 

primers were specially designed to be specific for methylated and unmethylated DNA 

sequences. These methylation-specific primers were used along with the bisulfite-treated 

DNA in the PCR amplification, thus allowing precise DNA methylation quantification. 
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This reported method was relatively simple, sensitive, rapid (4 to 6 hours), and can assess 

the methylation level in CpG sites without using methylation-sensitive restriction 

enzymes. The drawback of their method is that it requires precise primer design and high 

expertise.  

In 1997, Gonzalgo’s group proposed a methylation-sensitive single-nucleotide 

primer extension (Ms-SNuPE) method for assessing methylation levels in bisulfite-

treated  DNA  [59]. The overall process of Ms-SNuPE is shown in Fig. 2.4a. In this 

method, sodium bisulfite was used to treat the genomic DNA prior to PCR amplification. 

Amplified products were isolated via electrophoresis and used as primer extension 

templates. Isolated templates were incubated with isotope labelled dCTP, dTTP, and Taq 

polymerase for the primer extension reaction. Final methylation analysis was followed 

by electrophoretic separation and radiation analysis of methylated versus unmethylated 

cytosine (C/T ratio) units. Although this restriction-digestion free approach can 

sensitively quantify the methylation status at multiple CpG sites by a single reaction 

compared to previously developed methods, it is limited by the use of hazardous 

radiolabelling steps. 

In the same year, Zhenggang et al. reported another method for methylation 

detection referred to as combined bisulfite restriction analysis (COBRA) [60]. The overall 

steps in COBRA are shown in Fig. 2.4b. Compared with other bisulfite sequencing 

methods, COBRA is relatively simple, fast, and inexpensive. This method can also be 

used to quantify the methylation level both at regional and global scales. The drawback 

with the approach is that the restriction digestion steps are often incomplete thereby 

affecting the accuracy of what is analysed. Other advanced sequencing strategies that 

have been coupled with bisulfite treatment and restriction digestion to give more accurate 

analysis of DNA methylation include next generation sequencing (NGS), reduced 

representation bisulfite sequencing (RRBS), and pyrosequencing  [61, 62].   

2.3.2 Melting temperature-based methods 

Despite the use of sequencing and amplification-based approaches in analysing bisulfite-

treated DNA, the primers design still required complicated, multi-step assay protocol. An 

alternative approach to methylation analysis is determining the melting temperature of 

5mC containing DNA strands. Aggerhoim et al. reported a methylation-specific 

denaturing gradient gel electrophoresis (MS-DGGE) method to analyse the methylation 
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level [63]. In their approach, the team estimated the visual detection of 5mC residue levels 

when the DGGE gel movement stopped and obtained a differential melting temperature 

point for methylated and unmethylated DNA strands. This method was limited by poor 

separation efficiency because of the unpredictable melting dynamics of DNA. However, 

several approaches were later developed that improved the separation efficiency of MS-

DGGE using a high-performance CE (HPCE).   

In 2001, Worm et al. designed methylation-specific melting-curve analysis (MS-

MCA) [64] where a fluorescence dye was labelled with bisulfite-treated  DNA. In this 

method, a light-cycle process was used to detect melting temperature and the intensity of 

fluorescence tag and melting curves of DNA strands were measured simultaneously. Due 

to the bisulfite treatment (converts cytosine to uracil), unmethylated DNA shows lower 

melting temperatures than the methylated DNA. This comparison gives a direct way of 

identifying the melting temperature profile for both DNA strands. The method still lacked 

methylation detection pattern at single base level. To address this issue, a high-resolution 

melting (HRM) based approach was described by Wojdacz and Dobrovic in 2007. Later, 

 

Figure 2.4 Flow chart of the a) methylation-sensitive single-nucleotide primer extension.

Bisulfite-treated genomic DNA was amplified based on the specific primers for both strands.

These PCR products were isolated via electrophoresis followed by primer extension reaction

in the presence of appropriate Ms-SNuPE primer(s), buffer, [32P] dNTPs and Taq polymerase.

Radiolabeled products were then identified via gel electrophoresis. (Reproduced with

permission from ref. [59]. Copyright 1997, Nucleic Acids Research Publication) and b)

combined bisulfite restriction analysis (COBRA). COBRA consists of a standard bisulfite-

treated PCR amplification followed by restriction digestion and finally quantification via

Molecular Dynamics PhosphorImager. (Reproduced with permission from ref. [60]. Copyright

1997, Nucleic Acids Research Publication). 
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in 2010, Rodriguez et al. proposed an enhanced approach of high-resolution melting 

(HRM) analysis that had a saturable fluorescent dye to label each target base site of the 

DNA sample. Thus, individual fluorescence signals were observed during the melting 

process and therefore, distinguishable signals for each single base reflected the 

methylation status [65, 66]. 

2.3.3 Current optical and electrochemical biosensors 

The past fifteen years have witnessed a paradigm shift in the development of a 

sequencing-free, simple, inexpensive, and rapid biosensing platforms that are coupled 

with electrochemistry and optical readouts [16, 17]. The electrochemical techniques are 

more favourable for enhanced sensitivity, simplicity, portability, specificity, low cost and 

rapid detection [67-69]. On the other hand, optical readouts, especially, the colorimetric 

evaluation (naked-eye semiquantitative observation) of DNA methylation analysis could 

be used in resource-limited settings where the laboratory-based sophisticated instruments 

are unavailable.  

2.3.3.1 Optical biosensors 

 A broad range of optical methods have been developed to detect methylation patterns in 

bisulfite converted DNA. Among these, fluorescence, electrochemiluminescence, SERS, 

SPR and colorimetric readouts are widely used to detect DNA methylation. 

Fluorescence based techniques. Fluorescence resonance energy transfer (FRET) is the 

most commonly used fluorescence detection method owing to its superior sensitivity in 

methylation detection. The electron transfer between electronically excited donor 

fluorophore to an acceptor chromophore results in a change in fluorescence intensity, 

while the fluorescence intensity is inversely proportional to the distance between donor 

and acceptor by the sixth power [70, 71]. Usually, in FRET-based methylation assays, 

donor fluorophores specifically bind to the target (i.e., 5mC). Once the donors transfer 

energy to acceptor molecules due to their excitation (at their absorption wavelengths), a 

significant fluorescence amplification observed. In contrast, unmethylated DNA do not 
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bind to 5mC-specific donor molecules, thus no energy transfer between the donor and 

acceptor molecules occurred with no resulting FRET signal. 

The trend in recent times is the use of cationic conjugated polyelectrolytes (CCPs) 

as FRET donors in the methylation analysis. CCPs exhibit excellent transducer properties 

[72] and their conjugation with fluorescein improves the sensitivity of DNA methylation 

detection [73-75]. Taking advantage of this phenomenon, Feng et al. successfully 

employed CCPs in FRET assay (Fig. 2.5a) for examine the human colon cancer cells and 

reported as low as 1% of methylation detection [74]. In their detection method, target 

DNA was denatured prior to bisulfite treatment followed by PCR amplification. 

Amplified, single-stranded DNA was incubated with fluorescein-labelled dGTP (dGTP-

Fl) and specific probe in the presence of Taq polymerase. DNA and CCP-1 exhibited a 

strong electrostatic interactions with enhanced FRET signal. However, dGTP-Fl did not 

interact with the unmethylated DNAs, thus no FRET signal was observed.  

 

Figure 2.5 (a) Schematic representation of the assay for measuring methylation status of

specific CpG sites via FRET method. Here bisulfite-treated genomic DNA were amplified via

PCR in the presence of specific probe. Target DNA with fluorescence tag emitted at a specific

wavelength. (Reproduced with permission from ref. [74]. Copyright 2008, American Chemical

Society) (b) Different steps of MS-qFRET method for detecting DNA methylation. The

biotinylated amplified bisulfite-treated PCR product will be captured by the streptavidin

functionalised QDs through streptavidin-biotin affinity. The labeled-PCR products will be

detected by emissions of fluorophores accompanied by quenching by QDs to reveal the status

of DNA methylation. (Reproduced with permission from ref. [76]. Copyright 2009, Cold

Spring Harbor Laboratory Press).    
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Bailey et al. advanced the study with quantum dot FRET (QD-FRET) technology  

to develop a methylation-specific quantum dot fluorescence resonance energy transfer 

nanotechnology assay (MS-qFRET) (Fig. 2.5b) [76].  In their assay, biotin and 

fluorophore were labelled with forward and reverse primers for PCR amplification, 

respectively. Due to the streptavidin-biotin affinity interaction, streptavidin 

functionalised QDs were captured in the amplified PCR products with different levels. 

When QD was excited at a suitable wavelength, there was an energy transfer between the 

QD donor and the fluorophore acceptor, and the FRET signal was observed. 

Consequently, methylation status was measured from the fluorophore emission obtained 

by the quenching of QDs from the labelled PCR products. This assay gave a low 

background noise and was able to detect methylation levels in cancer patient samples.  

In 2012, Zhang et al. developed a ligation-mediated hyperbranched rolling circle 

amplification (HRCA) method to detect DNA methylation, without using PCR 

amplification or restriction enzymes (Fig. 2.6) [19]. The HRCA technique relied on the 

isothermal and exponential amplification of target sequences [77]. In this approach, 

bisulfite-methylated DNA was hybridised with a linear padlock probe. Linear padlocks 

were purified through subsequent ligation and digestion until circular padlock probes 

 

Figure 2.6 Schematic representation of bisulfite-treated  DNA methylation measurement

using HRCA method.  Bisulfite-treated  DNA were hybridised with the linear padlock probe

and the subsequent ligation of linear padlock via digestion. Hyperbranched rolling circle

amplification allows a distinct fluorescence signal for the methylated DNA (B) and no signal 

for unmethylated (A). (Reproduced with permission from ref. [19]. Copyright 2012, American 

Chemical Society). 
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were obtained. Fluorescent dye was used to measure circular padlock probes via HRCA 

reaction. An enhanced fluorescence signals were observed for successful HRCA reaction 

in the presence of methylated DNA. In contrast, unmethylated DNA did not show any 

fluorescence signal because of the unsuccessful HRCA reaction. 

Surface plasmon resonance-based methods. Surface plasmon resonance (SPR) is an 

optical transduction technique used to detect resonating electron conduction response 

between excited incident light and a dielectric material at the metallic interface (mostly 

gold or silver) [78]. In SPR biosensors, antibodies, oligonucleotides, or aptamers are 

adsorbed on the metal surface to capture the target biomolecules via affinity interaction. 

The change in the refractive index (RI) at the metal surface can be optically measured. 

The magnitude of change in RI is proportional to the concentration of biomolecule or 

surface density [79, 80]. SPR-based biosensing offers an excellent method of evaluating 

label-free biomolecules in real-time with high sensitivity [81]. Additionally, SPR analysis 

can be used to explain binding kinetics under different reaction conditions (e.g., 

temperature, ionic strength and pH) for DNA molecular recognition events [82]. For 

example, Alexander et al.  measured the binding kinetics of MBD protein and dsDNA 

using SPR in a microarray-based DNA methylation assay [83]. In another report, Sina et 

al. developed an SPR-based approach to detect methylation level without using MBD 

protein or 5-mC antibody  [25]. In this approach, DNA base (sequence-dependent) -gold 

affinity interaction was used to adsorb the methylated DNA on SPR sensor chip and 

compared the SPR signal (RI) changes between methylated and unmethylated control. 

The SPR-detection method here was based on the individual DNA affinity interaction and 

unmodified gold substrate [84, 85]. Due to the following DNA-gold affinity interactions; 

adenine (A) > cytosine (C) > guanine (G) > thymine (T), unmethylated DNA with 

adenine-enrichment, adsorbed more on the SPR sensor surface compare to the methylated 

DNA (guanine-enrichment). Thus, two different spectral shifts were observed for the 

different adsorption patterns of methylated and unmethylated sample (See Fig. 2.7a).  

In 2015, an enhanced SPR platform was developed to analyse DNA methylation 

and adenine methyltransferase (Dam MTase) activity by using an end-to-end nanorod 

assembly [86]. The SPR readout had later been successfully used in molecular inversion 

probe (MIPs) [87] to analyse DNA methylation (Fig. 2.7b). Briefly, bisulfite-treated 

DNA bound to MIP gave rise to a gap of several bases (methylated region). The 

methylated region was filled by polymerase and subsequently joined by an enzyme, ligase 
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(ligation reaction) to generate a circularised DNA probe at the detection region. Then, 

asymmetric PCR was used to amplify the MIP circularised product to generate ssDNA. 

The modified SPR sensing surface was used to capture the target DNA. The oligo probes 

on the SPR surface was designed to hybridise specifically with the methylated ssDNA, 

so that successful hybridisation from methylated DNA can result SPR signals. Depending 

on the SPR signal, methylated and unmethylated DNA were analysed. 

Colorimetric detection techniques. In colorimetric methods, simple colour intensity 

changes are observed to identify the methylation status. Colorimetric sensors are user-

friendly, need low sample input, and are rapid, due to reliance on minimum instruments 

and onsite naked-eye evaluation. Unlike other optical transducers, sensing devices based 

on this principle can minimise the use of expensive and complex optical tools for 

detection. 

Xing’s group designed a colorimetric assay (Fig. 2.8a) based on the gold 

nanoparticle aggregation to allow for the semi-quantitative analysis of methylation in 

tumour suppressor genes [88]. In this assay, the target DNA was isolated and bisulfite-

treated before the PCR amplification. Amplified ssDNA contains a thiolated 5′-end and 

a functional domain of methylated p-16 sequence. Gold nanoparticles (GNPs) were 

 

Figure 2.7 (a) Bisulfite-treated and asymmetric PCR-amplified DNA strands were measured

in real-time and label-free using SPR readout based on the DNA gold affinity. Due to the strong 

affinity between adenine and gold, unmethylated DNA shows a higher response in SPR signal 

than methylated DNA. (Reproduced with permission from ref. [25]. Copyright 2014, American 

Chemical Society) (b) Methodological approach for the label-free and real-time detection of 

regional DNA methylation based on MIP and SPR. (Reproduced with permission from ref.

[87]. Copyright 2015, Royal Society of Chemistry). 
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coated with thiolated ssDNA with functional p-16 sequence as capture media in optimised 

NaCl solution. In the presence of methylated DNA, GNPs with functional p-16 were 

aggregated and changed the colour of the solution. Depending on the aggregation of the 

probe, paired with specific gene, they were able to semi-quantitatively measure the 

methylation levels. The simplicity, cost-effectiveness, and rapid detection make this 

method useful for diagnosis of DNA methylation-related diseases.  

In 2016, Huang et al. used unmodified AuNPS to analyse DNA methylation status 

for cervical cancer screening [89]. In this method, target methylated and unmethylated 

DNA were treated with sodium bisulfite. Next, thiol-labelled methylation specific primers 

were used to amplify the sequence via PCR reaction. Because the primers were designed 

specific to the methyl group in the DNA sequence, only methylated DNA were amplified, 

with the thiol group at one end. Amplified DNA with and without a thiol group were 

incubated in a reaction tube with unmodified gold nanoparticles. NaCl solution was added 

to avoid the aggregation of bare AuNPs. As soon as the methylated DNA with thiol group 

attached to the AuNPs, it stopped the aggregation of AuNPs causing no colour change. 

However, there are no thiol groups for the unmethylated DNA, so it allows the nearby 

AuNP to aggregate. This aggregation event quickly changed the initial colour of red to 

blue. The colour change between methylated and unmethylated DNA enabled screening 

of DNA methylation profile cervical cancer samples. The details of this assay are 

illustrated in (Fig. 2.8b).  

2.3.3.2 Electrochemical biosensors 

Electrochemical methods utilise a recognition element (e.g., enzyme, oligonucleotide 

probe, specific antibody etc.) to capture or interact the target sequences for selective 

recognition of methylated region. An electroactive signal transducer is used to obtain the 

electrochemical readout to quantify the level of DNA methylation [90].  Electrochemical 

readout can be obtained via voltammetric techniques (such as linear sweep voltammetry 

(LSV), cyclic voltammetry (CV), differential pulse voltammetry (DPV), square wave 

voltammetry (SWV) and stripping voltammetry), impedimetric methods and 

amperometry methods (chronoamperometry (CA), chronocoulometry (CC) and 

chronopotentiometry (CP)). Among these techniques, CV, and DPV methods have been 

commonly reported for DNA methylation [91, 92]. Based on the recognition element 

used, DNA methylation biosensors can be divided into three groups.  
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These groups include: (i) biological affinity/recognition, (ii) metal affinity, and (iii) 

electroactive species.    

 Techniques based on biological affinity/recognition. Methyl binding protein (MBD), anti-

5-methylcytosine antibody, and zinc finger (ZF) protein show strong affinity to 

methylcytosine sequence in DNA [93]. Affinity capture agents, such as MBD or 

antibodies raised against 5mC,  have gained considerable attention and have widely been 

used to develop methylation assays, both for genome-wide [83] and gene-specific [94] 

DNA methylation detection. While MBD proteins have high affinity towards methylated 

CpG region in dsDNA [83], they tend to have a bias towards CpG dense sequences and 

cannot discern methylation status of individual CpGs. In contrast, apart from binding with 

ssDNA, the 5-mC antibody has high specificity towards any methylated sequences, even 

in low CpG density genomic regions. Moreover, the 5-mC antibody can specifically 

recognise and bind the methylated site without prior treatment with restriction enzymes, 

 

Figure 2.8 Schematic representation of (a) colorimetric detection of DNA methylation by gold

nanoparticle. Bisulfite-treated  DNA amplified via PCR amplification  generates a functional

domain of methylated p16 sequence. Gold nanoparticles with thiolated ssDNA with functional 

p16 sequence were aggregated and changed the colour of the solution. Based on the

aggregation, methylation level is quantified. (Reproduced with permission from ref. [88].

Copyright 2016, Springer Open publication) (b) the new AuNP-based assay for gene specific

DNA methylation using colorimetric method. Bisulfite-treated  DNA were amplified in the 

presence of thiol-labelled methylation specific primer via PCR reaction. Due to specificity to

the methyl group in the DNA sequence, only methylated DNA were amplified and attached to 

unmodified gold nanoparticles. Optimum concentration of NaCl solution was added to avoid

the aggregation of bare AuNPs. From aggregation behaviour methylated and unmethylated

DNA can be quantified.  (Reproduced with permission from ref. [89]. Copyright 2016, Dove 

Medical Press Limited, publication). 
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whereas MBD-based approaches often involve the restriction digestion of target DNA to 

enrich for highly methylated genomic regions [30]. To date, there are not so many studies 

in electrochemistry using biorecognition molecules on bisulfite-treated methylated DNA 

detection. 

Recently, we have reported a simple and low-cost assay [95] to detect global DNA 

methylation (Fig. 2.9). In this assay, denatured ssDNA from bisulfite-treated genomic 

DNA was directly adsorbed onto an unmodified disposable screen-printed gold electrode, 

followed by the immuno-recognition of the methylated region using the HRP-5-mC 

antibody. In the presence of 3,3′,5,5′-tetramethylbenzidine (TMB)/H2O2 substrate 

solution, HRP enzyme oxidised the TMB, resulting in a blue coloured complex, which 

enabled the colorimetric quantification (naked-eye) of global methylation. In addition to 

a colorimetric readout, using the electrochemical properties of TMBox, genome-wide 

methylation was also detected via the chronoamperometric method. Finally, ESCC cell 

lines and clinical samples were analysed by using this assay to quantify the methylation 

level. Although this method does not rely on a highly sophisticated instrument and 

 

Figure 2.9 Schematic of the global DNA methylation detection assay based on HRP

conjugated methylation specific antibody. Bisulfite-treated methylated DNA were amplified

via asymmetric PCR reaction and adsorbed on screen-printed gold electrode. Subsequent 

HRP-5-mC antibody immunoadsorption and TMB reduction-oxidation reaction confirmed the

methylation level via colorimetry and electrochemistry. (Reproduced with permission from

ref. [95]. Copyright 2017, Royal Society of Chemistry). 
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analysis, the use of commercial HRP and bisulfite treatment increased the overall increase 

cost for the platform.  

Techniques based on metal affinity. Extensive research has been reported on the 

development of DNA base-metal affinity interactions biosensing approaches [96]. Most 

of these works were based on the covalent chemistries of modified gold-thiol interactions 

to the DNA probes [97, 98]. A few research groups have explored the fundamental 

relation between gold and DNA bases [99-102]. Based on their fundamental studies, 

specific and controlled adsorption sequence for DNA bases were observed (A>C>G>T). 

Taking this distinct feature as an advantage, several cost-effective and simplified 

electrochemical and colorimetric biosensors have been developed recently [16, 17, 103, 

104].  

Varghese et al. and Wu et al. have shown a similar affinity interaction between 

DNA base and graphene and graphene oxide, respectively [105, 106]. They found that 

polarisabilities of the individual DNA-bases have controlled physisorption towards 

graphene materials (i.e., adsorption on graphene). Polarisabilities of guanine and adenine 

have the largest value compared with other bases because of the presence of five- and six-

membered rings in their systems. However, larger polarisability was observed in guanines 

due to the double-bonded oxygen atoms compare to adenine. Gowtham et al. and 

Varghese et al. proposed that the main driving force for the adsorption of DNA-bases 

onto the graphene was the Van Der Waals (vdW) interactions, and it follows the 

adsorption trend as G>A>T>C [105, 107].  

There are also non-covalent forces that control the affinity interactions between 

DNA and metal surfaces. Examples include electrostatic or hydrophobic forces and 

sequence-based and DNA conformations dependent. The underlying principle of the 

DNA-metal affinity interaction and the interplay between the associated influencing 

factors are crucial for the development of suitable DNA metal-based biosensors. It has 

also been well understood that these factors are commonly influenced by other factors 

such as pH, adsorption time, and buffer composition [91, 108].  

In another work, Sina et al. used unmodified gold electrodes to demonstrate an 

electrochemical method (referred to as e-Methylsorb) for 5mC quantification to 

differentiate affinity interactions between DNA bases and gold electrodes (Fig. 2.10a) 

[85]. In that method, bisulfite treatment was used to convert unmethylated cytosines into 

uracils while methylated cytosine remained unchanged. Further, they altered uracils of 
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antisense strands into adenines and guanines from mC and C by asymmetric PCR 

amplification. This amplification and conversion process converted the target methylated 

DNAs to be guanine enriched and unmethylated DNAs to be adenine enriched. Due to 

the DNA-gold sequence-dependent affinity interactions, unmethylated DNA (adenine-

enriched) was adsorbed more onto the electrode compared to the methylated DNA 

(guanine-enriched). A noticeable coulombic repulsion with [Fe(CN)6]3- ions (Faradaic 

current) was observed between the negatively charged adenine and guanine enriched 

DNA strands in electrochemical readouts.  

Haque et al. have used DNA-graphene affinity interaction to investigate regional 

DNA methylation (Fig. 2.10b) [91]. In this approach, extracted DNAs were treated with 

bisulfite followed by an asymmetric PCR amplification to generate ssDNAs. Then, target 

DNAs were directly adsorbed onto graphene modified screen-printed carbon electrode 

(g-SPCE). Based on the relative adsorption of the amplified products onto g-SPCE, 

differential pulse voltammetry (DPV) was used to take the electrochemical readouts. 

Using this method, methylation level of FAM134B promoter gene from ESCC cell lines 

and patient samples derived from oesophageal squamous cell carcinoma were 

successfully investigated.   

 

Figure 2.10 (a) Schematic representation of the eMethylsorb approach for DNA methylation

detection based on the relative affinities of DNA nucleobases towards gold surface, and

subsequent quantification via differential pulse voltammetry (DPV). (Reproduced with

permission from ref. [85]. Copyright 2014, the Royal Society of Chemistry) (b) Schematic of

graphene-DNA adsorption-based methylation assay to detect regional DNA methylation.

Based on graphene-DNA affinity, DNA methylation level were analysed via electrochemistry.

(Reproduced with permission from ref. [91]. Copyright 2017, Elsevier publication). 
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Techniques based on electroactive species. Quantum dots (QDs) are nanosized 

semiconductor materials with great electrical and optical properties, biocompatibility, and 

freedom in surface modification makes QDs potential candidates in bioassays design. The 

more exciting feature of QDs is to use them as a signal amplification tag for biomolecules 

in various electrochemical bioassays [109-111]. Due to the chemical properties of QDs, 

sharp stripping signals from the anodic stripping voltammetry has been used to enable 

sensitive target detection [112]. For instance, Dai et al. developed methylation-specific 

ligation-detection reaction (E-msLDR) method based on the QD electrochemical readout 

for the DNA methylation quantification [113]. Herein, four gene-specific (p53 gene) 

probes were designed where two probes were labelled with QDs (Probes 1 and 2) and the 

remaining two (Probes 3 and 4) were co-immobilised with magnetic beads. Using 

magnetic beads (Probes 3 or 4), bisulfite-treated gene targets were isolated from the 

sample mixture followed by hybridisation to QDs-modified probes (Probes 1 or 2). Then, 

ligation detection reaction (LDR) was initiated by E. coli DNA. Successful ligation 

 

Figure 2.11 Schematic diagram for a) the analysis process of E-msLDR. Using probes and

magnetic beads, bisulfite-converted gene targets were magnetically isolated from the sample

mixture and further hybridised to QDs-modified probes. Then, E. coli DNA ligase was added

to initiate LDR (ligation detection reaction). Based on probes matching, voltammetric analysis

quantified the methylation levels of p53 gene. (Reproduced with permission from ref. [113].

Copyright 2012, Royal Society of Chemistry). and b) QD barcodes method to analyse DNA

methylation. Two dual-functional hairpin probes (HP) with two different QDs (PbS and CdS)

were used to hybridise with isolated target bisulfite-treated PCR products. Stripping

voltammetric quantification of the QDs on isolated targets was performed to quantify the

methylation levels in the target DNA. Unmethylated DNA targets with HP loops remain closed

and resulted in no signals. (Reproduced with permission from ref. [114]. Copyright 2016,

Elsevier publication).  
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reaction for methylated targets forms a stable duplex with the QD, whereas unmethylated 

targets remain unchanged due to mismatch with the probes. The voltammetric analysis 

quantified the methylation levels of p53 gene fragment from the attached QDs of the 

methylated targets (Fig. 2.11a). The advantage of this assay design was E-msLDR avoids 

the restriction enzyme digestion or PCR amplification; however, multiple hybridisations 

and heating steps elongated the assay time.  

Xu et al. also developed a modified QD barcodes method to analyse the 

methylation levels without using hybridisation and heating steps for a gene-specific 

fragment (Fig. 2.11b) [114]. In brief, two different QDs (PbS and CdS) were tagged with 

two specific hairpin probes (HP). To isolate the target DNA, magnetic beads (MBs) were 

modified with capture probes (MB-CP). Sodium bisulfite was used to treat the DNA 

followed by the incubation with hairpin probes with QDs and MB-CP conjugates. Then, 

the methylation levels in the target DNA were analysed via stripping voltammetric 

readouts based on the isolated QDs (presence in target DNA). In contrast, HP loops 

remain closed, thus no significant signals were observed for the unmethylated DNA 

targets.  
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A portion of this chapter has been published as a “Review article” is in “Analyst” 

 Part B:  

 

 

 

Abstract 

DNA methylation is one of the significant epigenetic modifications involved in 

mammalian development as well as the initiation and progression of various diseases like 

cancer. Over the past few decades, enormous research has been carried out for 

quantification of DNA methylation in the mammalian genome. Earlier, most of these 

methodologies used bisulfite treatment. However, low conversion, false reading, longer 

assay time and complex chemical reaction are the common limitations of this method that 

hinders their application to routine clinical screening. Thus, alternative to bisulfite 

conversion-based DNA methylation detection, numerous bisulfite-free methods have 

been proposed. In this regard, electrochemical biosensors have gained much attention in 

recent years for being highly sensitive yet cost effective, portable, and simple to operate. 

On the other hand, biosensors with optical readout enable direct real-time detection of 

biological molecules and are easily adaptable to multiplexing. Incorporation of 

electrochemical and optical readouts to bisulfite-free DNA methylation analysis is paving 

the way for translation of this important biomarker to standard patient care. In this review, 

we provide a critical overview of recent advances in the development of electrochemical 

and optical readout based bisulfite-free DNA methylation assays.  
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2.4 Introduction 

Methylation of DNA is an epigenetic modification that plays an essential role in the 

control of gene expression in mammalian cells. Transfer of methyl group to the 5` position 

of pyrimidine ring of cytosines results in the generation of 5-methylcytosine (5mC). This 

reaction is catalysed by specialised DNA methyl transferases (DNMTs) in the context of 

CpG dinucleotides [1]. The presence of the 5mC in the promoter of specific genes hinders 

the binding of transcriptional factors and other regulatory proteins to DNA [2]. It also 

attracts methyl-DNA-binding proteins and recruits histone deacetylases that leads to the 

modification of chromatin structure around the transcription start site, causing the 

blockage of transcription and promoting gene silencing [3]. Because of this significant 

influence on transcriptional regulation, aberrant methylation has been closely linked to 

various human diseases, including cancer [1]. Therefore, methylation detection has 

become essential for the elucidation of a broad spectrum of diseases. Over the years, DNA 

methylation profiling has emerged as promising cancer biomarkers, owing mainly to the 

substantial improvements that have been made in DNA methylation detection 

approaches. However, the methods to analyse DNA methylation patterns are still 

evolving, and there is considerable room for improvements particularly with respect to 

the development of low cost and easy to operate platforms for near-patient applications. 

Reversed-phase high-performance liquid chromatography (RP-HPLC) was 

among the earliest methods of choice for DNA methylation analysis [4]. Coupled with 

UV detection, it is still considered one of the gold standard methods for quantifying the 

total amount 5-mC in hydrolysed DNA samples. However, it requires 3-10 µg of DNA 

and requires specialised laboratory equipment. Subsequently, various restriction 

endonuclease digestion based methods came into use. These methods offered a robust 

approach due to methylation dependent site-specificity of restriction endonucleases [5, 

6]. Immunoprecipitations of DNA with monoclonal antibodies that specifically recognise 

5-methylcytidine has also been used widely [7]. Liquid chromatography coupled with 

mass spectrometric (LC-M/MS) detection is also a sensitive method for estimation of 

global DNA methylation content, however the equipment used is expensive and requires 

specific expertise to run. Therefore, this method has not been widely used. It is to be noted 

that the application of the above mentioned techniques was mostly limited to in vitro or 

animal studies due to the requirements for large quantities of initial sample input. Clinical 

translation of DNA methylation analysis was difficult because very limited sample 
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quantities are available, and methylation of DNA is lost during PCR amplification. In 

1992 Frommer et al. introduced a method for analysing DNA methylation patterns in 

genomic DNA based on bisulfite conversion [8]. This seminal paper is marked somewhat 

of a revolution in the field of DNA methylation analysis as it enabled conversion of an 

epigenetic mark into a genetic difference which subsequently could be analysed by a 

broad range of molecular biology techniques [9]. Moreover, bisulfite treatment-based 

analyses helped the decipherment of DNA methylation patterns up to single base-pair 

resolution. However, despite their high efficiency, bisulfite method brings along some 

drawbacks too. For example; incomplete conversion, degradation of DNA, lack of the 

capacity to distinguish between 5mC and its various oxidation products like 5-

hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-

caC) [10]. Additionally, conversion of unmethylated cytosine to thymine makes DNA 

thymine rich, which complicates the primer design for PCR amplification [11]. 

Therefore in recent years, researchers have been focusing their efforts on 

developing bisulfite-free approaches for DNA methylation analysis which are also rapid, 

sensitive and cost-effective. In addition to the relatively older bisulfite-free approaches 

like high performance liquid chromatography (HPLC), high performance capillary 

electrophoresis (HPCE) and mass spectroscopy (MS), several innovative bisulfite-free 

DNA methylation methods have been developed over the years. While older methods like 

HPLC and MS at best could only measure the global methylcytosine content, several 

modern methods have been developed that can decipher locus specific DNA methylation 

patterns up to single base pair resolution. Bisulfite-free approaches generally follow one 

of the two principles [12];  (i)  specific labelling of 5mC containing DNA molecule or 

5mC itself followed by detection through a range of readout method like surface plasmon 

resonance (SPR), qPCR, optical and colorimetric readout, electrochemiluminescnece 

(ECL), or electrochemical readout etc, and (ii) label-free assays on the other hand mostly 

rely on differences in the physicochemical properties of mC and 5mC. In addition to the 

high-throughput sequencing methods like nanopore sequencing, direct electrochemical 

oxidation of DNA bases is one of the most prominent label-free bisulfite-free 5mC 

detection approach. Among these bisulfite-free approaches, electrochemical (both 

labelling-based and label-free) and optical readouts based methods have the potential to 

overcome several of the limitations which have so far hampered the widespread clinical 

application of DNA methylation analysis. As electrochemical readout based approaches 

are highly sensitive, specific, and cost-effective, they have the potential to be easily 



  Chapter 2  
                                           Literature review 

46 | P a g e  
 

integrated with a broad range of upstream DNA manipulation methods [13]. 

Electrochemical approach also holds the potential for portability and amenability to 

miniaturisation. On the other hand, optical based approaches have the advantages of 

visual readout, rapidness, and suitability for limited resource settings [14].  

DNA methylation is the most extensively characterised epigenomic alteration, 

mainly due to the plethora of technological advances like; high-throughput genome-wide 

sequencing that have helped discovery of novel biomarkers, or highly sensitive 

approaches which have enabled DNA methylation based disease characterisation using 

minute DNA amounts and archived biological samples. Several excellent commentaries 

on DNA methylation analysis techniques, including both bisulfite-based and bisulfite-

free, have previously been published [9, 15-18]. Similarly, developments in bisulfite-free 

DNA methylation analysis platforms have also been recently reviewed [12]. However, to 

the best of our knowledge, no reviews have so far been published which encompass a 

broad range of recent technological developments that are enabling bisulfite-free 5mC 

detection through electrochemical and optical readouts. Moreover, developments in this 

space are rapidly burgeoning demanding updated critical overview of current trends and 

possible directions for the further developments. In this review, we summarise the major 

technical and biological challenges involved in the existing bisulfite treatment based 5mC 

detection strategies. Subsequently, we present a critical appraisal of recent advancements 

in bisulfite-free DNA methylation analysis methods. While special emphasis has been 

placed on the developments that have happened in the past 5-6 years, prominent older 

methods have also been discussed, especially those which have served as foundation for 

more modern derivations. Throughout the manuscript we have particularly highlighted 

the recently introduced novel electrode and nono- materials, electroactive polymers, as 

well as inventive incorporation of already existing electrochemical signal transduction 

approaches to realise sensitive 5mC detection and quantification.     

2.5 Bisulfite-treatment based methylation analysis and challenges  

Sodium bisulfite treatment of DNA converts cytosine (C) bases into uracil (U), while 

methylated cytosines (5mC) are protected from the conversion [19]. Successive PCR 

amplification converts the uracil residues of bisulfite-treated DNA into thymine while 

methylated cytosines are amplified as cytosine. Soon after its discovery, bisulfite 

treatment became the method of choice for the analysis of DNA methylation in complex 
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genomes as it provided a simple method to convert epigenetic mark into a genetic 

difference which could subsequently be analysed by well characterised molecular biology 

techniques. The methylation status of bisulfite modified DNA can be quantified by a 

range of methods e.g., 1) Sequencing: sequencing provides extremely high-resolution 

information about the methylation status of a DNA segment. Various sequencing 

techniques include direct sequencing [20], cloning and sequencing [21], pyrosequencing 

[22] etc., 2) Methylation specific melting profiles analysis: Bisulfite converted 

methylated and unmethylated DNA samples differ from each other in their melting 

properties due to the difference in base composition (C/T). Methods like methylation-

sensitive melting curve analysis (MS-MCA) [23] and methylation-sensitive high-

resolution melting (MS-HRM) [24] exploit these differential melting properties for the 

quantification of DNA methylation and 3) Single-strand conformation analysis: 

Bisulfite converted methylated and unmethylated single-stranded DNA forms different 

conformers due to the difference in base composition. These conformational differences 

lead to their variable migration during electrophoresis. Single-strand conformation 

analysis (SSCA) uses specific primers outside the CpG site/s being analysed to amplify 

the target genomic region. PCR amplicons are then made single-stranded and 

electrophoresed to detect methylation based on the differential migration patterns of 

methylated and unmethylated strands [25]. 

 Despite the efficacy and reliability of the bisulfite-based methods to these 

approaches are not without shortcomings:  

Inability to detect 5mC oxidation products. At least three oxidation products of 5mC, 

5-hmC, 5-fC and 5-caC have so far been discovered and may also play important 

regulatory functions. However, bisulfite conversion cannot distinguish any of these three 

oxidation products from 5mC. After bisulfite conversion, 5-hmC is converted to cytosine-

5-methylsulfonate, which is read as a cytosine while 5-fC and 5-caC are read as thymine 

[26]. Bisulfite-based methods are therefore unable to provide information about pattern 

and levels of these important cytosine modifications. Several methods have been reported 

in recent years for detection of these 5mC oxidation products such as Tet-assisted bisulfite 

sequencing which is able to distinguish 5mC and 5-hmC at single-base resolution [27]. 

However, these methods involve several additional steps and are best suited for genome-

scale studies.  
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Incomplete conversion of cytosine to uracil. Since the conversion of C to U requires 

that the DNA substrate be single-stranded, incomplete denaturation of genomic DNA or 

its partial renaturation during bisulfite treatment could result in C residues that fail to 

react with bisulfite. Maintaining efficient denaturation of the DNA throughout the 

conversion reaction is crucial for obtaining complete conversion.  However, high salt 

molarity in the reaction favours renaturation leading to incomplete cytosine conversion. 

Therefore, in the absence of complete conversion, subsequent analysis will incorrectly 

interpret the unconverted unmethylated cytosines as methylated cytosines, producing 

false-positive quantification for methylation [28-30]. 

Formation of hairpin structure. Some of the Cs are not converted during bisulfite 

treatment. This is because they are included in hairpin structures that can form 

monomolecular double-stranded regions and the cytosines positioned in between become 

unavailable for bisulfite treatment that ultimately reduces its reliability [31-34]. 

Loss of DNA due to fragmentation. Bisulfite treatment requires incubation of the DNA 

in acidic pH and high temperatures. This can result in a high degree of acid-catalyzed 

depurination that causes serious DNA fragmentation. It has been reported that around 

99% of the DNA is degraded during a conventional 16 h long bisulfite treatment reaction 

[35]. While this high level of degradation necessitates large quantities of initial DNA 

input, it also leads to an immense reduction in the number of intact analysable target DNA 

molecule thereby jeopardising the accuracy of analysis. Reliance on high amount of initial 

DNA input also makes bisulfite-based DNA methylation strategies unsuited for clinical 

applications [30, 36, 37]. 

5mC deamination. Although the bisulfite catalysed deamination of 5mC is much slower 

than that for C, careful optimisation of conditions is required for differential 5mC/C 

conversion.  Longer incubation times may lead to deamination of 5mC residues which 

could result in false negatives readouts [38, 39]. 

Difficulties to purify DNA. It can be quite challenging to purify DNA completely from 

the bisulfite without unacceptably high DNA losses. The presence of residual bisulfite, 

which is an extremely effective pH buffer, can prevent the adequate alkalinisation of the 

solution during the desulfonation step, which can ultimately interfere with the replication 

efficiency of Taq or other DNA polymerases [40-42]. 
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Primer design. Bisulfite modification reduces the sequence complexity of template DNA 

such that it is largely composed of only three bases, adenine (A), guanine (G), and 

thymine (T) (except for the few methylated Cs in the context of CpG dinucleotide). 

Designing efficient primers for this low complexity DNA is difficult. Special 

considerations are required to design primers for bisulfite-based methylation analysis, e.g. 

presence of CpG site in the primer specifically towards the 3` end may interfere with its 

activity. Furthermore, low template sequence complexity puts special constraints on the 

sequence and location of primers [43, 44]. 

Biased PCR amplification. Individual DNA molecules within the bisulphite-converted 

sample differ substantially in their cytosine content; highly methylated molecules give 

rise to relatively C-rich DNA while unmethylated molecules give rise to T-rich sequences. 

Therefore, quantification of the methylated alleles can be jeopardised by biased PCR 

amplification because of the sequence differences between the modified methylated and 

unmethylated template. Thus, the same primer pair can preferentially amplify either the 

methylated or unmethylated sequence, even though the sequence to which the primers 

anneal and the lengths of the PCR products are identical [32, 45, 46].  

2.6 Bisulfite-free approaches  

Bisulfite-based methods have contributed significantly towards decipherment of DNA 

methylation patterns as well as their respective roles in normal biological functions and 

pathophysiology of various malignancies. However, due to the shortcomings discussed 

previously, numerous bisulfite-free methods for DNA methylation analysis have been 

proposed. Efforts have also been directed towards development of platforms that are 

rapid, cost effective and involve simple operation so as to extend their application to 

routine clinical testing [12, 47]. Here, we present a critical overview of recent 

developments in bisulfite-free approaches that incorporate electrochemical and optical 

detection systems (Table 2.1 and 2.2) [52, 57, 58, 63, 64, 71, 91, 99, 125, 132, 138, 139, 

146, 153-171]. 

2.6.1 Electrochemical biosensors 

An electrochemical DNA methylation biosensor utilises a recognition element, like 

antibody, enzyme or complementary oligonucleotide probe, capable of selectively 
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interacting with the methylated target sequence. Electroactive signal transducers 

subsequently translate this interaction into a measurable electrochemical signal [48]. In 

recent years, several electrochemical approaches have been developed for DNA 

methylation analysis [49, 50]. Based on their assay principles, these methods can be 

categorised as follows: 

Electrochemical oxidation based Assay. Direct electrochemical oxidation of the DNA 

is one of the simplest approaches for its detection (Fig. 2.12(i)) [51-59]. Such 

electrochemical DNA detection relied upon oxidation of purine bases on various types of 

electrodes, however, due to their extreme positive potential pyrimidine bases thymine and 

cytosine were generally assumed to exhibit no electrochemical activity at graphite or 

carbon-based electrodes. Brett et al. demonstrated for the first time that both pyrimidine 

bases undergo well-defined oxidation at glassy carbon electrodes (GCEs) thus paving the 

way for subsequent electrochemical oxidation based detection of DNA methylation [60]. 

Theoretically, C and 5mC can be distinguished from each other through electrochemical 

oxidation if both can be oxidised with sufficient potential difference. However, electrode 

material with wide potential window and high electrode activity is required to fulfil the 

purpose. Highly boron-doped diamond (BDD) thin film electrodes exhibit a wide 

potential window under mild acidic conditions and were among the first electrode 

materials to be used for bisulfite-free electrochemical detection of DNA methylation. 

Using reversed-phase HPLC separation, the authors were able to detect adenine (A), 

guanine (G), thymine (T), cytosine (C), as well as 5mC simultaneously at anodically 

oxidised BDD, with a limit of detection as low as 26.3 nM. However, despite its promise, 

BDD electrodes exhibit low current response for both C and 5mC, primarily due to the 

excess of sp3 carbon on diamond surface. Kato et al. developed novel nanocarbon films 

by electron cyclotron resonance (ECR) sputtering method that could overcome the 

limitation of low electrochemical activity associated with BDD electrodes [52]. These 

nanocarbon films consist of nanocrystalline sp2 and sp3 mixed bonds, exhibit wide 

electrochemical potential, low surface fouling and background current, and have 

atomically flat surfaces. Due to the hybrid sp2-sp3 carbon surface, adsorption of DNA 

bases to the electrode is enhanced thus leading to improved electrochemical sensitivity. 

This method enabled label-free electrochemical detection of both C and mC in short (up 

to 6 mers) oligonucleotides with high sensitivity solely based on the electrochemical 

oxidation of oligonucleotides without any bisulfite treatment. The introduction of such 
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novel electrode materials also obviated the need for complex labelling procedures used 

previously for distinguishing C and 5mC in electrochemical assays [61]. 

Although direct oxidation of DNA bases is the simplest approach for DNA 

methylation detection, it is difficult to oxidise bases in long oligonucleotides because; 

firstly, due to conformational problems the average distance between each base and 

electrode is increased, secondly larger molecules have lower diffusion coefficient, and 

lastly higher molecular weight analytes foul the electrode surface more rapidly [56]. By 

introducing an electrochemical pre-treatment step, researchers from the same lab 

demonstrated CpG methylation detection in oligonucleotides up to 60 mer long mainly 

due to suppression surface fouling [56]. GC rich sequences inhibit direct oxidation of 

bases in longer DNA molecules. A further modification to the method was thus 

introduced whereby the oligonucleotides were digested with endonuclease P1 before 

direct electrochemical oxidation. Endonuclease P1 3′-phosphodiester bond of single-

stranded DNA/RNA samples yielding an identical 5′-dNMP [57]. 

Thymine has almost same oxidation potential as that of 5mC which may hinder 

accurate electrochemical oxidation based identification and quantification of DNA 

methylation distinction between both the DNA bases may be difficult through electrodes 

[59, 62]. To address this issue, Wang et al. proposed an innovative approach based on the 

stoichiometric relationship between purine and pyrimidine bases in DNA molecular 

structure [62]. As the complementary base for both 5mC and C is G, [53, 59] therefore 

molar composition of G is equal to the sum total of 5mC and C in DNA molecular 

structure. Using this principle of complementary base pairing, overlapping peaks of T can 

be eliminated and 5mC can be accurately quantified. This label-free electrochemical 

DNA methylation detection platform employed multiwalled carbon nanotubes film 

modified GCE supported by choline chloride monolayer. Several other innovative 

approaches have been devised to realise the detection of 5mC through discrimination of 

its oxidation peak from other bases specifically unmethylated cytosines. For example, the 

method reported by Wang and co-workers which used GCEs modified with polypyrrole 

functionalised graphene nanowalls (Fig. 2.12(ii)). This modification altered the mass 

transport regime of analytes from planar to thin layer diffusion thus enabling 

discrimination of C and 5mC oxidation peak potentials as well as enhancing peak currents 

[63]. More recently GCEs modified with multiwalled carbon nanotube-β-cyclodextrin 
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composite have been used. This modification results in strongly enhanced oxidation 

current of DNA bases (Fig. 2.12(iii)) [64]. 

Restriction enzyme based methods. Restriction enzymes (REs) recognise and cleave at 

specific DNA sequences known as their “recognition sites”. Activity of some of the REs 

 

Figure 2.12 (i) Schematic of electrochemical oxidation-based detection of methylcytosine.

(Reproduced with permission from ref. [57]. Copyright 2011, ACS Publication.), (ii) SEM 

morphology of polypyrrole functionalised graphene nanowall (A) which is used to detect

methylated and wild-type CpG oligonucleotides via direct electrochemical oxidation (B).

(Reproduced with permission from ref. [63]. Copyright 2015, Elsevier Publication) (iii) 

electrochemical response of DNA bases in the presence and absence of 5-mC (B) from the 

carbon nanotubes and β-cyclodextrin modified glassy carbon electrode (A). (Reproduced with 

permission from ref. [64]. Copyright 2016, Springer Nature Publication). 
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relies on the methylation status of the cytosine in CpG context within their respective 

recognition sites. Cytosine methylation either blocks the activity of REs or in other cases, 

a few restriction enzymes are only active if the cytosine of CpG in their recognition site 

is methylated [9]. Based on this principle, various approaches have been developed that 

enrich either methylated or unmethylated genomic regions followed by various 

downstream analytical approaches [65-71]. Hou et al.’s assay to determine the 

methylation of CpG island located 5` of the p16Ink4a gene is considered one of the earliest 

electrochemical DNA methylation detection platforms [66]. This platform in fact relied 

on RE treatment to prepare the target DNA prior to PCR amplification and subsequent 

electrochemical detection. Genomic DNA is digested with MseI whose particular 

recognition sequence (TTAA) ensures that CpG islands remain intact. Linkers based on 

MseI overhangs are ligated to the restricted DNA followed by digestion with another RE 

whose activity is blocked by methylation at the recognition site (BstUI in this case). 

Subsequent PCR amplification using linker specific primers ensures only methylated 

fragments are amplified. The target sequence is detected by hybridisation with a 

complementary probe immobilised on modified gold electrode surface using 

[Co(phen)3](ClO4)3 as redox indicator [66]. 

In addition to the BstUI, other REs like HpaII and DpnI have also been widely 

used. HpaII is one of the most commonly used RE for methylation analysis and it cuts 

only unmethylated sites thereby enriching methylated DNA [72]. Use of REs in 

electrochemistry to analyse DNA is mainly based on few common steps, which include; 

(i) placing the target DNA to electrode surface via hybridisation or other form of 

adsorption, (ii) use of different electrolytes or tags to measure the initial readout, and (iii) 

specific restriction enzyme to cut/digest target sites of the DNA which will reduce or 

increase the electrochemical signal. By comparing subsequent electrochemical readout, 

DNA methylation status can be analysed. For example, Liu et al. developed a method 

where they labelled the probe DNA with ferrocene acetic acid, FcA (Fig. 2.13(i)) [71]. In 

this approach, the glassy carbon electrode was modified with gold nanoparticle, followed 

by assembly of a DNA probe, which is conjugated with FcA at 3` end, on the electrode 

surface. The sample DNA is then hybridised with the probe and DPV response of FcA 

conjugated with the probe-sample hybrid is measured. Upon successful cleavage of DNA 

in the subsequent HpaII digestion step (unmethylated DNA), DPV response is diminished 

or reduced. However, it remains unchanged if HpaII fails to cut due to methylation of 

cytosine in the target site. This way methylation status of the target region can be 
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measured. The authors used this platform to measure the activity of methyltransferase 

[71]. In a similar fashion, a subsequent report from the same group used probes tagged at 

their 3` ends with thionine instead of FcA. Thionine was conjugated via graphene oxide 

which provided signal amplification function [73].  

To avoid the use of tag to modify the electrode, a label-free electrochemical 

method was developed for effective quantification of gene-specific methylation [72]. In 

this method, the probe was covalently attached to the gold electrode modified with a 

monolayer of self-assembled 3-mercaptopropionic acid and the current response in 

methylene blue (MB) solution was recorded (I1) (Fig. 2.13(ii)) [74-76]. The target DNA 

was then incubated with the fabricated sensor that allowed selective hybridisation of 

methylated and unmethylated DNA, and the peak current (I2) was recorded. As specific 

interaction of MB with the G residues is blocked when G residues are wrapped in the 

dsDNA, the peak current I2 is smaller than the I1. The difference between the two peak 

currents reflects the total amount of DNA hybridised on the biosensor. In addition to the 

interaction with G residues, MB also interacts with DNA through electrostatic interaction 

and intercalation. Electrostatic interaction between MB and phosphate backbone is 

enhanced by the formation of dsDNA. Therefore, when subsequent digestion with HpaII 

endonuclease cleaves the unmethylated dsDNA, a partial loss in the amount of adsorbed 

MB is observed which ultimately leads to lower current response (I3). The degree of 

methylation can be achieved through the following equation (m = I2 - I3): 

% methylation= (m methylated / (m methylated + m unmethylated))  100% 

MB as electrochemical indicator has also been used in a similar approach 

developed by Jing et al. Although this method used an exonuclease in contrast to most of 

the methods described in this section, the underlying principle is more or less similar to 

the other reports [76]. Thiolated synthetic target DNA was self-assembled on gold 

electrode. A probe complementary to the lower portion of target DNA was then 

hybridised. This probe also contains the target sequence for Dam MTase and exonuclease 

recognition sequence. A second AuNP tagged probe complementary to the upper portion 

of target DNA was subsequently hybridised. Probe modified AuNPs also function as 

signal amplification unit. Using a methylation sensitive exonuclease the unmethylated 

DNA was cleaved while the methylated DNA remains intact. MB interaction with 

unmethylated DNA is thus reduced and methylation of target DNA could be easily 

measured through DPV. Although this method targeted adenine methylation and 
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measured the activity of Dam MTase, similar strategy can be easily adapted for cytosine 

methylation analysis. 

In a similar way, instead of using methylene blue (MB) electrostatic interaction 

between electroactive complex RuHex and DNA was exploited to quantify the DNA 

methylation [77]. In this assay, thiolated single-stranded DNA1 was allowed to self-

assemble on a gold electrode via the Au–S bonding, followed by hybridisation with a 

single-stranded DNA2 to form dsDNA, that contains specific recognition sequence for 

DNA adenine methyltransferase (Dam MTase) and methylation-sensitive restriction 

endonuclease DpnI. The sensor was then exposed in RuHex buffer to record the initial 

redox signal arising from the absorption of large quantities of [Ru(NH3)6]3+) by dsDNA. 

The dsDNA was subsequently methylated by Dam MTase followed by digestion with 

DpnI that caused the dissociation of dsDNA leading to reduced RuHex absorption and 

decreased electrochemical signals. Compared to other methods, this approach is 

nonradioactive, economical, amplification free, and offers new prospects for 

quantification of DNA methylation [77]. Another prominent method in this class was 

developed by Muren and Barton and it relied on change in signal that covalent MB redox 

probe exhibits after treatment of target DNA with methylation sensitive RE [78]. While 

yet another RE dependent strategy used HRP-mimicking DNAzyme mediated 

polymerisation of aniline on the dsDNA template. As polyaniline (PANI) deposition can 

only occur in the presence of dsDNA, cleavage of unmethylated DNA by methylation 

sensitive HpaII inhibits PANI deposition and markedly reduces DPV current [79].  

Most of the RE based methods discussed so far have used purified MTases to 

measure their activity as well as evaluation and screening of MTase inhibitors. 

Determining the activity of MTase directly from biological samples using 

electrochemical platforms is challenging because increased congestion with non-specific 

molecules decreases the accessibility to platform surface. Using the standard RE based 

workflow, Furst et al. measured the activity of DNMT1 MTase from crude lysates of 

colorectal tumour biopsies [80]. The electrochemical system used in this method 

comprised of two 15 electrode arrays (3 x 5), a substrate plate with low density DNA 

monolayer covalently patterned on it, and a complementary patterning and detection plate 

(Fig. 2.13 (iii)). Patterning/detection plate was used to pattern the DNA monolayer onto 

the substrate plate and also to electrocatalytically measure DNA charge transport. Redox-

active probe MB was used to detect intact hemimethylated DNA strands. Subsequent 
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treatment with DNMT1 containing crude lysate fully methylates the duplex. Digestion 

with methylation sensitive RE BssHII cleaves the unmethylated DNA strands thereby 

reducing the electrocatalytic signal. On the other hand, signal from fully methylated 

strands remain protected [80]. This platform was used for the measurement of DNMT1 

activity in crude tissue lysates and it was found that tumorous tissues exhibit significantly 

higher DNMT1 activity compared to normal tissues [81]. In a similar report, Zhang et al. 

 

Figure 2.13 Schematic representation of (i) electrochemical assay for the DNA methylation

and MTase activity. Here, an electroactive label (FcA) conjugated DNA probe is hybridised 

with sample DNA and subsequently methylated by methyltransferase (M. SssI) on a modified

electrode surface, and further cleaved by HpaII endonuclease. Electrochemical readout is 

monitored before and after the restriction digestion to calculate the DNA methylation level or

MTase activity. (Reproduced with permission from ref. [71] Copyright 2011, Royal Society

of Chemistry), (ii) detection of DNA methylation and assay of DNA methyltransferase activity

using restriction enzyme and methylene blue (MB) via electrochemical readout. (Reproduced

with permission from ref. [76]. Copyright 2014, Elsevier Publication), (iii) electrochemical 

detection of DNA methylation and MTase activities from crude cell lysates. Electrocatalytic

readout is carried out once DNA array is established on the substrate electrode platform. In

this system, bottom electrode helps to activate the copper-activated click chemistry and MB 

presence on the top electrode DNA catalysed the electrochemical reaction and ferricyanide

amplified the electrochemical response. Cleavage of unmethylated DNA by BssHII (purple)

reduces the signal while fully methylated (blue arrows) remains protected and show

unchanged electrochemical response. (Reproduced with permission from ref. [80]. Copyright 

2014, National Academy of Sciences). 
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measured the activity of DNMT1 in crude lysate obtained from various cancer cell lines 

with detection limit down to 8.0 U mL-1. The captured DNA was immobilised on gold 

electrode and was subsequently hybridised with Au NP–DNA complexes. Electroactive 

Ru(NH3)6
3+ was used as the signal reporter [82]. 

Majority of the electrochemical methods that rely on sensitivity of RE towards 

methylation of cytosines (or adenine) in their recognition sequence have been applied 

only to study the in vitro activity of various DNA MTases as well as evaluation and 

screening of MTase inhibitors. Even though some of the methods like Hou et al.’s 

pioneering study [66] have ventured to detect DNA methylation in human genome 

derived sequences, the application of RE based methods to decipher DNA methylation 

patterns in clinical samples has so far been limited. 

Affinity based methylation assay. The bisulfite-free methods discussed so far are either 

capable of quantifying global DNA methylation only or in other case are dependent on 

the restriction endonucleases. While the former lack genomic sequence information, 

restriction endonucleases-based methods can only analyse specific DNA sequences, thus 

application of both types of methods for detection of human disease biomarkers is limited. 

Methyl CpG binding domain (MBD) has a strong affinity towards methylated DNA 

sequences [14, 61, 83-92]. At least four members of MBD family have been identified in 

mammals regulating transcriptional repression. They are namely MeCP2, MBD1, MBD2, 

and MBD3. These proteins share a common structural domain (MBD) that recognises a 

symmetrically methylated group in double helix [83-86]. The strong affinity between 

methylated site and the MBD proteins inspired researchers to design assays that can be 

specifically used for DNA methylation detection and quantification of MTase activity. 

Furthermore, MBD based methods do not require any bisulfite treatment or 5-

methylcytosine label [61, 87], which could simplify the experiment process and reduce 

the assay time. More importantly, the MBD protein can recognise methylated CpG 

sequences of double-stranded DNA (dsDNA) in all genomic regions.  

Exploiting the advantages of MBD, Yin et al. reported an assay that detects DNA 

methylation using MBD protein stained with coomassie brilliant blue G250 (CBB-G250) 

[88]. Conjugation of MBD proteins is a linear function of level of methylation in the 

target DNA which can be monitored by staining the MBD proteins with CBB-G250 

followed by measuring the electrochemical signal generated by oxidation of CBB-G250 

(Fig. 2.14(i)). This method provides a sensitive and simple platform to monitor the 
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activity of SssI MTase as well as screening of MTase inhibitors. In a subsequent report 

the researchers from the same group used an in-house expressed His tag containing 

MeCP2 as methylation recognition unit. Target DNA immobilised on the AuNP modified 

GCE surface was first exposed to MeCP2. Further, anti-His tag antibody and signal 

amplification unit (AuNP functionalised with HRP-tagged anti-mouse IgG antibodies) 

were sequentially reacted with MeCP2-dsDNA complex immobilised on electrode 

surface. Electrochemical reduction signal of benzoquinone was used to detect DNA 

methylation [93]. Using a similar His tag containing MBD1 protein DNA-MBD1-anti-

 

Figure 2.14 Schematic representation of the (i) amperometric response of electroactive

molecule (Coomassie brilliant blue G250(CBB-G250)) which is attached to MBD protein, is

used to identify the DNA methylation. The oxidation signal of CBB-G250 is used to evaluate 

the methylation level and the electrochemical readout of treated and untreated HpaII digestion 

shows the DNA methylation status. (Reproduced with permission from ref. [88]. Copyright 

2013, Elsevier Publication.). (ii) Electrochemical immunosensing assay for DNA methylation 

and DNA MTase activity. (Reproduced with permission from ref. [94]. Copyright 2014, 

Springer Nature.) 
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His tag-biotinylated anti-IgG-streptavidin complex was immobilised onto the surface of 

AuNP modified Au electrodes. Subsequently biotinylated primers for rolling circle 

amplification (RCA) were attached to the streptavidin layer. RCA using these primers 

generated micrometre long single-stranded linear periodic assembly of hundreds of 

biotinylated DNA molecules. Such an assembly of DNA molecules led to manyfold 

enhancement of recognition event. Following RCA, streptavidin linked alkaline 

phosphatase (ALP) was bound to the labelled DNA molecules (Fig. 2.14(ii)) and 

electrochemical signal was generated by catalysis of 1-naphthyl phosphate by ALP [94]. 

More recently, Lee et al. have used MBD protein in combination with glucose 

dehydrogenase (GDH)-fused zinc finger protein, that binds to specific DNA sequences, 

to detect sequence-specific DNA methylation without the use of restriction endonucleases 

[89]. The assay is comprised of following steps; (1) methylated DNA pulldown using 

MBD, (2) amplification of the target genomic region using specific primers and (3) 

electrochemical detection of the amplified products by GDH-fused zinc finger protein 

(Fig. 2.15(i)) [89]. This assay was used to analyse DNA methylation levels at the 

promoter region of androgen receptor gene (AR), which also contains the zinc finger 

protein recognition sequence, in different cancer cell lines. The method proved to be 

sensitive enough to detect methylation in clinically relevant quantities of DNA (106 

copies) with a resolution of at least 10% alteration in DNA methylation levels. 

Though, MBD proteins are popular analytical tools to detect DNA methylation, 

these proteins exhibit preference for certain sequences. Moreover, MBD proteins also 

preferentially bind to genomic regions with high CpG density [12].  On the other hand, 

antibodies against 5-mC (anti-5-mC) can recognise and bind to 5mC anywhere in the 

genome without any sequence or CpG density preference, thereby allowing greater 

coverage of methylation events in the genome [90]. However, as the diameter of 

antibodies (10 nm) is much larger than the diameter of DNA duplex (2.0 nm), anti-5-mC 

cannot recognise inward turned 5mCs in a duplex [95]. Therefore dsDNA needs to be 

denatured to ssDNA in anti-5-mC based 5mC detection strategies. Femtomolar level of 

detection of methylation at promoter region of RASSF1A gene has been reported using a 

novel sandwich electrochemical genosensor. The method combined unique 

characteristics of Fe3O4/N-trimethyl chitosan/gold (Fe3O4/TMC/Au) nanocomposite 

(greater signalling activity of Au and magnetic properties of Fe3O4 nanoparticles) with 
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the improved stability and sensitivity provided by modification of SPCE surface with 

semiconducting polymer Polythiophene (PT) [96]. Target DNA is captured by 

complementary DNA probes immobilised on streptavidin-coated nanocomposite 

followed by capture and electrochemical detection of methylated DNA by anti-5-mC 

 

Figure 2.15 (i) MBD attached to magnetic beads are used to separate the methylated sequence

which go through a PCR amplification step which attaches biotin tag to the amplicons. Then,

electrochemical readout with and without MBD separation PCR products in the presence of

GDH-fused zinc finger protein shows the methylation status. (Reproduced with permission

from ref. [89]. Copyright 2017, Elsevier Publication) and (ii) Schematic represent of the

biosensors’ for (a) immunosensor (global DNA) and the (b) DNA sensor (regional) to

determination the DNA methylation using H2O2/HQ system via amperometric readout. 

(Reproduced with permission from ref. [97]. Copyright 2018, Nature Publication Group). 
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antibodies entrapped within a thin PT film. High sensitivity of the assay (detection limit 

2.0 fM) was achieved due to the enormous signal amplification that resulted from 

combination of electrical conductivity of Au nanoparticles and PT polymers [96]. 

An assay using anti-5-mC labelled with Ag NPs/CNCs has been reported for the 

detection of DNA methylation and methyltransferase activity [92]. The electrochemical 

stripping signal produced by the Ag NPs/CNCs was used to quantify the activity of 

MTase and ultimately the methylation status of the target DNA [91]. Povedano et al. have 

reported two similar bisulfite-free electrochemical DNA methylation detection strategies 

[97]. One of the method uses anti-5-mC immobilised on the surface of carboxylic acid-

modified magnetic beads (HOOC-MBs) to capture the methylated DNA (immunosensor), 

while the second one uses target DNA specific biotinylated probes immobilised on 

streptavidin coated MBs (DNA sensor). Captured DNA was detected by a second 

antibody specific for ssDNA which was conjugated with HRP in immunosensor, while in 

DNA sensor anti-5-mC tagged with a secondary HRP-conjugated antibody (HRP-anti-

mouse IgG) was used to recognise methylated DNA. Quantification of methylation was 

carried out subsequently by using the hydrogen peroxide/hydroquinone (H2O2/HQ) 

system. Modified MBs along with target DNA molecules were magnetically captured on 

SPCE surface. Cathodic current generated by the enzymatic reduction of H2O2 is directly 

proportional to the concentration of methylated DNA (Fig. 2.15 (ii)) [97]. Researchers 

from the same group reported a slightly different strategy in which methylated DNA was 

captured by HOOC-MBs modified with anti-5-mC, followed by recognition of target 

sequence by hybridisation with a biotinylated probe complementary to the region flanking 

5-mC in the captured sequence. Labelling with HRP-Streptavidin enables amperometric 

determination of DNA methylation by H2O2/HQ system [98]. Limit of detection for this 

biosensor was shown to be as low as 1.2 pM while it could measure DNA methylation 

over a dynamic range of 3.9 to 500 pM.  

Affinity based methods discussed so far rely on indirect means of detection of 

antibody-5-mC interaction. More recently, Schiefelbein et al. have presented a direct 

method of 5mC detection via monitoring of antibody interaction with 5-mC. The 

interaction of anti-5-mC with a modified DNA film formed by chemisorption on gold 

surface generates a reproducible electrochemical signal which was monitored by 

Electrochemical impedance spectroscopy (EIS), square-wave voltammetry (SWV), 

Scanning electrochemical microscopy (SECM) and CV [99]. Although this proof of 
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concept study demonstrated specific detection of 5mC in synthetic oligomers, its 

application to complex real biological samples still remains to be established. Moreover, 

the method is not capable of positional discrimination of 5mC sites [99]. 

2.6.2 Optical biosensors 

Recently, a wide range of bisulfite-free optical based methods have been developed for 

the analysis of DNA methylation. Based on the mode of detection, these methods can be 

further grouped into 1) fluorescence based methods, 2) electrochemiluminescence 

(ECL) based methods and 3) colorimetry based methods. 

Fluorescence based methods. Fluorescence by far is the most extensively studied optical 

method for the detection of proteins and DNA methylation [100, 101]. One of the reasons 

for the increased popularity of fluorescence based methods is their sensitivity and 

specificity. Intrinsic fluorescence properties of probes are changed upon binding with the 

ligand and a signal is produced by photoluminescence emission process.[14][102, 103]. 

Coupling methylation specific restriction enzyme digestion with the downstream 

fluorescent detection is one of the most common optical DNA detection methylation 

approach and involves several steps [104-112], i.e. (i) Digestion of genomic DNA in the 

presence of methylation sensitive restriction enzyme, (ii) amplification or hybridisation 

of DNA in presence of fluorescein labelled target probes and (iii) transduction of 

fluorescent signal by target DNA, after the hybridisation or amplification, thus portraying 

the methylation level. The overall process is shown in Fig. 2.16 (i) [105]. 

Fluorescence resonance energy transfer (FRET) offers a highly sensitive readout 

method and has been widely used in a range of biomedical applications including DNA 

methylation detection. FRET involves radiationless transfer of energy between a donor 

and an acceptor molecule. The donor molecule in an excited state transfers the energy to 

the acceptor in a distance dependent manner leading to an increase in the emission 

intensity of acceptor fluorophore. FRET based DNA methylation detection methods make 

use of fluorophores that can specifically bind to the 5mC thus fluorescence intensity is 

directly proportional to the binding events (level of 5mC). Some of the prominent 

fluorophores used for DNA methylation detection so far include cationic conjugated 

polymers (CCPs), upconversion nanoparticles (UCNPs) and quantum dots (QDs) [104, 

112]. 5-carboxyfluorescein (FAM)  labelled DNA probes have also been used to detect 

DNA methylation. FAM labelled probes are hybridised to the target and the hybrid is 
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adsorbed to the graphene oxide (GO) surface. This method was based on the fluorescent 

recovery of the probe/target DNA on graphene oxide (GO) surface after the recognition 

and digestion by restriction enzyme HpaII [107, 111]. FAM labelled probes are 

hybridised to the target and the hybrid is adsorbed to the graphene oxide (GO) surface 

which leads to quenching of fluorescence. Subsequent digestion with HpaII restriction 

enzyme releases the dsDNA from GO surface and the fluorescence is recovered. In the 

event of methylation at HpaII target site, the cleavage is blocked hence no increase in 

 

Figure 2.16 Schematic of (i) FRET based DNA methylation detection. Restriction enzyme

treated, and untreated DNAs are amplified via PCR in the presence of fluorescein-labelled 

dNTPs (Fl-dNTPs) followed by adding CCP. FRET ratios of HpaII-treated, -untreated and 

blank control samples are used to analyse DNA methylation level. (Reproduced with 

permission from ref. [105]. Copyright 2012, Nature Publishing Group), (ii) ECL based

methods to detect DNA methylation and methyltransferase activity. After the methylation,

methylated and unmethylated sequences are treated with restriction enzyme and finally ECL 

readout of both treated and untreated samples is compared to analyse DNA methylation.

(Reproduced with permission from ref. [128]. Copyright 2012, Elsevier Publication) and (iii)

label-free colorimetric DNA methylation assay. In the presence of DpnI endonuclease, 

unmethylated DNA will remain as dsDNA thus aggregate the CTAB coated AuNRS due to

the electrostatic force. In contrast, methylated DNA will be cut by DpnI endonuclease into

ssDNA thereby preventing the NRs aggregation, which in turn changes the colour of solution. 

Based on the AuNRs aggregation, AuNRs solution colour will change and DNA methylation 

can be detected by the naked eye. (Reproduced with permission from ref. [138]. Copyright 

2013, Royal Society of Chemistry).  
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fluorescence is recorded [111]. In recent years, several advanced nanomaterials such as 

Fe3O4/Au (core/shell) nanoparticles (Fe@Au) [113], MoS2 nanosheet [114], lanthanide-

doped UCNPs and gold nanorods [115] have been used for bisulfite-free optical detection 

of DNA methylation. For example, Xiao et al. developed an excellent biosensor for the 

quantitative and straightforward analysis of the DNA methylation [112]. In their assay, 

MoS2 nanomaterial sheet was used rather than the common graphene-based nanomaterial 

because of their intrinsic capabilities to discriminate ssDNA and dsDNA. In the 

experiment, the FAM labelled probe DNA was hybridised partially with methylated and 

unmethylated DNA targets and the mixture was then allowed for restriction digestion by 

BstUI enzyme. Then at last, MoS2 nanosheets were added into the hybridisation solution. 

The unmethylated DNA was cleaved by the restriction enzyme and thus released into the 

solution, whereas methylated DNA remained adsorbed onto the MoS2 nanosheets leading 

to the quenching of fluorescence. More recently, Kermani et al. have used graphene 

quantum dots (GQDs) as fluorescence probes. dsDNA was directly conjugated to the 

GQDs which results in decrease of fluorescence by as much as 45%. Subsequent digestion 

with methylation specific restriction enzyme like HpaII cleaves the unmethylated DNA 

leading to release of DNA from GQDs and increase in fluorescence. While on the other 

hand no change in fluorescence was observed in case of methylated DNA [107]. 

 Although most of the fluorescence-based assays require restriction enzyme 

digestion at some stage of the assay, Gonzlez-Ruiz et al. developed a novel approach by 

introducing a pharmaceutical agent, Dipyridamole as fluorescence tag. Dipyridamole 

exhibits significant binding and interaction with double-stranded DNA [116]. Binding of 

Dipyridamole to the dsDNA containing methylation showed a linear decrease in 

fluorescence intensity, whereas for the dsDNA without methylation, the fluorescence 

intensity increased linearly. Applicability of their assay was further tested with human 

plasma samples enabling early cancer detection using DNA methylation biomarker.   

ECL based Assay. In an ECL based assay, when a voltage is applied to an electrode in 

the presence of a luminophore, high energy electron transfer (redox) reaction occurs 

between the donor (R.-) and acceptor (R.+) species generated at the electrodes [117-119].  

Both organic and inorganic ECL-active luminophores like diphenylanthracene (DPA) or 

Ru(bpy)3
2+ have been used as labels in biosensing applications. Ru(bpy)3

2+ and its 

analogues along with co-reactants like TPrA, (or its alternatives) have been used widely 

due to their better stability, controllability, wide dynamic range, and good water 
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solubility. Compared to conventional electrochemical and luminescence techniques, ECL 

exhibits several advantages such as low detection limit with minimal background noise, 

higher sensitivity, fast and easily controllable techniques and has been proved to be very 

effective for immunoassay, DNA hybridisation assays, and enzymatic biosensors [118, 

120-122]. Therefore, numerous publications have reported detection of DNA methylation 

using this technique [123-125]. 

In principle, ECL detection method for DNA methylation is almost similar to 

other fluorescent based DNA methylation assays. In ECL based DNA methylation 

detection assay, target DNA tagged with ECL tag are brought onto the electrode surface 

and get the electroluminescence responses. Then, methylation sensitive restriction 

enzyme is introduced to identify the presence of methylation by comparing the ECL 

signal produced before and after the incorporation of restriction enzyme. Qi and Zhou 

groups have developed several ECL based assays for analysing DNA methylation and 

methyltransferase activity [126-131]. In one of the studies, the authors used ruthenium 

complex as the ECL tag. The biosensing electrode was fabricated with self-assembling 

ssDNA probes with a thiol group at their 5` ends. The probes were tagged with the 

ruthenium complex (rutheniumbis (2,2′-bipyridine) (2,2′-bipyridine-4,4′-

dicarboxylicacid)-ethylenediamine) on the gold electrode surface, followed by 

hybridisation with target ssDNA. Treatment with HpaII endonuclease selectively cleaves 

unmethylated DNA sequences leading to reduction in ECL signal. (Fig. 2.16(ii)) [128]. 

To improve the assay sensitivity and specificity, a combined ECL with enzyme-

linked immunosorbent assay (ELISA) was developed to investigate the cytosine 

methylation of DNA [132]. In this assay, anti-methylcytosine antibody conjugated to 

acetylcholinesterase was used to recognise methylated ssDNA. The acetylcholinesterase 

of the conjugate converts the substrate acetylcholine to thiocholine. This thiol-choline 

accumulates on the Gold electrode surface via the gold−thiol bonding. Thiol-choline is a 

useful coreactant of  Ru(bpy)3
2+ which emits bright ECL if the target DNA is methylated 

when potential is applied on the gold electrode. The detection limit for the assay was as 

low as 1-100 pmol, which exhibits sufficiently high sensitivity to achieve DNA 

methylation measurements in clinical samples. This assay avoids the laborious PCR 

amplification and bisulfite treatment. 

DNMT1 is the major maintenance methyltransferase in mammals which 

preferentially methylates hemimethylated DNA and has been shown to be deregulated in 
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various cancers. As has been previously mentioned under “Restriction enzyme based 

methods” section, activity of DNMT1 has also been found to be significantly higher in 

cancer cells than normal cells suggesting that monitoring of DNMT1 activity may serve 

as an early diagnostic biomarker for cancer detection [81]. A highly sensitive ECL based 

DNMT1 activity assay has recently been reported [125]. Using mercaptopropionic acid 

(MPA)-modified Eu3+-doped CdS nanocrystals (MPA-CdS:Eu NCs) as ECL emitters, the 

methylation status of target DNA molecules was monitored based on their resistance to 

digestion by a methylation sensitive RE. The surface of GCE was modified with MPA-

CdS:Eu NCs. Subsequently the Au-NP labelled probe and hemimethylated DNA were 

linked to the NCs. Due to surface plasmon resonance between MPA-CdS:Eu NCs and 

Au-NPs, transfer of ECL energy occurs leading to increased ECL. Subsequent DNMT1 

treatment fully methylates the duplex inhibiting its digestion by BssHII thus ECL signal 

remains unchanged. However, in the absence of DNMT1, or in case the target DNA 

duplex remains unmethylated, BssHII digestion would lead to removal of Au-NP tagged 

probes and hence reduced ECL signal. The assay proved to be highly sensitive for 

determining DNMT1 activity with a detection limit of about 2 cells [125]. 

Methods based on colorimetry. Recently, colorimetry-based methods of DNA 

methylation analysis have gained considerable attention due to their potential to be easily 

integrated into the clinical practice, low cost, and visible readout. Several groups have 

reported colorimetry-based detection of DNA methylation and analysis of 

methyltransferease activity in recent years [133-137]. Among them, Zheng et al.  have 

reported a very simple label-free colorimetric method for analysis of DNA methylation 

[138]. In this study, CTAB (cetyltrimethylammonium bromide) coated Au nanorods (Au-

NRs) were used. CTAB increases the stability of Au-NRs as well as makes their surface 

positively charged. Therefore, the Au-NRs can adsorb DNA very easily through 

electrostatic interaction. After the addition of the methylation specific endonuclease 

DpnI, the unmethylated dsDNA is not cleaved, and therefore the strong electrostatic 

interaction between dsDNA and Au-NRs leads to the aggregation of Au-NRs and causes 

an observable purple to grey colour change (Fig. 2.16(iii)) [138].  

To enhance the sensitivity of colorimetric assay, methylation specific antibody 

conjugated magnetic microspheres (MMPs) have been developed [139]. In this assay, the 

authors captured and enriched the target gene by MMPs conjugated with monoclonal anti-

5mC. A probe partly complementary to the target sequence was subsequently added. The 
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conjugated microspheres were separated magnetically, and the probe was released by heat 

denaturation. The probe was then directly adsorbed onto the surface of AuNPs via 

electrostatic force that prevents the aggregation of the AuNPs in the presence of NaCl. In 

contrast, the unmethylated DNA could not be captured by antibody and thus no probes 

were hybridised to the MMP captured target sequence. Similarly, absence of probes failed 

to inhibit the aggregation of AuNPs leading to change of solution colour from red to 

purple upon the addition of NaCl. Thus, based on the salt induced aggregation a simple 

colorimetric method for DNA methylation detection was developed that offers a 

relatively simple and convenient approach with a limit of detection as low as 80 fmol 

[139]. 

In one of the studies researchers combined isothermal and exponential 

amplification strategy, hyperbranched rolling circle amplification (HRCA), with a prior 

endonuclease digestion and downstream enzyme catalysed colorimetric readout for DNA 

methylation quantification [140]. The proposed assay was carried out in a 96-well format 

where microplate cells were modified with DNA capture probes. The capture probes 

specific for methylated DNA contained 5mC nucleotides at target sites thus on 

hybridisation with methylated DNA from samples they formed fully methylated duplex 

and inhibited the cleavage by methylation sensitive RE HpaII. These uncleaved strands 

subsequently served as binding sites for primers in HRCA reaction. Final readout was 

carried out by using biotinylated DNA probes and HRP conjugated streptavidin. The 

method offers a sensitive yet simple assay for DNA methylation detection and 

quantification. While the methylation level of target region can be semi-quantitatively 

determined by naked eye, accurate quantification can be carried out using a commercial 

microplate reader. The method offered multiplexed DNA methylation quantification with 

a sensitivity of 93 fM and a log-linear correlation with DNA methylation level over a 

range of 5 orders of magnitude from 100 fM to 10 nM [140].  

Silver nanoclusters (Ag NCs) can be located within the cytosine rich DNA strands 

and it has been shown that fluorescence spectra of Ag NCs can tunable in a DNA sequence 

arrangement dependent manner [141]. Furthermore, in the presence of extra C and G in 

the loops within dsDNA, Ag NCs exhibit bright fluorescence [142]. Exploiting these 

unique properties of Ag-NCs a colorimetric DNA methylation detection has been 

developed. A C6 loop inserted via probes was used as scaffold for Ag NCs synthesis. The 



  Chapter 2  
                                           Literature review 

68 | P a g e  
 

presence of 5-mC in the target DNA leads to the quenching of the NC fluorescence while under 

visible light unmethylated DNA exhibited pink colour and bright fluorescence [143]. 

One popular colorimetry based method for biomolecule detection is the use of 

natural enzyme horseradish peroxidase HRP/H2O2 system coupled to a chromophore e.g., 

3,3′,5,5′-tetramethylbenzidine (TMB) substrate to generate a coloured by-product to 

signal the presence of a biomolecule  [135, 144]. Despite this, on exposure to chemical 

denaturants, inhibitors, or relatively harsh environmental conditions, the enzyme 

structures unfold (denature) leading to instability to the structure, which in turn results in 

a loss of their catalytic activity. In addition, the high cost in preparation, purification, and 

storage of natural enzymes also restricts their wide technological applications [145]. Liu 

et al. adopted a well known “keypad lock” strategy to develop a novel colorimetric 

method for measuring DNA methyltransferase activity. Duplex DNA modified 

mesoporous SiO2@Fe3O4 were used for this purpose.[146]. After hybridisation, the DNA 

duplex can serve as cap to block the pores of meso-SiO2@Fe3O4. Subsequently, the 

introduction of Dam MTase and SAM methylates the DNA. Upon cleavage with 

methylation sensitive restriction enzyme DpnI, the DNA duplex will be dissociated into 

ssDNA. Hence the lock is opened and the catalytic reaction of TMB in the presence of 

H2O2 is initiated that leads to the significant colour change from colourless to blue [146]. 

Interestingly it has been found that, iron oxide NPs possess intrinsic enzyme-like (e.g., 

HRP) activity towards the oxidation of enzyme substrates such as 3,3′,5,5′-

tetramethylbenzidine (TMB). Moreover, iron oxide NPs possess superior benefits over 

HRP in many biological and environmental sensing application owing to their robustness, 

inexpensive and easy synthesis and therefore, considered as an alternative of HRP in 

sensing platform [147-149]. Using peroxidase mimetics of iron oxide NPs, several 

sensors have been developed for biomolecular detection [149, 150]. Nanoengineered 

morphology such as nanoporous structure could give higher peroxidase-mimetics at room 

temperature as porous structure significantly enhances the surface to volume ratio for up-

taking higher amount of analytes or redox molecules, and strengthen the activity and 

selectivity of catalytic reactions by offering sequential catalytic compartments and 

stabilisation of substrate from sintering [135, 151, 152]. Taking advantage of these 

properties of iron oxide NPs our group has recently reported an assay to detect global 

DNA methylation [153], where we have engineered a mesoporous Fe2O3, which shows 

excellent peroxidase-mimetics at room temperature. The mesoporous Fe2O3 (MIO) was 

then functionalised with 5-mC antibody (MIO-5mC conjugates), which was then added 



  Chapter 2  
                                           Literature review 

69 | P a g e  
 

to gold electrode surface containing ssDNA and allowed to incubate. The surface attached 

MIO then (via specific interaction between methylation sites and 5-mC antibody  of MIO-

5mC conjugates) catalysed oxidation of TMB in the presence of H2O2 to generate the 

corresponding colour change which was detected optically by naked eye. The successful 

replacement of HRP enzyme with MIO enabled this assay to detect as low as 10% of 

methylation in the complex synthetic samples and colorectal cancer cell lines with good 

reproducibility (% RSD = <5%, n = 3) from 50 ng of input DNA. 
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Table 2.1 Recent electrochemical approaches to detect DNA methylation and oligonucleotides 

 

Technique Strategy Detection 
molecule 

Detection 
range 

Amount of DNA 
required or LOD 

References 

Square wave 
voltammograms (SWV) 

Nanocarbon Film Electrode 
Synthetic 

oligonucleotides 
N/A 

3 µM (total 
nucleotides) 

[52] 

SWV Nanohybrid Carbon Film 
Synthetic 

oligonucleotides 
N/A 

0.15 µM (total 
nucleotides) 

[58] 

SWV Nanocarbon film 
Synthetic 

oligonucleotides 
N/A 30% methylation [154] 

SWV 
Boron-doped diamond 
(BDD) electrode 

Synthetic 
oligonucleotides 

N/A 30 % methylation [155] 

Differential pulse 
voltammetry (DPV) 

Restriction enzyme DNA MTase activity 0.5 to 355 U mL-1 0.1 U mL-1 [71] 

DPV 
AuNP covered Graphene 
Oxide (GO) Sheets 

DNA MTase activity 0.1 to 450 U mL-1 
(0.05 ± 0.02) U 

mL-1 
[57] 

Electrogenerated 
chemiluminescence 

(ECL) 

MPA-CdS:Eu NC modified 
GCE 

DNA MTase activity 1–30 U mL-1 0.09 U mL-1 [125] 

ECL 
5-mC antibody with 
acetylcholinesterase tag 

Synthetic 
oligonucleotides 

0-100 pM 0.18 pM [132] 

DPV AuNPs–IgG–HRP DNA MTase activity 0.05 to 2 U mL-1 0.017 U mL-1 [156] 

DPV 

Streptavidin-alkaline 
phosphatase (ALP) as signal 
amplifier and AuNP coated 
gold electrodes 

Synthetic 
oligonucleotides 

0.1 to 40 U mL-1 0.03 U mL-1 [157] 

DPV AuNP coated gold electrodes 
Synthetic 

oligonucleotides 
0.5 to 500 pM 0.17 pM [158] 

DPV DNA functionalised AuNPs 
Synthetic 

oligonucleotides 
1 pM to 500 pM 0.6 pM [159] 

DPV 
Methylene blue (MB) and 
DNA functionalised AuNPs 

DNA MTase activity 
0.075 to 30 U 

mL-1 
0.02 U mL-1 [160] 
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Electrochemical 
impedance 

Spectroscopy (EIS) and 
Photoelectrochemistry 

Bi2S3 nanorods and anti-his 
tag antibody 

Synthetic 
oligonucleotides 

1 to 103 pM 0.35 pM [161] 

DPV 
Fe3O4/TMC/Au 

nanocomposite as tracing tag 
and PT-modified electrode 

RASSF1A tumour 
suppressor gene 

0.1 pm to 5x103 
pM 

0.002 pM [162] 

DPV DNA functionalised AuNPs DNA MTase activity 1 to 40 U mL-1 0.3 U mL-1 [163] 

DPV Deposition of Polyaniline DNA MTase activity 0.5 to 0.6 U mL-1 0.12 U mL-1 [164] 

DPV 
Polypyrrole 

functionalised graphene 
nanowall 

Synthetic 
oligonucleotides 

0.3x106 to 
2.5x109 pM 

0.11x106 pM [63] 

DPV 

Multiwalled carbon 
nanotube-β-cyclodextrin 

composite modified Carbon 
electrode 

Synthetic 
oligonucleotides 

5x105 to 2.3x109 
pM 

0.6 x106 pM [64] 

Amperometric detection 
(i-t) 

HRP streptavidin conjugation Genomic DNA 3.9 to 500 pM 1.2 pM [165] 

EIS and SWV Anti 5-mC antibody  Synthetic oligomers N/A N/A [99] 
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                   Table 2.2 Recent optical approaches to detect DNA methylation and oligonucleotides 

Technique Strategy Detection molecule Detection 
range 

Amount of DNA 
required or LOD 

References 

Fluorescence 

5-mC antibody with 
laser-induced 
fluorescence 

polarisation (LIFP) 
tag 

Genomic DNA 0-50 μg/mL 0.3 nM (total DNA) [166] 

Colorimetric 
Gold- and silver 

nanoparticles 
Synthetic 

oligonucleotides 
N/A 

1.0 μM (DNA in 
PNA) 

[167] 

Surface plasmon 
resonance (SPR) 

MBD protein with 
fluorescence 

Synthetic 
oligonucleotides 

N/A N/A [91] 

Colorimetric AuNP Synthetic 
oligonucleotides 

0 fM to 80 pM 0.08 pM [139] 

Colorimetric AuNPs Synthetic 
oligonucleotides 

0−500 pM 50 pM [168] 

Colorimetric 
CTAB-coated Au-

Nanorods 
DNA MTase activity 0.1 to 30 U mL-1 0.14 U mL-1 [138] 

HRP based 
colorimetric method 

Amino-coated 
microplate 

 

p16 gene in CDKN2 
promoter region from 

clinical samples 

0.1 pM to 104 
pM 

0.093 pM [169] 

Fluorescence and 
colorimetric 

Silver nanoclusters Synthetic 
oligonucleotides 

2.0x104 pM to 
6.3x106 pM 

9.4x103 pM 
(Fluorescence) 

 
[170] 

Colorimetric 
MBD flocculation 

assay 
Genomic DNA 

0-100% 
methylation 

10% methylation [171] 

Colorimetric meso-SiO2@Fe3O4 DNA MTase activity 0 to 40 U mL-1 0.73 U mL-1 [146] 

Colorimetric Mesoporous Fe3O4 Genomic DNA and 
cancer cell line 

0-100% 
methylation 

10% methylation [153] 
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2.7 Conclusions and future perspectives 

Over the past few decades, DNA methylation analysis has witnessed rapid advancements. 

Most of the earlier methylation analysis methods were based on bisulfite treatment 

however this approach has several shortcomings. In order to overcome these limitations, 

more recently efforts have been underway to devise bisulfite-free methods. Among these, 

methods which incorporate simple readouts such as electrochemical, optical, and 

colorimetric detection are particularly promising in with regards to the translational 

application of DNA methylation as disease biomarker. This review paper presents a brief 

discussion of shortcomings associated with bisulfite-based strategies followed by a 

thorough overview of bisulfite-free DNA methylation assays coupled with optical and 

electrochemical readout strategies. A range of bislufite-free optical and electrochemical 

techniques such as methylation-sensitive or -dependent restriction endonuclease 

digestion, immunoprecipitation, or methyl-binding protein-capture have already been 

developed. On the other hand, usage of novel electrode materials such as nanocarbon 

films has enabled direct oxidation-based differentiation and quantification of 5mC 

without any pre-manipulation.  

Despite these advances, several challenges still need to be addressed. Most of the 

current bisulfite-free methods have been demonstrated as proof-of-concept platforms. 

Their performance matrices have only been illustrated using synthetic oligonucleotides 

therefore their applicability to clinical settings remains elusive. Innovative approaches 

may be needed to minimise background interference and nonspecific binding. Moreover, 

less attention has been paid to the development of detection and quantification platforms 

for various direct oxidation products of 5mC, i.e., 5-hmC, 5-fC, and 5-caC. Recent studies 

have highlighted important pathophysiological functions of these oxidation products. 

Therefore, there is an urgent need to develop methods which can distinguish these 

products from C and 5mC with high level of accuracy and sensitivity. Although the role 

of DNA methylation in various malignancies, particularly cancer, is well established there 

is still a scarcity of DNA methylation-based commercially available assays. So far only 

14 DNA methylation-based cancer detection and monitoring platforms targeting the 

methylation status of 13 genes in total have been commercialised, although around 1,800 

DNA methylation markers have been reported in various publications [172]. Systematic 

studies may also be required to further develop currently available methods for 
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commercial and clinical applications. In order to increase the translational success of 

DNA methylation biomarkers, sensitive and low-cost platforms which are also amenable 

to multiplexing may be required. Nonetheless, it can be hoped that recent developments 

in material science, nanotechnology, and electrochemistry will help to further expand the 

scope of current platforms for real world translational applications.  
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Colorimetric and electrochemical quantification of global DNA 

methylation using methyl cytosine-specific antibody 

 

After the comprehensive literature review on DNA methylation, some major challenges 

associated with current biosensor- based strategies were noted, we have developed a 

simple and combined electrochemical and colorimetric strategy for DNA methylation 

analysis. This chapter reports the assay based on the target specific antibody and natural 

enzyme horseradish peroxidase (HRP). Our developed method enables us to detect global 

DNA methylation level in cancer cell lines as well as in clinical samples using 

electrochemistry and optical readouts. We detected DNA methylation levels from as low 

as 25 ng of input DNA. We also distinguished samples for pre- and post-cells with the 5-

aza-2´-deoxycytidine drug. Our method of detection shows reproducibility (% RSD= 

<5% for n = 3), sensitivity (as low as 5% differences in methylation levels) and specificity 

with various levels of global DNA methylation in synthetic samples and cell lines. while 

analysing various levels of global DNA methylation in synthetic samples and cell lines. 

To understand the principle and mechanism of DNA methylation analysis using 5-mC 

antibody and HRP enzyme, in this initial research we have employed bisulfite-treated 

DNA prior to the detection.  
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Abstract 

We report a simple colorimetric (naked-eye) and electrochemical method for rapid, 

sensitive and specific quantification of global methylation levels using only 25 ng of input 

DNA. Our approach utilises a three-step strategy, (i) initial adsorption of the extracted, 

purified and denatured bisulfite-treated DNA on a screen-printed gold electrode (SPGE), 

(ii) immuno-recognition of methylated DNA using horseradish peroxidase (HRP)-

conjugated methylcytosine antibody and (iii) subsequent colorimetric detection by the 

enzymatic oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB)/H2O2 which generated a 

blue-coloured product in the presence of methylated DNA and antibody immunocomplex. 

As TMB(ox) is electroactive, it also produced detectable amperometric current at 150 mV 

vs Ag pseudo-reference electrode (electrochemical detection). The assay could 

successfully distinguish the samples pre and post cells with 5-aza-2´-deoxycytidine drug. 

It showed good reproducibility (% RSD= <5% for n = 3) with fairly good sensitivity (as 

low as 5% differences in methylation levels) and specificity while analysing various 

levels of global DNA methylation in synthetic samples and cell lines. The method has 

also been tested for analysing methylation level in cell lines as well as fresh tissues 

samples collected from patients (n=8) with oesophageal squamous cell carcinoma. We 

believe that this assay could be potentially useful as low-cost alternative for genome-wide 

DNA methylation analysis in point-of-care applications. 
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3.1 Introduction 

Alterations in DNA methylation landscape is one of the crucial and early events in the 

pathogenesis of many chronic diseases including cancers. The introduction of global 

DNA methylation comparing cancer tissues and non-neoplastic control tissues have 

resulted in the discovery of many biomarkers in cancer [1]. DNA methylation occurs 

predominantly in cytosine/guanine (CpG) dinucleotide areas located in the promoter 

regions of genes in mammals [2]. Human genome contains about 28 million CpG with 

70-80% of which are methylated [3, 4]. Both global hypomethylation (i.e., gradual loss 

in methylation levels throughout the genome) or regional hypermethylation (i.e., 

acquisition of increasing 5mC levels in gene promoters) are reportedly involved in cancer 

pathogenesis via dysregulation of various cellular pathways including chromatin 

modulation, genomic stability, transcription of proto-oncogenes, and activation of tumour 

suppressor genes [5-9]. For instance, several studies have demonstrated the strong 

correlation between global methylation with the progression of oesophageal squamous 

cell carcinoma (ESCC) [10-12]. In ESCC, aberrant global methylation (mostly hypo-

methylation) was found to be involved in silencing and alterations of several key genes 

associated with tumour progression such as cell cycle genes, DNA repair genes and genes 

responsible for Wnt and TGF-β signalling pathways [10, 11]. Therefore, screening of 

DNA methylation across the genome can aid in the diagnosis, prognosis and therapeutics 

of cancer thereby enabling more personalised patient care. 

 Currently, the major challenges in DNA methylation biomarker discovery include 

obstacles in assay development, detection of patient specific methylation load, varying 

sensitivity and specificity [13]. Until recently, several conventional methods have been 

developed to profile global methylation including high performance liquid 

chromatography (HPLC) [14], mass spectrometry (MS) [15], and bisulfite modification 

of DNA followed by some form of sequencing [16]. While analytical excellence of these 

methods are widely acknowledged, they are not suitable for methylation analysis in any 

decentralised settings where sophisticated and expensive laboratory-based equipment are 

lacking.  Consequently, in the recent years, the extensive progress in nanobiotechnology 

field has led to the development of a number of biosensing strategies for methylation 

analysis which mostly rely on optical and electrochemical readouts [17, 18]. 
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 A common approach in the methylation detection techniques is the use of affinity 

capture molecules such as or methyl-binding proteins (MBD) along with array 

hybridisation and next generation sequencing (NGS) to analyse global methylation [19]. 

MBD has also been used developing optical and electrochemical readouts for quantifying 

methylation levels both at regional and global scale [20-23]. However, it has been 

reported that restriction enzyme is commonly required in the MBD based assay to avoid 

the non-specific bindings [18]. Additionally, MBD can-not effectively binds ssDNA and 

is only specific for a selected portion of CpG regions [24]. Methylcytosine antibody (mC 

antibody), on the contrary, can recognise and bind mC in any CpG region (i.e., sequence 

specificity is not required) allowing relatively easy quantification of methylation events 

in the genome [24, 25]. Hence, the anti-mC antibody has been employed in several 

methylation assays based on SPR [26], electrochemistry [21] and 

electrochemiluminescence [27] readouts. Also, most of these approaches commonly use 

restriction enzymes and other complicated steps associated with sensor fabrication.   

In the current study, we introduced a relatively simple method for quantifying 

global DNA methylation to overcome the complexity to study methylation. In this 

method, extracted genomic DNA was the first bisulfite-treated and denatured at 95 ˚C. 

The resultant ssDNA was directly adsorbed onto an unmodified disposable screen-printed 

electrode (SPGE) followed by the immuno-recognition of the methylated region using 

HRP conjugated anti-mC antibody. Then, in the presence of 3,3′,5,5′-

tetramethylbenzidine (TMB)/H2O2, enzymatic oxidation of TMB resulted in a blue-

coloured complex which enabled colorimetric quantification (naked-eye) of global 

methylation.  In addition to colorimetric readout, using the electrochemical properties of 

TMB(ox), genome-wide methylation is quantified via chronoamperometric current.  

Finally, the method was extended for quantifying methylation in ESCC cell lines and 

clinical samples.  

While most of the existing methods require highly sophisticated instruments, our 

approach consisted of both colorimetric (naked eye) and portable electrochemical 

readouts rely on significantly simplified sensor design for easy, rapid and cost-effective 

analysis of global DNA methylation which could be applicable for resource-poor 

diagnostic settings. As healthcare sector becomes increasing decentralised, we believe 

that our method has the high translational potential in next generation point of care 

platform for screening human diseases.  



Chapter 3  

                                                 Colorimetric and electrochemical quantification of global DNA methylation 

105 | P a g e  
 

3.2 Experimental section  

Reagents and chemicals. Unless otherwise noted, all reagents and chemicals were 

analytical grade and purchased from Sigma Aldrich (Sydney, NSW, Australia). UltraPure 

DNase/RNase-free distilled water was obtained from Invitrogen (Carlsbad, CA, USA). 

Screen-printed gold electrodes (diameter = 4.0 mm) were acquired from Dropsens 

(Llanera, Asturias, Spain). TMB substrate solutions were purchased from Thermo Fisher 

Scientific Australia Pty Ltd (Scoresby, VIC, Australia). 5-methylcytosine (5-mC) 

antibody and HRP (horseradish peroxidase) conjugation kit were purchased from Abcam 

(Melbourne, VIC, Australia). 

 Preparation of genomic DNA.  Eight fresh frozen tissue samples from patients with 

ESCC and two matched non-neoplastic oesophageal mucosae (as controls) were recruited 

for this study. For the use of these samples, ethical approval was taken from the Griffith 

University human research ethics committee (GU Ref Nos: MED/19/08/HREC and 

MSC/17/10/HREC). After histopathological confirmation, genomic DNA was isolated 

and purified from all these tissues using DNA/RNA mini kit which is specifically 

designed for both DNA and RNA purification from fresh tissues (Qiagen, Hilden, 

Germany). Also, two ESCC cell lines (HKESC-1 and HKESC-4) were provided by our 

research group [28, 29]. Another ESCC cell line, KYSE-510, was purchased from Leibniz 

Institute DSMZ (German collection of microorganisms and cell cultures). A blood and 

cell culture DNA mini kit (Qiagen, Hilden, Germany) was used for the purification of 

DNA from these ESCC cell lines.  

Whole genome amplification DNA was constructed using the protocol of REPLI-

g whole genome amplification kit (Qiagen) and purified using the protocol of DNeasy 

Blood and Tissue kit (Qiagen). The highly methylated genomic DNA (M-WGA) was 

prepared following the manufactures instruction of New England BioLab (Ipswich, MA, 

USA). Methylation conversion efficiency of SssI-treated DNA was examined using 

methylation sensitive HpaII restriction enzyme. Jurkat genomic DNA treated with or 

without 5-aza-2´-deoxycytidine as well as 100% methylated Jurkat genomic DNA were 

purchased from New England BioLab.  

Bisulfite modification. Approximately 500 ng of the extracted genomic DNA from each 

samples were taken for bisulfite treatment. Bisulfite treatment and purification of the 

extracted genomic DNA was done by using MethylEasy Xceed kit (Human Genetic 
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Signatures Pty. Ltd., NSW, Australia) following the manufacturers protocols. This 

treatment converts unmethylated cytosines to uracils while methylated cytosines keep 

remaining unchanged. Nanodrop Spectrophotometer (BioLab, Ipswich, MA, USA) was 

used for quantifying and checking the purity of DNA. The concentration of bisulfite-

treated DNA was noted in ng/µL and then stored at -20 ˚C until use. 

Conjugation of 5-methylcytosine antibody. Anti-5-methylcytosine monoclonal 

antibody was conjugated with HRP by HRP conjugation kit (Abcam) according to the 

manufacturer’s instructions. Briefly, 1.0 μL of modifier reagent was mixed gently with 

the 10 μL of 5-mC antibody (1.0 mg mL-1). Then, the 5-mC antibody with modifier 

mixture was added directly to the lyophilised HRP Mix and resuspended two times by 

using pipetting. The complex was then kept overnight in the dark at room temperature to 

facilitate the conjugation of antibody with HRP. After the incubation, 1.0 μL quencher 

reagent was mixed gently to the solution.  The conjugated antibody solution was stored 

at 4 °C until used later in this study.    

Determination of the surface area of the electrodes. The effective areas of SPGE were 

determined by the measurement of the peak current obtained as a function of scan rate 

under cyclic voltammetric conditions for the one-electron reduction of [Fe(CN)6]3- [2.0 

mM in PBS (0.5 M KCl)] and by using the Randles-Sevcik equation (equation 3.1) [30, 

31], 

ip = (2.69 x 105) n 3/2AD 1/2 Cv 1/2 ... ... ... … … (3.1)  

where, ip is the peak current (A), n is the number of electrons transferred (n = 1), A is the 

effective area of the electrode (cm2), D is the diffusion coefficient of [Fe(CN)6]3- (taken 

to be 7.60 × 10-5 cm2 s-1), C is the concentration (mol cm-3), ν is the scan rate (Vs-1). 

Chronoamperometric and colorimetric detection of global DNA methylation. 

Bisulfite-treated DNA samples were denatured at 95 °C for 10 min to form ssDNA and 

then, gradually cooled to room temperature for subsequent experiments.  For DNA 

samples analysis, 5.0 μL denatured ssDNA samples were diluted in 5X saline sodium 

citrate (SSC) buffer to get 25 ng of DNA. Then, 5.0 μL of each denatured DNA samples 

were directly dropped onto the SPGE (screen printed gold electrode) surface and allowed 

to adsorb for 10 min. The electrodes were then washed three times with 10 mM phosphate 

buffered saline (PBS) at pH of 7.4.  After the air drying of the electrode, 10 ng of HRP 

conjugated anti-mC antibody was put onto the gold electrode surface and incubate for 30 
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min at room temperature with gentle shaking (unless otherwise stated) to facilitate the 

binding of the antibody with ssDNA. Then, the electrode was again washed three times 

with 10 mM PBS to remove all loosely bounded or unbounded HRP conjugated anti-mC 

antibody. Finally, 50 µL of TMB substrate solution was added onto the gold electrode 

surface and incubated it in dark at room temperature for 15 min. On the electrode surface, 

attached mC antibody conjugated HRP catalysed the TMB reaction with H2O2 to generate 

a blue colour complex.  To execute naked-eye detection of global DNA methylation, the 

colour change was visually examined after 15 min of incubation. Then, the intensity of 

the developed colour was quantified after stopping the HRP/TMB reaction by the addition 

of 2.0 µL of 2.0 M hydrogen chloride (HCl) and absorbance was measured at 450 nm 

using a ultra-violet (UV)-visible spectrophotometer.  HCl converts blue coloured TMB 

charge-transfer complex into its yellow coloured complex.   

To perform electrochemical measurements, a CH1040C potentiostat (CH 

Instruments, TX, USA) was used. Chronoamperometric measurements were conducted 

in presence of 50 µL of the complex onto the SPGE surface with a potential +150 mV. 

The current levels generated at 60 seconds were used for quantitative measurement.   

3.3 Results and discussion  

3.3.1 Assay principle 

The assay protocol for analysing genome-wide DNA methylation in ESCC is 

schematically depicted in Fig. 3.1. In this study, methylation specific antibody was used 

to selectively recognise methylated cytosine in single-stranded DNA sequence.  Briefly, 

extracted and purified genomic DNA from ESCC cells and tissues. They were then 

bisulfite-treated and denatured (at 95 °C for 10 min) to generate single-stranded DNA 

(ssDNA). Previously, we [32, 33] and other researchers [34] have successfully 

demonstrated that due to the sequence specific (A>C>G>T) affinity of DNA towards gold 

surface, ssDNA can be adsorbed on unmodified gold electrode. Thus, the denatured 

ssDNA samples were directly adsorbed on a SPGE for 10 min. The HRP conjugated mC 
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antibody was then incubated for 30 min on the SPGE for recognising methylated DNA. 

After removing the unbound HRP-mC antibody via a washing step, TMB substrate 

solution was added on the electrode surface. HRP/H2O2 catalyses the oxidation of TMB 

that generates a blue-coloured complex, which turns yellow after the addition of acid 

solution to the reaction media. This yellow product has been recognised as a two-electron 

oxidation product (diimine) which is stable in acid solution. The intensity of the coloured 

product is directly proportional to the amount of captured HRP-mC antibody, which is, 

in turn, proportional to the level of methylation in the sample.  As TMB is electroactive, 

the amount of enzymatically generated TMB(ox) was chronoamperometrically measured 

by applying the potential of +150 mV at SPGE. 

 

 

Figure 3.1 Schematic of global DNA methylation detection assay. Initially, the bisulfite-

treated and denatured ssDNA was adsorbed onto a SPGE surface followed by 

immunorecognition of methylated DNA using HRP conjugated 5-mC antibody. Subsequent 

detection of genomic DNA methylation pattern was performed through coupling reaction of

HRP with TMB/H2O2 complex on the SPE-Au surface via naked-eye, UV-vis 

Chronoamperometry. Inset, typical chronoamperometric signals showing the methylated

DNA that produces higher amperometric currents in comparison to unmethylated DNA.  
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3.3.2 Assay optimisation 

The level of adsorption of the target DNA on unmodified SPGE relies on the adsorption 

time, pH in the solution and amount of DNA. Previously, these parameters have been 

optimised for electrochemical detection of gene-specific DNA methylation and RNA 

based biomarkers in cancer [32-35]. In this assay, unless otherwise stated, 25 ng of target 

DNA diluted in 5X SSC (pH 7.4) was adsorbed on SPGE for 10 min.  The analytical 

performance of the assay is also dependent on the amount of 5-mC antibody. Therefore, 

we optimised the concentration of HRP conjugated 5-mC antibody. To perform this, a 

series of HRP- 5-mC antibody concentration such as 0.1 mg mL-1, 0.05 mg mL-1, 0.025 

mg mL-1, 0.001 mg mL-1 and 0.005 mg mL-1 was tested by chronoamperometric 

measurement. As can be seen Fig. 3.2, relatively high current density was resulted for all 

concentration except 0.005 mg mL-1. Notably, the current density for the 0.001 mg mL-1 

antibody concentration was almost similar to that obtained for >0.001 mg mL-1 

concentration, and thus 0.001 mg mL-1 was selected as the optimal concentration for the 

described assay.   

 

 

Figure 3.2 Optimisation of antibody concentration. Each bar represents the average of three

separate trials (n = 3). Error bars represent the standard deviation of measurements

(%RSD=<5% for n=3) 
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3.3.3 Heterogeneous sample design and analysis 

Global DNA methylation plays a crucial role in the pathogenesis of ESCC by altering 

expression of different genes. It was reported that heterogeneity of DNA methylation at 

genomic scale have a significant impact on the progression of ESCC [36]. Accurate 

quantification of heterogeneous genome-wide DNA methylation could have significant 

implications for the prediction of clinical prognosis in human cancers [37]. It is, therefore, 

important to quantify the different graded DNA methylation in a high background of 

unmethylated DNA samples. To examine the heterogeneity at genome-wide DNA 

methylation level, we first constructed the designated proportions of methylated and 

unmethylated samples using Jurkat (100% methylated; used as positive control samples) 

and unmethylated whole genome amplified (WGA; used as negative control samples) 

DNA. A series of heterogeneous samples were then prepared by mixing the Jurkat and 

WGA DNA sequences to get 0%, 5%, 10%, 25%, 50%, 75%, and 100% methylated 

samples and analysed via our colorimetric and electrochemical assays under optimised 

conditions (Fig. 3.3).  

In the colorimetric method, due to the interaction between HRP-anti 5-mC and 

TMB substrate solution, coloured complex was produced which is related to the level of 

methylation. As expected, the fully methylated positive control samples (Jurkat) gave a 

strong blue coloured complex compared to the negative control samples (0% methylated; 

WGA). The colour intensity was increased (Fig. 3.3B, from right to left) with the 

increasing percentage of methylation. This can be explained by the fact that with 

increasing number of methylated CpG sites, the amount of anti-mC-HRP increased 

leading to a higher concentration of enzymatically generated diimime complex (i.e., high 

intensity).  Notably, the colour observed from 5% methylated samples (light blue) could 

be easily distinguished from WGA (light purple) (Fig. 3.3B) thereby demonstrating that 

our assay can detect as low as 5% methylation by naked-eye evaluation. After stopping 

the enzymatic oxidation of TMB substrate solution with acid, the subtle colour changes 

derived from heterogeneous samples were further quantified by absorbance (Abs) 

measurements via UV-vis at the wavelength of 450 nm. As shown in Fig. 3.3A, the linear 

regression equation was estimated to be y (Abs @ 450 nm) = 0.0081 (% methylation) + 

0.09928 with a correlation coefficient (R2) of 0.94424. The minimum detectable Abs was 

found in 5% methylated samples. The positive control (Abs @ 450 nm = 0.80) 

consistently produced an Abs of at least five times higher than that of WGA (Abs @ 450 
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nm = 0.095) while detectable Abs differences exist among the heterogeneous samples 

containing 5%, 10%, 25%, 50%, 75% methylated DNA. This data clearly shows that 

colorimetric assay is highly specific for quantifying global DNA methylation in 

heterogeneous samples.  

To check electrochemical quantification, chronoamperometric current density for 

the heterogeneous sample containing designated 0%, 5%, 10%, 25%, 50%, 75%, and 

100% methylated levels were measured. As can be seen in Fig. 3.3D, significant 

differences in current density were observed for all these samples. The linear regression 

equation was estimated to be y (Current density, µA cm-2) = 0.3114 (% methylation) + 

0.0166 with a correlation coefficient (R2) of 0.98318 (Fig. 3.3C). Similar to colorimetric 

measurements (shown in Fig. 3.3A and B), a methylation change as low as 5% could be 

detected from 25 ng input DNA.  These findings clearly showed that our approach is 

 

Figure 3.3 Calibration plots obtained for the mean values of (A) absorbance (UV-vis) and (C) 

chronoamperometric current density for the heterogeneous sample containing 0%, 5%, 10%,

25%, 50%, 75%, 90% and 100%. (B) and (D) Show the corresponding photos and

chroamperograms respectively. Each data point in (A) and (C) represent the average of three

repeat trails, and error bars represent the standard deviation of measurements (%RSD = <5%

for n = 3). 
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highly sensitive to detect global DNA methylation in a low amount of starting DNA. It is 

worthy to note that our findings were comparable to the recent approaches [23, 38]. In 

addition, our approach is highly comparable to different traditional methods such as 

HPLC [14] and MS methods [15]. While these conventional methods consider all 

cytosine across the genome to quantify methylation, our approach only screen the 

methylated CpG sites for quantifying global methylation.  

3.3.4 Assay validation using demethylated agent 

To further validate the analytical performances of our assay, we applied our approach for 

analysing the status of global DNA methylation in human cancer cells before and after 

treatment with a demethylating agent, 5'-azacytidine (5-Aza) (Fig. 3.4). For this, 5-Aza-

 

Figure 3.4 Mean values of (A) absorbance (UV-vis) and (C) chronoamperometric current

density for the highly methylated genomic DNA (M-WGA), before and after 5-Aza drug-

treated and unmethylated WGA samples. (B) Shows representative photos for the naked-eye 

detection.  Each data point in (A) and (C) represent the average of three repeat trails, and error

bars represent the standard deviation of measurements (%RSD = <5% for n = 3). 

 



Chapter 3  

                                                 Colorimetric and electrochemical quantification of global DNA methylation 

113 | P a g e  
 

treated and untreated DNA (Jurkat), highly methylated genome DNA (M-WGA) and 

unmethylated WGA were used for the methylation analysis using naked-eye, UV-vis and 

chronoamperometric readouts.  In our assay, distinct colour intensity differences were 

observed between 5-Aza treated DNA with other control DNA (i.e., M-WGA Jurkat and 

and unmethylated WGA samples) during naked-eye observation (Fig. 3.4B). In addition, 

the relative absorbance data obtained for the M-WGA Jurkat DNA samples is notably 

higher than that of 5-Aza-treated DNA and unmethylated WGA samples.  The 

amperometric current density data of 5-Aza-treated DNA (0.5 µAcm-2) was also lower 

than that of the Jurkat DNA (1.9 µA cm-2) (Fig. 3.4C). These data clearly demonstrate 

that our assay can distinguish the methylation level of 5-Aza treated DNA sample with 

that of 5-Aza untreated sample (Jurkat) and other controls (M-WGA, and U-WGA) in 

complex biological samples.  These results are highly consistent with the previous 

findings [39], suggesting the potential application of our method in tracking patient 

response to demethylating treatment. 

3.3.5 Cancer cell line sample analysis 

To demonstrate our assay in the complex biological application, we have challenged our 

colorimetric and electrochemical methods for detecting genome-wide DNA methylation 

in ESCC cell line (HKESC-4, KYSE-510 and HKESC-1) samples. To perform the 

analysis, genomic DNA extracted from cell lines was bisulfite-treated and denatured to 

form ssDNA. As seen in Fig. 3.5A, absorbance values obtained for the three ESCC cells 

and Jurkat DNA were significantly higher in comparison with unmethylated WGA 

samples indicating the presence of a different level of methylation in the cancer cell lines. 

As can be seen in the picture (Fig. 3.5B), these differences can also be easily distinguished 

using naked-eye examination. Furthermore, chronoamperometric readout of these 

samples (Fig. 3.5C), also gives the similar trend of methylation level where cell lines 

samples showed considerably higher current density compared to that of negative control.  

Overall, these findings indicated that genomic DNAs from KYSE-510 and HKESC-1 

cells contain high level of methylation (i.e., hypermethylation) in compare to that of the 

HKESC-1 (i.e., partially methylated). These data demonstrated that our assay could act 

as a useful alternative for detecting global DNA methylation in cell-derived samples. 
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3.3.6 Clinical sample analysis 

To further demonstrate the clinical application of our assay, we analysed the global DNA 

methylation levels in eight tissue samples from patients with metastatic ESCC.  Two non-

neoplastic mucosae were used as the controls. As seen in Fig. 3.6A, the naked-eye 

detection can easily distinguish the different levels of methylation present in the cancer 

samples when compared to the controls. By comparing the Abs level using UV-vis 

experiment, we also can easily estimate that cancer DNA samples obtained from P1, P3, 

P4, P6, P7 and P8 were highly methylated at a genomic scale and P2, P5 were partially 

methylated when compared to non-neoplastic control samples (Fig. 3.6B). We also tested 

these samples using chronoamperometric approach and found that our data were in good 

agreement with that obtained from colorimetric studies (both naked-eye and absorbance 

measurements).  Current density data revealed that P1, P3, P4, P6, P7 and P8 were highly 

 

Figure 3.5 Mean values of (A) absorbance (UV-vis) and (C) chronoamperometric current

density for the ESCC cell lines (KYSE-510, HKESC-1, HKESC-4) and WGA samples. (B) 

Shows representative photos for the naked-eye detection.  Each data point in (A) and (C)

represent the average of three repeat trails, and error bars represent the standard deviation of

measurements (%RSD = <5% for n = 3). 
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methylated at genomic scale when compared to P2, P5 and non-neoplastic samples (Fig. 

3.6C). Furthermore, the interassay variation was found to be less than %RSD= <5% (n=3) 

indicating the good reproducibility of our assay. This data clearly indicates that current 

density generated from our approach is able to quantify global methylation level in tissue 

samples from patients with ESCC. In comparison with the MBD-based flow cytometry 

[40] or the oxygen channelling assay [41], our assay has similar analytical performance 

in detecting global DNA methylation while the analysis time is relatively faster.  

3.3.7 Potential application of the assay  

In comparison with many existing approach for quantifying global methylation, our assay 

offers several unique features which could underpin the possibility of providing relatively 

rapid diagnostic results in resource-poor settings. First, the assay is suitable for both 

colorimetric (naked eye) evaluation and electrochemical quantification where naked eye 

 

Figure 3.6 Mean values of (A) absorbance (UV-vis) and (C) chronoamperometric current

density for the one normal (N) and eight (P1-P8) oesophageal cancer tissue samples. (B) 

Shows representative photos for the naked-eye detection. Each data point in (A) and (C)

represent the average of three repeat trails, and error bars represent the standard deviation of

measurements (%RSD = <5% for n = 3). 
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evaluation could be used as a first-pass screening of a large amount of samples (a method 

capable of giving yes/no answer is particularly important when a large samples screening 

is necessary within a very short time) and subsequent electrochemical readout can be used 

for quantifying the level of methylation present in each sample. Second, the assay is 

relatively rapid (it eliminates asymmetric PCR step; the disposable nature of the SPGE 

also avoids complicated cleaning procedure associated with conventional disk electrode-

based sensors). Third, our assay is cost-effective due to the use of highly inexpensive 

disposable SPGE (AUD $4/electrode). It is noteworthy that, the assay significantly 

reduces the cost and time without affecting the sensitivity of the assay (it can quantify as 

low as 5 % methylation differences from complex heterogeneous samples). Fourth, the 

approach has extensively simplified sensor design as it employs direct adsorption of target 

ssDNA on unmodified SPGE without the use of capture probe based hybridisation 

protocol. Taken together these distinct features including the minimal equipment benefits 

of the colorimetric sensor along with the versatility and sensitivity of electrochemical 

method, it offers promising possibility towards the point of care screening of methylation 

in resource-limited settings.  

3.4 Conclusions 

We have developed a relatively simple naked-eye colorimetric and electrochemical 

methods based on direct conjugation of denatured DNA (without PCR) and 

immunorecognition of the methylated cytosine on SPGE.  Amperometric detection was 

found to be more effective and sensitive in comparison to the colorimetric detection 

system.  Also, we successfully applied the assay to quantify the global DNA methylation 

in a panel of ESCC cells and clinical samples collected from patients with ESCC. The 

assay was sensitive to as low as 5% differences in global DNA methylation with good 

reproducibility (% RSD= <5%, n = 3) from 25 ng DNA in 90 min. Furthermore, the assay 

described here could be potentially useful in tracking of the global DNA methylation in 

de-methylating drug therapy monitoring in clinical diagnostics and research.  In addition, 

our assays are not confined to global DNA methylation, and a variety of assays could be 

developed by selecting the specific antibodies in the immune-recognition step for 
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detection of various DNA-biomarkers (e.g., autoimmune diseases [42] and HPV 16 E6 

[43]). We anticipate that the combined use of colorimetry and electrochemical readout 

could be used as a low-cost device for the analysis of global DNA methylation in chronic 

diseases. 
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Mesoporous nanozyme in DNA methylation detection 

With the rapidly growing advancement of nanotechnology, engineered nanomaterials are 

pointedly integrated in biosensing to achieve cost-effectiveness, selectivity, robustness 

and high-quality signal amplification. This chapter introduces mesoporous iron oxide 

(MIO) that has the enzymatic feature like natural enzyme HRP. We initially explored the 

peroxidase-like activity of MIO prepared in different calcination temperature followed by 

their integration into DNA methylation analysis.  

In the 1st part of this chapter (Part A), we extensively studied the mimetic 

activities of MIO and utilised them to develop a proof-of-concept glucose sensor 

(colorimetric and electrochemical). The nanoengineered morphology provides higher 

peroxidase-mimetics at room temperature, as the porous structure significantly enhances 

the surface to volume ratio, strengthens the activity and selectivity of catalytic reactions 

by offering sequential catalytic compartments and stabilisation of the substrate from 

sintering. Both our colorimetric (naked-eye and UV-vis) and electrochemical assays 

estimated the glucose concentration to be in the linear range of 1.0 μM to 100 μM with a 

detection limit of 1.0 μM. 

  After the successful exploration of peroxidase mimetic activity of MIO, we utilise 

this intrinsic property for developing global DNA methylation detection platform (Part 

B). In this assay, MIO functionalised 5-mC antibody (MIO-5mC conjugates) was applied 

on to the target ssDNA attached gold electrode surface for recognising methylated sites 

via specific interaction between methylation sites and 5-mC antibody of MIO-5mC 

conjugates. The surface attached MIO-5mC conjugates catalyzed the oxidation of TMB 

in the presence of H2O2 to generate the corresponding colour change, which was 

subsequently detected optically and electrochemically. The successful replacement of 

HRP enzyme with MIO enabled this assay to detect as low as 10% of methylation in the 

complex synthetic samples and colorectal cancer cell lines with good reproducibility (% 

RSD = <5%, n = 3) from only 50 ng of input DNA. 
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This chapter has been published in two peer review journals. 

1st part (Glucose detection) has been published as- 

Tanaka, S., Kaneti, Y.V., Bhattacharjee, R., Islam, M.N., Nakahata, R., Abdullah, N., 

Yusa, S.I., Nguyen, N.T., Shiddiky, M.J.A., Yamauchi, Y., Hossain, M.S.A., 2018. ACS 

Appl. Mater. Interfaces 10(1), 1039-1049. 

And 

2nd part (DNA methylation detection) has been published as- 

Bhattacharjee, R., Tanaka, S., Moriam, S., Masud, M.K., Lin, J., Alshehri, S.M., Ahamad, 

T., Salunkhe, R.R., Nguyen, N.-T., Yamauchi,Y., Hossain, M.S.A., and Shiddiky, M.J.A., 

2018, J. Mater. Chem. B. 6, 4783-4791. 
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Abstract 

Herein, we report a glucose sensor using a novel mesoporous iron oxide prepared by using 

an asymmetric poly (styrene-b-acrylic acid-b-ethylene glycol) (PS-b-PAA-b-PEG) 

triblock copolymer. The as-prepared mesoporous iron oxide materials showed intrinsic 

peroxidase-like activities towards the catalytic oxidation of 3,3ˊ,5,5ˊ-

tetramethylbenzidine (TMB) in the presence of hydrogen peroxide (H2O2). This mimetic 

feature was further exploited to develop a simple colorimetric (naked-eye) and 

electrochemical assay for the detection of glucose. Both our colorimetric (naked-eye and 

UV-vis) and electrochemical assays estimated the glucose concentration to be in the linear 

range of 1.0 μM to 100 μM with a detection limit of 1.0 μM. We envisage that our 

integrated detection platform for H2O2 and glucose will find a wide range of applications 

in developing various biosensors in the field of personalised medicine, food-safety 

detection, environmental pollution control, and agro-biotechnology. 
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4.1 Introduction 

Transition metal oxides are important classes of materials with broad potential 

applications in catalysis [1, 2], sensors [3-5], energy storage and conversion [6-8], and 

biomedical fields [9-11]. Among various metal oxides, iron (III) oxide has been 

considered as one of the most promising materials for electrochemical sensing due to their 

abundance, low cost, high chemical and thermal stabilities, as well as low toxicity and 

environmental friendliness [12]. The functional performance of iron oxide materials can 

be greatly enhanced when their crystal sizes are confined to the nano-scale and the 

morphologies are appropriately controlled to have a high surface area [13]. As such, many 

efforts have been carried out to fabricate diverse morphologies of iron oxide 

nanostructures, including nanorods [14], nanotubes [15], hollow spheres [16] and flower-

like nanosheets [17].  

 Owing to their various intrinsic characteristics, such as biofavorable network 

structure, good electronic conductivity, good biocompatibility and stability, low synthesis 

costs, and environmental friendliness, iron oxide-based nanomaterials have been widely 

used in a variety of biomedical applications, such as tissue engineering, magnetic 

resonance imaging, drug delivery and bio-sensing [9-11, 18-20]. In biosensing 

applications, the magnetic properties exhibited by these materials provide an additional 

benefit of allowing magnetic mixing (intimate) and contactless sample preparation [21]. 

Furthermore, the introduction of pores into the nanoparticles gives rise to mesoporous 

iron oxide with a significantly higher surface area. Therefore, these mesoporous materials 

tend to exhibit both improved surface functionalities (i.e., an increase in the uptake and 

release of target analyte) and superior catalytic activities (maximisation of surface 

dependent mass transport compared to that of planar materials of similar mass). 

Moreover, they tend to be highly selective in catalysis (via molecular sieving) whilst 

remaining stable against sintering [22]. In recent years, such mesoporous materials have 

been suggested as potential alternatives to natural enzymes for various applications. For 

example, they have been shown to imitate the structures and functions of horseradish 

peroxidase (HRP), serine proteases, cytochrome P450, dioxygenase, phosphodiesterase, 

etc [23]. The replacement of these natural enzymes with a robust material, similar to the 

as-synthesised mesoporous iron oxide, can offer significant advantages in bioanalytical 

and translational research, including (i) the catalytic efficiency of natural enzymes are 

often vulnerable to the environmental changes due to the destabilisation of the protein 
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conformation, while mesoporous iron oxide exhibits better physical and chemical 

stabilities, (ii) unlike natural enzymes, nanoparticles are protected from protease digestion 

and, (iii) these mesoporous materials are relatively inexpensive, easy to synthesise, and 

they avoid the time-consuming preparation steps and specific storage requirements of 

natural enzymes [24]. 

Herein, we aim to introduce a mesoporous iron oxide with larger pores in the 

nanostructures to offer a significantly higher functional surface area which may be 

advantageous for enhancing the functional performance. The unique functionality of the 

reported mesoporous iron oxide nanoparticles is their ability to highlight peroxidase 

mimetic activity at room temperature, while most of the other iron oxide-based 

nanostructures reportedly demonstrated such activity at higher temperature. Thus, the as-

synthesised mesoporous iron oxide structures are particular suitable for off-laboratory 

settings at room temperature. We investigated the HRP-like activities of these materials 

towards the oxidation of TMB in the presence of H2O2 followed by the evaluation of their 

steady-state kinetic parameters using both Michaelis-Menten and Lineweaver-Burk 

models [25]. Finally, the peroxidase-like feature was used to develop a proof-of-concept 

glucose sensor, in which the enzymatic oxidation of glucose with glucose oxidase (GOx) 

was synergised with TMB/H2O2 catalytic reaction. The in-situ production of H2O2 from 

the former system was used in the latter for the oxidation of TMB in the presence of 

mesoporous iron oxides. This results in a blue-coloured complex solution which 

facilitated the naked-eye evaluation of glucose. After quenching the reaction with acid, 

the blue-coloured complex solution turned yellow, which was stable and electroactive, 

thus allowing for the estimation of the glucose concentration via an electrochemical 

readout. 

4.2 Experimental 

Chemicals and instrumentations. PBS tablet (0.01 M phosphate buffer, 0.0027 M 

potassium chloride and 0.137 M sodium chloride, pH 7.4 at 25 °C), TMB, glucose and 

GOx were purchased from Sigma Life Science (Australia). Analytical grade H2O2, 

dimethyl sulfoxide (DMSO), hydrochloric acid (HCl) were purchased from Chem-Supply 

(Australia). Screen-printed gold electrodes (SPGE) (220BT) with three-electrode system 

printed on a ceramic substrate were acquired from Dropsens (Spain). UltrapureTM 
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DNase/RNase-free distilled water (Invitrogen, Australia) was used throughout the 

experiments. All electrochemical measurements were carried out with a CHI 650 

electrochemical workstation (CH instrument, USA). All chemicals were used without 

further purification.  

Kinetics measurements and colorimetric and electrochemical detection of glucose. 

In a typical procedure, 5.0 μg of mesoporous iron oxide was mixed in 80 μL of 0.2 M 

sodium acetate (NaAc, pH 3.5) buffer in the presence of freshly prepared 800 μM TMB 

(TMB dissolved in DMSO) and 700 mM H2O2 to study the peroxidase mimetics. The 

absorbance of the resultant blue-coloured solution was measured at 652 nm using a 

spectrophotometer (SpectraMax). The steady-state kinetic parameters were selected by 

varying the concentration of H2O2 (0.01 to 1.0 M) at a fixed concentration of TMB (800 

μM) and vice versa for the varying the concentration of TMB (0.01 to 1.0 mM) at 700 

mM H2O2.  

 

 

The apparent kinetic parameters were calculated by considering a typical enzyme 

catalytic reaction; where E, S, ES and P represent the enzyme, substrate, enzyme substrate 

adduct and product respectively. The Michaelis-Menten equation for this catalytic system 

is expressed as follows [18], 

][

][max
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m 
 … … … (4.2) 

where V0 is the rate of substrate conversion, Vmax is the maximum rate of 

conversion, [S] is the substrate concentration, and Km is the Michaelis-Menten constant. 

The absorbance data were converted to corresponding concentration terms by the Beer-

Lambert Law using the value of ε = 39,000 M-1 cm-1 (at 652 nm) for the oxidised product 

of TMB. The rearrangement of Michaelis-Menten equation gives the following 

Lineweaver-Burk equation [25], which was used to determine Km and Vmax  
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 For chronoamperometric (CA) measurements, the reaction was stopped by 

adding 2.0 μL (2.0 M HCl) of stop solution. The resultant 80 μL of this yellow solution 

was pipetted onto a SPGE and i-t was measured at 150 mV over 60 s. For the glucose 

detection assay, 30 μL of glucose solution of different concentrations and 3.0 μL of GOX 

(20 mg mL-1) were mixed in PBS solution (pH 7.0) and incubated at 40 °C for 30 min. 

Then, 67 μL of TMB (800 μM) solution and 5.0 μL of mesoporous iron oxide (5.0 μg μL-

1) were added to the mixture. The pH of the final solution was maintained by adding 0.1 

M acetic acid solution and incubating for 15 min at 37 °C. The particles were magnetically 

separated and purified. The resultant blue-coloured supernatant solution was used for the 

colorimetric detection. After quenching the reaction by acid, the yellow solution was 

transferred to a SPGE for a CA readout.  

4.3 Results and discussion 

It has been well studied that natural HRP/H2O2 could catalyse the oxidation of TMB 

which produced a blue-coloured complex product which turned yellow after the addition 

of acid into the reaction media. This yellow product is stable and electroactive. In this 

study, we first prepared mesoporous iron oxides at different calcination temperatures 

(400, 450 and 500 °C) via a novel soft-templated fabrication procedure using the PS-b-

PAA-b-PEG triblock copolymer [26]. Similar to natural peroxidases, the as-synthesised 

mesoporous iron oxide materials show catalytic activity towards the oxidation of TMB 

substrate in the presence of H2O2 and produce blue-coloured products (with maximum 

absorbance at 652 nm). As seen in Fig. 4.1a-c, all three mesoporous iron oxide samples 

exhibit significantly higher absorbance for the oxidation of TMB compared to those of 

the corresponding control experiments (i.e. in the absence of mesoporous iron oxide). It 

is also clearly evident that the mesoporous iron oxide obtained 400 °C displays the highest 

UV-visible response from the naked-eye observation (clearly distinguishable from the 

other two samples) and UV-visible detection (abs. 0.101 ver 0.085 and 0.083). After 

quenching the reaction by acid, an electrochemical readout was performed onto a SPGE 

and as depicted in Fig. 4.1a'-c', the amperometric response of the oxidised reaction 

product is in good agreement with the absorbance data, where the current response of the 

mesoporous iron oxide synthesised at 400 °C is almost 19 times higher than that of the 

negative control (50.76 ver 2.7 μA cm-2). Similar to the absorbance measurement, the 

electrochemical readout also indicates that this mesoporous iron oxide displays a better 
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response than the mesoporous iron oxide samples prepared at 450 °C and 500 °C (Fig. 

4.1a' ver 1b' and 1c'; 50.76 ver 30.61 and 23.62 μA cm-2).  

All these experiments (i.e., naked eye observation, UV-vis and CA readouts) 

clearly confirm the peroxidase-like activities of the as-synthesised mesoporous iron oxide 

samples, with the mesoporous iron oxide obtained at 400 °C showing the best 

performance. One possible explanation for this is the tendency of collapsing of the 

mesoporous structure of iron oxide samples obtained at 450 °C and 500 °C, while the 

 

Figure 4.1 Mean response of absorbance (UV-vis) (a, b, c, left panel) and chronoamperometric

current signals (a', b', c') for negative and positive control samples. Inset images show the

corresponding photos for naked eye evaluation and i-t curves; (a, a' = 400_CT, b, b' = 450_CT,

c, c' = 500_CT, CT denotes calcination temperatures). The error bar represents the standard

deviation of three independent measurements. 
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mesoporous iron oxide obtained at 400 °C can well-retain its mesoporous structure. 

Consequently, it can bind an increased amount of positively charged TMB, leading to 

both enhanced colorimetric and electrochemical responses. It is important to mention that, 

unlike most of the reported mimetic nanoparticles, our mesoporous iron oxide sample 

exhibits such an enhanced catalytic activity at room temperature [23, 27].  

 

 

Figure 4.2 Steady-state kinetic analysis using Michaelis-Menten model (main panel) and

Lineweaver-Burk model (inset panel) for mesoporous iron oxide synthesised at various 

calcination temperatures (CT) by varying the concentration of (a, b, c) H2O2 and (a', b', c') 

TMB with fixed amounts of TMB (800 μM) and H2O2 (700 mM), respectively; (a, a' =

400_CT, b, b' = 450_CT, c, c' = 500_CT). Each error bar represents the standard deviation of

three independent measurements. 

 



Chapter 4  

                                                                        Mesoporous nanozyme in DNA methylation detection 

132 | P a g e  
 

To further investigate the peroxidase-like activity of these mesoporous iron oxide 

products, their apparent steady-state kinetic parameters for TMB oxidation were 

determined by changing the concentration of H2O2 and TMB following the initial rate 

method [27, 28]. As shown in Fig. 4.2, a typical Michaelis-Menten-like curve was 

obtained in a designated concentration range of both H2O2 (Fig. 4.22a-c) and TMB (Fig. 

4.2a'-c'). The data were fitted using a non-linear least square fitting to calculate the 

catalytic parameters Km and Vmax (Table 4.1). As depicted in the inset of Fig. 4.2, these 

parameters were determined from the Lineweaver-Burk double reciprocal plot (1/ [V] ver 

1/ [S]) [18]. Km value is an indicator of the enzyme affinity towards its substrate and a 

lower Km value indicates a stronger affinity between enzyme and its substrate. The 

apparent Km value for the mesoporous iron oxide obtained at 400 °C with TMB is 

significantly lower than that of the reported Km value of HRP (0.153 ver 0.434 mM). This 

clearly suggests that the mesoporous iron oxide product has a higher affinity with TMB 

in comparison to that of HRP, thereby demonstrating its potential as a good alternative 

for HRP. However, the apparent Km value of this mesoporous iron oxide with H2O2 (as 

the substrate) is significantly higher than that of the reported value for HRP (86.43 ver 

3.70 mM), which supports the fact that an increased amount of H2O2 is required to obtain 

the highest mimetic activity of mesoporous iron oxide.  

 

Table 4.1 Kinetic parameters of the synthesised mesoporous iron oxide samples 

Mesoporous iron 
oxide 

Substrate Km (mM) Vmax (M s−1) 

400_CT 
H2O2 86.425 3.05 X 10-08 
TMB 0.153 2.94 X 10-08 

450_CT 
H2O2 125.904 2.89 X 10-08 
TMB 0.214 2.74 X 10-08 

500_CT 
H2O2 132.917 2.89 X 10-08 
TMB 0.236 2.65 X 10-08 

 

As expected, the kinetic parameters of the mesoporous iron oxide obtained at 400 

°C towards the oxidation of TMB are better than those achieved with the mesoporous iron 

oxide products obtained at higher calcination temperatures of 450 °C and 500 °C (Table 

4.1). As previously outlined, this may be due to the mesoporous structures synthesised at 

450 °C and 500 °C being relatively less stable. On the contrary, the mesoporous structure 

of iron oxide prepared at 400 °C is highly stable and the associated large pore volume can 
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significantly enhance the reaction kinetics and the peroxidase mimetic activity. We also 

assume that the transfer of lone-pairs electron density from the amino group of TMB 

towards the vacant d-orbital of Fe3+ may contribute to the electron density and mobility 

of mesoporous iron oxide, thereby increasing its conductivity [29]. Several nanomaterials 

have previously been reported in the literatures [27, 28, 30-33]. A comparison of the 

catalytic activities of our mesoporous iron oxide with previously reported iron oxide 

nanostructures is given in Table 4.2. As we evaluated the catalytic ability of the 

mesoporous iron oxide towards the oxidation of 3,3ˊ,5,5ˊ-tetramethylbenzidine (TMB) in 

the presence of H2O2, we have only put the related comparison where TMB/H2O2 has 

been employed in Table 4.2. From this table, it is obvious that our mesoporous iron oxide 

has comparable or superior catalytic activities towards the oxidation of TMB substrate 

compared to iron oxide nanoparticles prepared by several other methods.  

 
 
Table 4.2 Comparison of the catalytic activities of iron oxide nanoparticles 
prepared by different methods.   

Synthesis Method Morphology Substrate 
Km 

mM 
Vmax / 10-8 

M s-1 
Reference 

Block Copolymer 
Micelles (Soft 

template) 
Mesoporous 

H2O2 86.425 3.05  
Our assay 

TMB 0.153 2.94 

Schiff base (Soft 
template) 

Nanoparticle 
H2O2 157.19 1.28  

[30] TMB 0.0887 0.97 
 

Solvothermal method 
Nanoparticle 

H2O2 154 9.78  

[28] TMB 0.098 3.44 

Hydrothermal 
Prussian Blue-

Fe2O3 
(Nanoparticles) 

H2O2 15 0.228  
[27] 

TMB 0.00995 0.123 

Reduction 
coprecipitation 

method 

Prussian Blue-
Fe2O3 

(Nanoparticle) 

H2O2 323.6 117  
[31] 

TMB 0.307 106 

Hydrothermal method Cube like TMB 0.957 6.3 [32] 

Facile method 
Fe2O3 

(Nanoparticle) 
H2O2 3.92 1.74  

[33] TMB 0.06 2.07 

 

Although several types of glucose sensing have been reported [24, 33-38] (Table 

4.3), we have developed a proof-of-concept colorimetric and electrochemical assay 

platform for the detection of glucose to demonstrate the potential application of the 

peroxidase-like activity of these newly synthesised mesoporous iron oxide products.  
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Fig. 4.3 provides an overview of our assay which relies on the oxidation of TMB in the 

presence of the in-situ produced-H2O2 and mesoporous iron oxides.  

 

Table 4.3 A comparison of the present glucose sensor to other nanoparticle-based 
sensing systems. 

Material Detection method LOD (mM) for 
glucose 

detection 

Reference 

Fe2O3 
Colorimetric and 
electrochemical 

0.001 This work 

Fe2O3 Colorimetric 0.03 [24] 
PDI–Fe3O4 Colorimetric 0.00112 [33] 

Gold nanoclusters Fluorescence 0.1 [34] 
Graphene oxide Colorimetric 0.001 [35] 

Cu2+-modified 
graphene oxide 

 

Fluorescence 0.25 [36] 

Gold nanoparticles Colorimetric 0.004 [37] 
Carbon nanodots 

supported on silver 
nanoparticles 

 
Fluorescence 

0.00139 [38] 

 

Figure 4.3 An overview of the developed assay for colorimetric and chronoamperometric 

detection of glucose using the peroxidase-like activity of mesoporous iron oxide. 
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The reaction in the assay comprises two major steps: (i) catalytic oxidation of glucose by 

dissolved oxygen in the presence of glucose oxidase (GOx) at pH 7.0 which produced 

H2O2 and (ii) the reaction of H2O2 with the peroxidase substrate TMB in the presence of 

mesoporous iron oxides (at pH 3.5). This gives rise to a blue-coloured diamine complex 

which can be evaluated by both naked-eye and UV-vis. After stopping the reaction with 

acid, the reaction mixture was further detected by CA measurements.  

The responses obtained from these readouts should have a clear correlation with 

the amount of H2O2 produced in-situ, which in turn provides an estimation of the glucose 

concentration in the assay. Fig. 4.4 illustrates typical absorbance (Fig. 4.4a) and current 

density (Fig. 4.4b) plots as a function of H2O2 concentration, where the response was 

linearly correlated to the H2O2 concentration. Fig. 4.5 depicts the plots of responses in 

absorbance (Fig. 4.5a) and current density (Fig. 4.5b) as a function of glucose 

concentration. Clearly, both the UV-vis and electrochemical responses are correlated to 

the glucose concentration in the linear range of 1.0 μM to 100 μM (fitting curve in the 

inset of Fig. 4.5) with a detection limit of 1.0 μM (signal to noise ratio = 3). This detection 

limit of our glucose assay is adequate for analysing blood glucose level. Generally, in the 

blood of healthy individual, glucose is present in the range of 4.0 to 7.0 mmol/L, which 

can vary in diseased (e.g., diabetes, glucose intolerance etc.) individuals [39-41].This 

detection limit of the assay is comparable with previously reported glucose sensors, 

however, our assay requires only a very low amount of iron oxide to enable the detection 

 

Figure 4.4 (a) UV-vis absorbance and (b) chronoamperometric responses for the designated

concentration of H2O2 using 400_CT mesoporous iron oxide (insets show the corresponding

fitting curves). The error bar represents the standard deviation of three independent 

measurements. 

 



Chapter 4  

                                                                        Mesoporous nanozyme in DNA methylation detection 

136 | P a g e  
 

via peroxidase mimetics, for example, Wei et al.[24] and Mitra et al. [42] used 37 and 

100 μg of iron oxide nanoparticles, respectively for glucose detection, whereas our assay 

requires only 25.0 μg of the mesoporous iron oxide. 

4.4 Conclusions 

In this work, we have successfully investigated the peroxidase mimicking activities of 

mesoporous iron oxide and its potential use in glucose detection. The typical Michaelis-

Menten modelling of the reaction demonstrates the high affinity of mesoporous iron oxide 

obtained at an optimised calcination temperature of 400 °C towards the oxidation of TMB 

in the presence of H2O2. This intrinsic property of the mesoporous iron oxide was used to 

develop a proof-of-concept glucose sensor. Although, the applicability of the mesoporous 

iron oxide has been successfully shown only for the glucose detection, we believe that 

these materials will work as artificial nanoenzymes, where the artificial 

nanoenzymes/H2O2 will mimic the conventional HRP/H2O2-based sensing approaches 

used in a variety of bioassays for a wide range of applications in biotechnology, 

environmental sciences, energy, and agricultural sciences. 

 

 

 

Figure 4.5 Response-concentration curves obtained with (a) UV-vis absorbance and (b) 

chronoamperometric measurements for the designated concentration of glucose using 400_CT

mesoporous iron oxide. Insets show the corresponding linear dynamic ranges for detection of

glucose. The error bar represents the standard deviation of three independent measurements. 
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Abstract  

The peroxidase-mimetics of nanomaterials (nanozymes) have widely been used in 

biosensing platform as low-cost, relatively stable and prevailing alternatives to natural 

enzymes. Herein, we report on the synthesis and application of peroxidase-mimetic 

activity of mesoporous iron oxides (MIO) for the detection of global DNA methylation 

in colorectal cancer cell lines. The target DNA were extracted and denatured to get 

ssDNA followed by the direct adsorption onto the surface of a bare screen-printed gold 

electrode (SPGE). 5-methylcytosine antibody (5-mC) functionalised nanomaterial (MIO-

5mC) were then used to recognise the methylcytosine groups present on the SPGE. The 

MIO-5mC conjugates catalyse the TMB solution in the presence of the hydrogen peroxide 

to give the colorimetric (i.e., naked-eye observation) and electrochemical detection of 

DNA methylation. The assay could successfully detect as low as 10% difference of global 

DNA methylation level in synthetic samples and cell lines with good reproducibility and 

specificity (% RSD = <5%, for n = 3). This strategy avoids the use of natural enzyme 

horseradish peroxidase (HRP), traditional PCR based amplification and bisulfite 

treatment steps that have generally been used in many conventional DNA methylation 

assays. We envisage that our assay could be a highly potential low-cost platform for 

genome-wide DNA methylation analysis in point-of-care applications. 

 

 

 

 

Part B 



Chapter 4  

                                                                        Mesoporous nanozyme in DNA methylation detection 

142 | P a g e  
 

4.5 Introduction 

With the remarkable advancements of nanotechnology, nanostructured metal 

nanoparticles (NPs) have aroused immense attention in the field of nanobiotechnology, 

analytical sensing, catalysis, and nanomedicine [1]. Among all NPs, iron oxide NPs have 

considered as promising materials for biosensing application as they possess low toxicity, 

excellent biocompatibility, super-paramagnetism, high thermal and chemical stability and 

relatively easy bio-functionalisation (due to superior affinity to different organic and 

polymeric linkers) [2-4]. It has been shown that iron oxide NPs possess intrinsic enzyme-

like (e.g., HRP) activity towards the oxidation of enzyme substrates such as 3,3′,5,5′-

tetramethylbenzidine (TMB), o-phenylenediamine (OPD), diazoaminobenzene (DAAB) 

[5]. Moreover, iron oxide NPs possess superior benefits over HRP in many biological and 

environmental sensing application owing to their robustness, inexpensive and easy 

synthesis and therefore, considered as an alternative of HRP in sensing platform [6-8]. 

Using peroxidase mimetics of iron oxide NPs, several sensors have been developed for 

biomolecular detection [6, 9]. However, most of the reported nanomaterials demonstrate 

their peroxidase-like activity at a higher temperature (40−45 °C), which substantially 

limits their applications in the development of biosensors for disease-specific biomarker 

at room temperature. Therefore, NPs with superior peroxidase-mimetics at room 

temperature are highly demanding for sensitive biomolecule sensing. Nanoengineered 

morphology such as nanoporous structure could give higher peroxidase-mimetics at room 

temperature as porous structure significantly enhances the surface to volume ratio for up-

taking higher amount of analytes or redox molecules, and strengthen the activity and 

selectivity of catalytic reactions by offering sequential catalytic compartments and 

stabilisation of substrate from sintering [10-12]. In this report we have engineered a 

mesoporous Fe2O3, which shows excellent peroxidase-mimetics at room temperature.  

DNA methylation is one of the key epigenetic marks, where methylation occur at 

a cytosine (C5 position) base of DNA in cytosine/guanine (CpG) dinucleotides sites 

mostly located in the promoter regions of mammalian genes [13]. Aberrancies in 

methylation are responsible for cancer pathogenesis via dysregulation of various cellular 

pathways including genomic stability, chromatin modulation, transcription of proto-

Oncogenes, and activation of tumour suppressor genes [14, 15]. For instance, colorectal 

adenomas or adenocarcinomas have a strong correlation between the malignant 

phenotype and DNA methylation status. Therefore, a sensitive platform for global 
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methylation detection of colorectal cancer is very crucial to reduce colorectal cancer 

associated burden as well as death. Over the last few decades, several strategies such as 

high-performance liquid chromatography (HPLC), tandem mass spectrometry (LC-

MS/MS), high-performance capillary electrophoresis, and bisulfite modification of DNA 

followed by some form of sequencing have been reported for the detection of global DNA 

methylation [16-18]. Although most of the methods are highly quantitative and 

reproducible, they are limited from the requirements of relatively large amounts of DNA, 

sophisticated instruments, and time-consuming assay optimisation. Though PCR based 

methods such as pyrosequencing and methylation-sensitive restriction methods usually 

entailed less amount of DNA, but they involved time-consuming and laborious bisulfite 

conversion, expensive restriction enzymes (e.g., MspI and HpaII) and limited to DNA 

methylation analysis of specific sequences [19]. In recent time, numerous colorimetric 

[20] and electrochemistry [21] based assays have also been developed for DNA 

methylation analysis. On the other hand, electrochemical detection has its inherent 

advantages of fast, high specificity, sensitivity, and compatibility with multiplexing and 

miniaturisation [20, 22]. Therefore, a combined platform consisting of both methods 

could be useful for achieving sensitive and accurate DNA methylation analysis. 

Previously, we [23] and other groups [10]  have coupled these two detection methods for 

analysing DNA methylation in clinical samples. In these assays, HRP conjugated 5-mC 

antibody or methyl-CpG-binding domain (MBD) proteins have been used to specifically 

recognise the methylated sites present in the target DNA. Although these methods have 

better analytical performances in terms of specificity and sensitivity, they rely on HRP-

based enzymatic reactions. Nowadays, NPs (peroxidase-mimetics) have interrogated in 

such biosensors for obtaining greater sensitivity and an excellent alternative to HRP [6]. 

To the best of our knowledge, peroxidase-mimetics of mesoporous iron oxides have never 

been used in DNA methylation analysis.  

In this assay, we have integrated peroxidase-mimetics of an in-house synthesised 

MIO for the development of a colorimetric and electrochemical platform for DNA 

methylation detection. The assay involves several steps; i) functionalisation of MIO with 

5-mC antibody  (MIO-5mC conjugates), ii) direct adsorption of extracted and denatured 

ssDNA (from colorectal cancer cell lines) on to a bare gold electrode surface, iii) 

recognition of methylated sites using MIO-5mC conjugates and iv) surface attached MIO 

(via specific interaction between methylation sites and 5-mC antibody  of MIO-5mC 
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conjugates) catalyzed oxidation of TMB in the presence of H2O2 to generate the 

corresponding signals. The signal (colour change) was observed and quantified by using 

colorimetry and chrono-amperometry (i-t).  

4.6 Experimental 

Reagents and chemicals. Poly (ethylene glycol) methyl ether (4-cyano-4-pentanoate 

dodecyl trithiocarbonate) was purchased from Sigma Aldrich (Japan). PEG-CTA and 

2,2’-azobis (2,4-dimethyl valeronitrile) were purchased from Wako Pure Chemicals 

(Japan) and were used without further purification. 2,2’-Azobis (isobutyronitrile) (AIBN) 

obtained from Wako Pure Chemicals and was recrystallised from methanol prior to 

use.1,4-Dioxane and acrylic acid (AA, > 98.0%) and styrene (> 99.0%) was purchased 

from Wako Pure Chemicals and further dried and purified before applying for synthesis. 

Tetrahydrofuran (THF), iron(III) nitrate nonahydrate (Fe(NO3)3ꞏ9H2O, 99.99%), sodium 

hydroxide (NaOH, 99.9%), and ethanol (99.5%) were purchased from Nacalai Tesque 

(Japan). UltraPure DNase/RNase-free distilled water was obtained from Invitrogen 

(Carlsbad, CA, USA). Screen printed gold electrode (SPGE) (220BT; diameter = 4 mm) 

consisting three-electrode system (printed on a ceramic substrate) were acquired from 

Dropsens (Asturias, Spain).  

Synthesis of mesoporous iron oxide. We have synthesised mesostructured iron oxide 

using polymeric micelles following our recent report [24]. To keep a significant amount 

of carbon content in the final product, we intentionally calcined the as-prepared 

mesostructured material at relatively lower temperature than usual. Here mesostructured 

iron oxide were calcined in air at 350 °C for 4.0 h, with a heating rate of 1.0 °Cmin-1 to 

obtain the mesoporous iron oxide.  

Mesoporous iron oxide characterisation. The morphological observations of the 

mesoporous iron oxide sample was conducted using scanning electron microscope (SEM) 

(Hitachi SU-8000) operated at an accelerating voltage of 10 kV and transmission electron 

microscope (TEM) (JEOL JEM-2100F) operated at an accelerating voltage of 200 kV. 

The surface composition of the samples was analysed using X-ray photoelectron 

spectroscopy (XPS) with a PHI Quantera SXM (ULVAC-PHI) instrument using an Al-

Kα X-ray source. 
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Peroxidase-mimetics kinetics. The peroxidase-like activities of the mesoporous Fe2O3 

was investigated through the catalytic oxidation of TMB in the presence of H2O2 to 

produce a blue colour charge transfer complex.  TMB substrate solution was prepared in 

0.2 M sodium acetate (NaAc) buffer (pH 3.5) using 800 μM freshly prepared TMB (TMB 

dissolved in DMSO) and 700 mM H2O2. The formation of blue coloured solution was 

monitored and measured at 652 using a spectrophotometer (SpectraMax). The reaction 

(formation of blue coloured complex) was quenched by adding 2.0 μL of stop solution 

(2.0 M HCl), which gave a yellow coloured product. Colorimetry (at 452 nm) was used 

to measure the intensity of resultant yellow colour product and chronoamperometric 

measurement was done at +150 mV to obtain the corresponding electrochemical signals 

at 60 s.  

The steady-state kinetic experiments were performed using 5µg of MIO for both 

TMB and H2O2 as a substrate. The H2O2 concentration were kept constant (700 mM) 

while the concentration of TMB was varied ranging from 0.01-1.0 mM. Similarly, the 

kinetics with H2O2 as the substrate was performed using identical amount of MIO with 

fixed concentration of TMB (800 µM) and varying concentration of H2O2 (0.01-1.0 M). 

A typical enzyme catalysis reaction can be considered to represent this reaction 

mechanism;  

   ... 

Here E, S, ES and P are defined as the enzyme (Fe2O3), substrate (TMB/H2O2), enzyme-

substrate complex and product, respectively. Kinetic parameters were estimated based on 

the Michaelis–Menten equation and Line weaver-Burk equation [25]. 

    

In this equation, V is the rate of conversion (velocity)  Vmax is the maximum rate 

of conversion, [S] is the substrate concentration, and Km is the Michaelis-Menten constant 

which is equivalent to the substrate concentration at which the rate of conversion is half 

of Vmax. Km denotes the affinity of the enzyme for the substrate. The rearrangement of 

equation (4.5) give rise to  the Line weaver-Burk equation to calculate the enzyme kinetics 

terms Km and Vmax. 

. . .     . .  (4.4) 

     . . .   . . .     . .   (4.5) 
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Isolation and purification of genomic DNA. Two colorectal cancer cell lines (HCT-

116, SW-48) and one normal cell line (FHC-N) were purchased from American Type 

Culture Collection (ATCC), USA. A blood and cell culture DNA mini kit (Qiagen, 

Hilden, Germany) was used to extract and purify the DNA from these cell lines. Jurkat 

(100% methylated) and whole genomic amplified DNA (WGA) kit were purchased from 

New England BioLab. Genomic DNA were denatured at 95 oC for 10 mins to get the 

single strand DNA. Whole genome amplification DNA was prepared by following the 

protocol of REPLI-g whole genome amplification mini kit (Qiagen, Hilden, Germany) 

and purified following the protocol DNeasy Blood & Tissue Kits (Qiagen). 

Preparation of iron oxide conjugated antibody. Prior to conjugation of porous Fe2O3 

with 5-mC antibody , the MIO was first functionalised with dextran following previously 

published articles.[5, 26, 27] In brief, 10 µl of 2.0 mg ml-1 dextran (prepared in 0.5 M 

NaOH solution) and 10 µl of 10 µg µl-1 MIO was thoroughly mixed and incubated at 

room temperature in a thermomixer (300 rpm).  After the overnight incubation, the MIO 

was separated from unbound dextran using an external magnet. In order to couple the 

antibody, 20 µl (2.0 mg ml-1) NaIO4 solution were added into the dextran-modified MIO 

followed by 20 min incubation at 37 oC. The conjugates were washed three times with 

0.2 M NaAc (pH 4.5). The activated MIO was then added and incubated with 75 ng µl-1 

antibody at 4 oC overnight. NaBH4 was then used to stop the coupling reaction.  The MIO-

5-mC antibody conjugates were washed with PBS and isolated using an external magnet. 

Finally, PBS was added to obtain 200 ng µl-1 MIO-5-mC antibody conjugates and stored 

at 4 oC for conducting the subsequent experiments. As dextran is a branched 

polysaccharide comprised of glucose subunits, polar interactions (chelation and hydrogen 

bonding) allow it to covalently bind with the carbohydrate site of the 5-mC antibody  [28]. 

In this conjugation process, strong alkaline solution was used to get stable aggregation of 

Fe2O3 and dextran [27]. The oxidising agent, NaIO4 was used to create numerous 

aldehyde residues sites at dextran thus it can easily bind to amine site of antibody protein 

via Schiff base interactions [29]. Finally, reducing agents NaBH4 terminate the coupling 

reaction and formed a stable Fe2O3 conjugated 5-mC antibody. The use of NaBH4 also 

improved the nanoparticle activity by increasing the Fe2+
 ions in the reaction system [30]. 

. . .     . .  (4.6) 
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To demonstrate the successful conjugation of porous Fe2O3 with 5-mC antibody, we have 

taken UV-vis absorption spectra for the samples with MIO, dextran- and dextran/5-mC 

antibody-modified MIO (Fig. 4.6). A small bathochromic shift of the peak at around 360 

nm and an increase in the absorbance value with the addition of dextran (red) and 

antibodies (blue) indicating their successful conjugation with MIO [31, 32]. 

Colorimetric and electrochemical detection of global DNA methylation. 20 μL of 

isolated genomic DNA were denatured at 95 oC followed by the dilution with 5X saline 

sodium citrate (SSC) buffer to obtain 10 ng μL-1 of ssDNA. 5.0 μL of denatured ssDNA 

samples were then dropped onto a screen-printed gold electrode (SPGE) surface and 

allowed to adsorb for 10 min. 5.0 µL of MIO-5-mC antibody (200 ng µL-1) was then 

added onto the gold electrode surface and allowed to incubation for 30 min at room 

temperature with gentle shaking (unless otherwise stated) to facilitate the binding of the 

MIO-5-mC antibody conjugate with the designated methyl cytosine site of ssDNA. After 

the incubation, the electrode was washed with 10 mM PBS (pH 7.4) to remove loosely 

bound or unbounded MIO-5-mC antibody conjugates. To obtain the colorimetric 

responses, 60 µL of freshly prepared TMB substrate solution was added onto the gold 

electrode surface and incubated in the dark at room temperature for 10 min. The MIO of 

DNA bounded MIO-5-mC antibody conjugates catalysed the TMB oxidation in the 

presence of H2O2 and generated a blue colour charge-transfer complex solution. The 

corresponding colour change facilitates the naked-eye observation of global DNA 

 

 

Figure 4.6 UV-vis absorption spectra for Fe2O3 (black), dextran-(red) and dextran/5-mC 

antibody -modified (blue) mesoporous Fe2O3.    
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methylation. The amount of MIO catalysed oxidation (the intensity of the generated 

colour) was quantified after the addition of 2.0 µL of 2.0 M HCl. The absorbance of 

developed yellow colour was measured at 452 nm using an ultra-violet (UV)-visible 

spectrophotometer. The TMBox product diimine is electro-active which offers the 

electrochemical quantification of biorecognition events [33]. To perform electrochemical 

measurements, a CH1040C potentiostat (CH Instruments, TX, USA) was used. 

Chronoamperometric measurements were conducted by placing 50 µL of yellow solution 

(TMB oxidised product) onto a cleaned SPGE surface with a potential of +150 mV. The 

current levels generated at 40 seconds were used for quantitative analysis. At least three 

replicates were measured for each standard/sample and all data were subtracted from the 

background data. All measurements were performed at room temperature. 

Determination of the surface area of the electrodes. The effective working area of the 

electrodes was calculated by measuring the peak current obtained as a function of scan 

rate under cyclic voltammetric conditions for the one-electron reduction of [Fe(CN)6]3- 

[2.0 mM in PBS (0.5 M KCl)] and by using the Randles-Sevcik equation (equation 4.7), 

𝑖 2.69 10  𝑛  𝐴𝐷  𝐶𝑣  ... ... ... … … (4.7)  

where, ip is the peak current (A), n is the number of electrons transferred (n = 1), A is the 

active area of the electrode (cm2), D is the diffusion coefficient of [Fe(CN)6]3-  taken to 

be 7.60 × 10-5 cm2 s-1), C is the concentration (mol cm-3), ν is the scan rate (V s-1). 

4.7 Results and discussion 

4.7.1 Characterisation of mesoporous iron oxide 

The surface morphology of the as-prepared mesoporous iron oxide was observed using 

scanning electron microscope (SEM) images and transmission electron microscope 

(TEM). SEM and TEM images (Fig. 4.7A and B) shown the mesoporous structure of s 

synthesised iron oxide. The carbon contents of block copolymer still remain on the 

surface of the sample since the calcination temperature is not high enough to remove 

template [24]. The selected area electron diffraction (SAED) patterns demonstrate 
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polycrystalline nature of γ-Fe2O3 in the pore walls (Fig. 4.7C). From the high resolution 

TEM image, clear lattice fringes with a d-spacing of 0.29 nm were confirmed, which 

corresponds to (220) plane of γ-Fe2O3 crystal (Fig. 4.7 D) [34]. 

The surface composition of the mesoporous iron oxide calcined at 350 0C was 

analyzed by XPS analysis, as shown in Fig. 4.8. The presence of Fe, O, and C elements 

were confirmed by the survey spectrum. (Fig. 4.8A) The atomic percentages of Fe, O and 

C by XPS are 2.9, 27.5 and 69.6 atomic %. The presence of a large amount of carbon 

originated from the remaining carbon from the used block polymer. The deconvoluted 

peaks of C1s can be indexed to C=C, C-O, and C=O bonds of the remaining block 

 

Figure 4.7 (A) SEM image of as synthesised mesoporous iron oxide; (B) a typical TEM

image; (C) selected area electron diffraction (SAED) pattern, and (D) high resolution TEM 

(HRTEM) image. 
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copolymer (Fig. 4.8B). The deconvoluted peaks of O1s appears at 530 eV are attributed 

to typical metal oxide. (Fig. 4.8C) The other peaks correspond to C-O and O-H bonds 

and adsorbed water [35]. The deconvoluted peaks of Fe2p at binding energy 710 eV and 

724 eV with satellite peaks correspond to Fe 2p3/2 and Fe 2p1/2, indicating the formation 

of Fe3+ (Fig. 4.8D) [36]. Fe0 and Fe2+ were not detected, indicating that the obtained 

mesoporous iron oxide is Fe2O3. 

 

4.7.2 Peroxidase mimetic activity of mesoporous Fe2O3 

To investigate the peroxidase mimetic activity of MIO, we used as synthesised porous 

Fe2O3 particle to oxidise TMB substrate solution and measured the absorbance of 

generated colour. It has been well known that, natural peroxidase (HRP) can catalyse the 

TMB in the presence of H2O2 and generate a blue colour charge-transfer complex. We 

 

Figure 4.8 (A) XPS survey spectrum, (B) and (C) high-resolution C and O 1s XPS spectrum,

respectively and (D) high-resolution Fe 2p XPS spectrum of the mesoporous iron oxide. 
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observed that our mesoporous Fe2O3 possessed significant peroxidase-like activity at 

room temperature. We investigated the peroxidase mimetic activity of the MIO following 

our previously published articles [3, 37]. In brief, two control experiments were carried 

out where with MIO was taken as positive and without MIO was as negative control. 

About 40 times higher intensity was observed for the positive control compare to that of 

negative control (0.56 vs. 0.014, abs@452nm) (Fig. 4.9A). After the addition of 2.0 M 

HCl, blue colour solution (charge transfer complex) turns to yellow coloured diimine 

(two-electron oxidation) product which is electroactive and stable at acidic pH. The 

intensity of produced yellow coloured complex solution can be quantified via UV−vis 

(semi-quantitative, colorimetry) and current density by electrochemical readout [38]. The 

electrochemical responses in Fig. 4.9B showed that, 12.3 µA cm-2 current was generated 

 

Figure 4.9 Mean value response of (A) Absorbance (UV-vis) and (C) amperometric current

density for the negative (no MIO) and positive (with MIO) samples (Insets Figure A and C 

represent corresponding naked eye evaluation and i-t curves, respectively). Steady-state 

kinetic analyses using the Michaelis−Menten model (main) and Lineweaver−Burk model 

(inset) for the Fe2O3 by varying the concentrations of (C) H2O2 (0.01−1 M) and (D) TMB 

(0.01−1.0 mM) with fixed amounts of (C) TMB (800 μM) and (D) H2O2 (700 mM), 

respectively. 
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from the positive sample which is more than 45 times higher than negative control (0.273 

µA cm-2). These experimental outcomes from the naked eye observation, colorimetric and 

amperometric readouts clearly confirmed the peroxidase-like properties of this MIO. The 

molecular mechanism responsible for the MIO peroxidase mimetics could be followed 

by the well-established Fenton reaction mechanism, where ferric ions (from porous 

Fe2O3) initiate the reaction through the dissociation of hydrogen peroxide to hydroxyl 

free-radical (.OH) [39, 40]. The free radical subsequently oxidise the TMB.  

To estimate the apparent steady-state kinetics, a range of different concentration 

of TMB and H2O2 were used. The experiments were conducted under the condition 

(NaAc buffer, pH 3.5, room temperature) followed by our previous report [37]. In this 

assay, we have optimised the amount of mesoporous materials required and conducted 

 

Figure 4.10 Optimisation of mesoporous Fe2O3 nanoparticle quantity. (A) naked eye 

evaluation and (B) mean values of corresponding samples. In the experiment, different

quantity (10 µg to 100 ng) of mesoporous Fe2O3 nanoparticle were used. For all experiments, 

required amount of MIO added to 60 μL (0.2 M NaAc buffer, pH 3.5) containing 700 mM of

H2O2 and 800 μM of TMB. Incubation was 10 min. Error bars represent standard deviation of 

three independent experiments. 
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the experiment over a range of MIO (100 ng to 10 μg). It was observed (Fig. 4.10A) less 

intense (pale) colour appeared for 200 ng of MIO and increased with increasing MIO 

quantity. From the corresponding absorbance readout (Fig. 4.10B), 5.0 μg and 10 μg of 

MIO (0.56 vs 0.61) shows almost similar responses (abs@452nm). Thus, we have chosen 

5.0 μg of MIO as optimum for subsequent reaction. An initial rate method was used to 

evaluate the kinetic parameters of the oxidation reaction. Fig. 4.9C and D show a typical 

Michaelis−Menten like curves obtained from the suitable concentration ranges for the 

both H2O2 and TMB, respectively. The data were fitted to the Michaelis–Menten kinetic 

model using a nonlinear least square fitting routine to obtain the catalytic parameters 

given in Table 4.4 and compared with that for previously reported various Iron oxide 

nanomaterials. All these parameters were also evaluated from the Lineweaver–Burk 

double-reciprocal plot (1/V vs. 1/S), which gave analogous values (insets of Fig. 4.9C 

and D). The apparent Km value for MIO with TMB was lower than that with HRP, 

suggesting that the mesoporous MIO have higher affinity with TMB in comparison to the 

HRP. This enhanced peroxidase activity of our mesoporous MIO can be explained by the 

high porosity of the ferric oxide moiety with high surface area [exposure of more Fe(III) 

ions] and large pore volume that facilitates the increased mass transfer as well as enhances 

the kinetics of the reaction. Moreover, transfer of lone-pairs electron density (charge 

transfer) from the amino group of TMB to the vacant d orbital of Fe3+ may also enhance 

the electron density and mobility of Fe2O3 [41]. 

Table 4.4 Comparison of different NPs and their kinetics parameter for 
TMB/H2O2 substrate.  

Catalyst Substrate 
Km 

mM 

Vmax / 10-8 

M s-1 
Reference 

Fe2O3 

Mesoporous 

H2O2 146.7 6.37  

This assay TMB 0.298 7.36 

 

HRP 
H2O2 3.70 10  

[42] TMB 0.434 8.71 

Prussian Blue-Fe2O3 

(Nanoparticle) 

H2O2 323.6 117  

[43] TMB 0.307 106 

 

ZnFe2O4 

H2O2 1.66 7.74  

[44] TMB 0.85 13.31 

 

CuZnFeS NCs 
H2O2 0.07 0.56  

[45] TMB 2.2 39 
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4.7.3 Colorimetric and amperometric detection of global DNA methylation  

Fig. 4.11 schematically represents the steps involved in the assay design for analysing 

global DNA methylation in colorectal cancer. In this study, 5-mC antibody was used to 

selectively recognise the methylated cytosine in the ssDNA sequence. Although MBD 

has also been used to bind with methylcytosine group, but it is limited from the 

requirement of restriction enzymes and cannot effectively bind ssDNA [46].  We have 

chosen 5-mC antibody as it can selectively recognise and bind methylcytosine group in 

any CpG region. In this assay, genomic DNA were extracted and purified from colorectal 

cell lines (see the Experimental section for details) followed by denaturation (at 95 °C for 

10 min) to generate ssDNA. Previously, we and others have successfully demonstrated 

that DNA has a specific affinity towards the gold surface through the conventional 

physisorption and chemisorption mechanism [47, 48]. Thus, the denatured ssDNA 

samples were directly adsorbed on the SPGE for 10 min. The MIO-5-mC antibody was 

 

Figure 4.11 Schematic representation of the assay to detect global DNA methylation. Left

side represent the DNA preparation steps and right side represent the detection part. Initially,

cell lines were grown and extracted using commercial kit. Then, denatured ssDNA was 

adsorbed onto a SPGE surface followed by immunorecognition of methylated DNA using the

MIO-5-mC antibody. Subsequent detection of the genomic DNA methylation pattern was 

performed through coupling reaction of Fe2O3 with the TMB/H2O2 complex on the SPGE 

surface via naked-eye, UV-vis and chronoamperometry. Inset: Typical reaction mechanism

for MIO functionalisation and 5-mC antibody conjugation.  
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then incubated for 30 min on the SPGE for recognising methylated DNA. After removing 

the unbound MIO-5-mC antibody conjugates via a washing step, TMB substrate solution 

was added on the electrode surface. The surface-bound MIO catalysed the oxidation of 

TMB that generated a blue-coloured complex, which turned into yellow after the addition 

of an acid solution to the reaction media. The intensity of the coloured product is directly 

proportional to the amount of the captured MIO-mC antibody conjugates, which is, in 

turn, proportional to the level of methylation present in the sample. As TMB is 

electroactive, the amount of enzymatically generated TMBox was measured 

chronoamperometrically by applying the potential of +150 mV onto SPGE. 

4.7.4 Assay specificity 

To demonstrate the specificity and applicability, we performed our assay using both 5-

mC antibody specific positive (Jurkat) and negative (WGA) samples. As can be seen in 

Fig. 4.12A, an eight times higher absorbance (abs@452 nm) was observed for Jurkat 

compared to that of WGA (0.498 vs. 0.061). Similar response was also obtained from 

electrochemical readout (3.234 vs. 0.414 µA cm-2) (Fig. 4.12B). For further specificity 

investigation, we also carried out two additional sets of experiment where only PBS was 

used instead of target DNA (referred as NoT) and a positive sample with 5-mC antibody 

in absence of Fe2O3 (referred as control). Both the NoT and control showed negligible 

response in both colorimetric and electrochemical measurements. However, NoT 

exhibited slightly higher response than that of control (0.018 vs. 0.014 for abs@452 nm). 

This may be due to the non-specific adsorption of MIO at the surface. All these 

observations clearly demonstrated the good level of specificity of our assay toward the 

detection of DNA methylation with negligible background using methyl-group specific 

5-mC antibody. 

4.7.5 Assay optimisation 

To obtain the sensitive detection, several experimental conditions such as adsorption 

time, solution pH, DNA and antibody concentration, and incubation time have to be 

considered and precisely optimised. Previously, we have optimised the several adsorption 

parameters such as adsorption time, pH of the solution and amount of input DNA to obtain 

the highest difference between the electrochemical responses of methylated and 
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unmethylated DNA targets [23, 47, 49]. In the current assay, we have adopted all of these 

optimised parameters (unless otherwise stated) and used 50 ng of DNA (diluted in 5X 

SSC buffer, pH 7.4) as an optimum DNA quantity to be adsorbed onto the bare SPGE for 

10 min. Another critical measures in our assay was the immunorecognition events of 

methylated CpG sites by the 5-mC antibody. Therefore, the amount of antibody in MIO-

5-mC antibody conjugates needed to be optimised. Colorimetric absorbance and 

chronoamperometric current densities were recorded for a series of 5-mC antibody 

concentrations (10 – 100 ng μL-1) with a fixed amount of MIO (5.0 µg of Fe2O3). An 

increasing trend (colour intensity) was observed with the increasing of antibody 

concentration. As shown in Fig. 4.13A, 75.0 ng μL-1 and 100.0 ng μL-1 of antibody 

produced significantly higher response compared to others. Notably, the current density 

obtained for 75 ng μL-1 of antibody was found to be very similar to 100 ng μL-1. Thus, 75 

ng μL-1 was selected as the optimal antibody concentration for our assay. We have also 

optimised the incubation time required for the antibody to achieve the maximum relative 

absorbance or current density difference between methylated and unmethylated samples. 

As can be seen in Fig. 4.13C, 10 mins of 75 ng μL-1 antibody can show negligible colour 

response for the positive sample. However, from the both colorimetric and amperometric 

readouts, 30 mins could be the optimised incubation time for this assay as after 45 mins 

 

Figure 4.12 Mean responses of (A) Absorbance and (B) Steady-state amperometric current 

generated for the assay with one positive (presence of methylated DNA) and with three

negative control samples (WGA represents the unmethylated sample, NoT represents PBS

instead of positive sample, control represents without DNA and Fe2O3-5mC antibodies). 

Insets: corresponding photos for the naked-eye evaluation and i−t curves. 
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the responses are almost same. Therefore, we have chosen 75 ng μL-1 of 5-mC (for 

conjugation with MIO) antibody and 30 mins incubation time throughout the assay. 

4.7.6 DNA methylation analysis in heterogeneous samples  

We have tested the applicability of our assay to analyse DNA methylation in complex 

biological samples as the accurate quantification of heterogeneous genome-wide DNA 

methylation could have significant implications for the prediction of clinical diagnosis 

 

Figure 4.13 Optimisation of 5-mC antibody concentration and incubation time. Mean

response for the Fe2O3-mC antibody concentrations of 10 - 100 ng (fixed 1.0 µg of Fe2O3 and 

50 ng methylated DNA input) absorbed on the SPGE for 30 min for (A) absorbance and (B)

amperometric current density. (C) and (D) represent corresponding absorbance and

amperometric current density for different incubation time of NPs-mC antibody from 10-60 

min (fixed 1.0 µg of Fe2O3, 50 ng methylated DNA input and 75 ng of Fe2O3-mC antibody). 

Error bars represent standard deviation of three independent experiments. 
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and prognosis in human cancers. To examine the heterogeneity at the genome-wide DNA 

methylation level, a series of heterogeneous samples were prepared by mixing different 

stoichiometry of Jurkat (100%) and WGA (0%) DNA sequences to get 0%, 10%, 25%, 

50%, 75%, 90%, and 100% methylated samples. We observed an increasing trend of 

colour (blue) with increasing methylation level (Fig. 4.14A). This is because the colour 

intensity obtained by the MIO (from MIO-5mC conjugates) catalyzed oxidation, is 

directly related to the amount of 5-mC antibody as well as the amount of 5mC sites on to 

the electrode surface. It is also noticeable that the colour changes related to 0% 

methylation (almost transparent) were clearly discernible from that of 10% methylated 

 

Figure 4.14 Detection of DNA methylation in heterogeneous samples. (A) shows the

corresponding photos of heterogeneous sample containing 0%, 10%, 25%, 50%, 75%, 90%

and 100% methylation and (B) shows chronoamperograms response.  Calibration plots

obtained for corresponding methylated samples and their mean values of (C) absorbance (UV-

vis) and (D) chronoamperometric current density. Each data points in (A) and (C) represents

the average of three repeated trials, and error bars represent the standard deviation of

measurements within experiments (%RSD = <5%, for n = 3). 
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sample (light blue) which confirm the detection limit of our assay by naked-eye 

evaluation is as low as 10% differences in methylation level. 

As can be seen from Fig. 4.14C, a linear increment with the increasing level of 

methylation was observed in the UV-vis absorbance (Abs) measurements, which is fitted 

with a linear curve with the linear regression equation of y (Abs@450 nm) = 0.08 x (% 

of methylation) + 0.04 with a correction coefficient (R2) of 0.986. From the colorimetric 

responses, the limit of detection (LOD) was estimated to be as low as 10% of methylation 

(Abs 0.81 @452 nm). Similarly, the linear regression equation for amperometric readout 

was estimated as y = 0.03 x + 0.26, with the R2 of 0.99, confirming the assay sensitivity 

(LOD of 10%, Fig. 4.14D). A relative standard deviation (% RSD) for three independent 

measurements was estimated to be <5.0%, suggesting the good reproducibility of assay 

toward methylation level detection and quantification. This level of LOD and 

reproducibility of our colorimetric and electrochemical assay over a wide range of 

methylation level with low DNA input (total input 50 ng) clearly demonstrates that the 

peroxidase-like activity of MIO can potentially detect as low as 10% methylation in 

complex DNA samples. Moreover, we have also compared the performances of our 

system with that of the HRP/H2O2 system. As can be seen in Fig. 4.15, the low detection 

limit for the HRP/H2O2 system was found to be 5% methylation, while it was 10% 

methylation for the MIO/H2O2 system. Although the sensitivity of our method is poorer 

 

Figure 4.15 UV-vis (A) and electrochemical (B) data obtained for the synthetic heterogeneous

samples containing 5% and 10% methylation. Assays were performed using both the 

HRP/H2O2 and MIO/H2O2 systems. 
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than that of the HRP/H2O2 system, it offers several advantages. The peroxidase-like 

activity of ferric oxides offers a highly inexpensive alternative of the natural peroxidase 

(i.e., HRP), resulting the reduction of cost burden, sophisticated enzyme operation, and 

open a new window of MIO towards the development of naked-eye and electrochemical 

DNA methylation assay. 

4.7.7 DNA methylation in cell line  

In order to demonstrate the applicability of our assay in more complex biological system, 

we extended our assay for detecting genome-wide DNA methylation in different 

colorectal cell lines (HCT-116, SW-48 and FCH-N) samples. The methylation level of 

these cell lines were compared with both Jurkat and WGA. Fig. 4.16C and D showed 

that, the HCT-116 (cancerous) possessed higher methylation level (around 84%) 

compared to that of WGA and other cell lines which is also supported by previously 

published data [50]. On the other hand, both the colorimetric and amperometric responses 

for a healthy cell line (FCH-N) has relatively lower methylation level (about 18% of 

methylation) compared to Jurkat and other two cell lines. This finding is completely in 

agreement with the existing literature [51]. However, our assay has proven to detect 

methylation level in both synthetic and cell line samples sensitively and specifically; an 

in-depth study is still needed to evaluate the clinical samples which is outside the scope 

of this report. Nonetheless, these results here demonstrate the ability to detect as low as 

10% of methylation in genomic DNA sequence from minimum of 50 ng of input DNA. 

Bisulfite and PCR free approaches could reduce the assay time which can be an additional 

benefit of this assay. Finally, MIO gave more freedom to avoid expensive HRP enzyme, 

could be a key point to design low-cost cancer specific diagnostic device.   

The naked-eye discrimination of the DNA methylation analysis outlined here 

holds significant potential for the development of inexpensive and user-friendly 

biosensors in resource-limited settings. In particular, this approach can be exploited as a 

rapid first-pass screening (yes/no) tool to analyse the methylation in a large population of 

DNA samples followed by more sensitive and accurate quantification of methylation via 

chronoamperometric readout. The use of a disposable SPGE effectively eradicates the 

need of an electrode cleaning process (time-consuming and environmentally unfriendly) 



Chapter 4  

                                                                        Mesoporous nanozyme in DNA methylation detection 

161 | P a g e  
 

typically used in conventional disk electrodes. More importantly, the assay replaces 

natural enzymes for TMB oxidation, and thus reduces the cost, handling, and storage 

facilities generally required for natural enzymes. Overall, the assay platform is relatively 

inexpensive, PCR amplification and bisulfite treatment free, portable and rely on less 

DNA input.  

 

 

 

Figure 4.16 (A) Shows representative photos for the naked-eye detection of the methylated

genomic DNA (JURKAT), colorectal cancer cell lines (SW-48, HCT-116, FCH-N) and WGA 

samples. Mean values of (C) absorbance (UV-vis) and (D) chronoamperometric current

density for corresponding samples. (B) shows the chronoamperometric response for

corresponding cell line samples. Each data point in (C) and (D) represents the average of three

repeated trials, and error bars represent the standard deviation of measurements (%RSD

=<5%, for n = 3). 
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4.8 Conclusions 

We have successfully investigated the peroxidase mimetic activity of in-house 

synthesised of a mesoporous iron oxide MIO followed by the development of a simple, 

low-cost proof-of-concept assay for the detection of global DNA methylation in 

colorectal cancer cell lines. This MIO showed superior peroxidase mimetic activity 

compare to other Fe2O3 due to their unique morphology and porous structure.  The 

successful replacement of HRP enzyme with MIO enabled us to detect as low as 10% of 

methylation in the complex synthetic samples with good reproducibility (% RSD = <5%, 

n = 3) from 50 ng of input DNA. As our assay does not require (i) bisulfite treatment, (ii) 

PCR amplification, (iii) high DNA input and (iv) expensive HRP enzyme (replaced by 

MIO), it paved a new way to develop a relatively simpler and inexpensive method for 

DNA methylation detection. By taking these benefits, we anticipate that this peroxidase-

mimetics of mesoporous iron oxide and their subsequent application for DNA 

methylation analysis may open a new prospect in detecting human cancers or chronic 

disease. 
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Enzymatic electrochemical approach for sensitive DNA methylation 

assay 

Herein, we report a sensitive electrochemical assay for quantifying global DNA 

methylation via enzymatic redox cycling. In this assay, glucose oxidase (GOx) is used as 

an enzyme label, glucose as substrate and ruthenium complex as a redox mediator to 

analyse the DNA methylation level via electrochemical-enzymatic redox cycling 

reaction. We also investigated enzymatic properties of GOx by varying glucose and 

ruthenium concentration to delineate the redox cyclic mechanism of our assay. Having 

fast electron transfer by Ru complex and intrinsic signal amplification from GOx label, 

this method could detect as low as 5% methylation level in 50 ng of total DNA input. As 

anti-5-mC antibody is specific to the methyl group in DNA methylation, use of anti-5-

mC antibody conjugated GOx makes this assay more selective for DNA methylation 

analysis. The data obtained from the electrochemical response for the chronocoulogram 

for different level of methylation showed excellent interassay reproducibility (RSD <5%, 

for n = 3) at room temperature. The use of low-cost screen-printed gold electrodes (SPGE) 

to get electrochemical readout, and shorter assay time (less than 60 mins) makes this 

method as a rapid and inexpensive comparing to the existing assays.  

 

 

 

 

 

 

 

 

 

This chapter has been published to a peer-reviewed journal: 

 

R. Bhattacharjee, S. Moriam, N.-T. Nguyen, and M. J. A. Shiddiky, 2018, 2018, 
Biosens. Bioelectron., 126, 102-107. A bisulfite treatment and PCR-free global DNA 
methylation detection method using electrochemical enzymatic signal engagement.  
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Abstract 

In this paper we report on a bisulfite treatment-free and PCR amplification-free method 

for sensitive and selective quantifying of global DNA methylation. Our method utilises a 

three-step strategy that involves (i) initial isolation and denaturation of global DNA using 

the standard isolation protocol and direct adsorption onto a bare gold electrode via gold-

DNA affinity interaction, (ii) selective interrogation of methylation sites in adsorbed 

DNA via methylation-specific 5mC antibody, and (iii) subsequent signal enhancement 

using an electrochemical-enzymatic redox cycling reaction. In the redox cycling reaction, 

glucose oxidase (GOx) is used as an enzyme label, glucose as a substrate and ruthenium 

complex as a redox mediator. We initially investigated the enzymatic properties of GOx 

by varying glucose and ruthenium concentration to delineate the redox cyclic mechanism 

of our assay. Because of the fast electron transfer by ruthenium (Ru) complex and intrinsic 

signal amplification from GOx label, this method could detect as low as 5% methylation 

level in 50 ng of total DNA input. Moreover, the use of methylation-specific 5mC 

antibody conjugated GOx makes this assay relatively highly selective for DNA 

methylation analysis. The data obtained from the electrochemical response for different 

levels of methylation showed excellent interassay reproducibility of RSD (relative 

standard deviation) <5% for n = 3. We believe that this inexpensive, rapid, and sensitive 

assay will find high relevance as an alternative method for DNA methylation analysis 

both in research and clinical platforms. 
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5.1 Introduction 

Development of a reliable methodology for epigenetic biomarker detection is a key 

demanding factor in accurate diagnosis and prognosis of the cancer progression [1]. DNA 

methylation is a well-known epigenetic change that could be occurred via 

hypermethylation or hypomethylation [2]. Increased oncogene expression, activating 

transcription and altering the genomic stability often refer to hypomethylation, and it is 

observed in metastatic tissues and primary tumors. To profile DNA methylation, 

generally bisulfite treatment is used to convert all the DNA without changing the 

epigenetic mark, which could allow subsequent analysis of DNA bases by well stablished 

molecular biology techniques, such as direct sequencing [3], pyrosequencing [4], 

methylation-sensitive melting curve analysis (MS-MCA) [5] and methylation-sensitive 

high-resolution melting (MS-HRM) [6] etc. Despite high reliability of these methods, 

their inability to detect 5-methylcytosine (5mC) oxidation products [7], incomplete 

conversion of cytosine to uracil [8-10], primer design [11, 12], and biased PCR 

amplification [13-15] make the overall detection method more challenging and time-

consuming.  

To avoid these complications, numerous bisulfite free methods for DNA 

methylation analysis have been proposed. Efforts have also been directed towards the 

development of platforms that are rapid, cost effective and involve simple operation to 

extend their application to routine clinical testing [16, 17]. Among these techniques, 

enzyme-linked immunosorbent assay (ELISA) is used to quickly assess global DNA 

methylation using 100 ng to 2.0 μg of total DNA. However, high variability of this assay 

is only suitable for the rough estimation of DNA methylation [18]. Another common 

approach of DNA methylation detection is the use of affinity capture agents such as 

methyl binding domain (MBD) proteins or antibodies raised against 5-methylcytosine, 
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which have also gained much interests [19, 20]. While MBD proteins have high affinity 

towards methylated CpG region in double-stranded DNA (dsDNA) [21], they tend to be 

biased towards CpG dense sequences and unable to discern methylation status of 

individual CpGs. In contrast, apart from binding with single-stranded DNA (ssDNA), the 

5mC antibodies can capture low CpG density regions with efficiencies comparable to that 

of high CpG density regions. Moreover, the 5mC antibody can specifically recognise and 

bind to the methylated site without the prior treatment of restriction enzymes [19]. As 

these strategies do not require amplification, it affects the sensitivity and applicability for 

the low amounts of methylated DNA in clinical samples [22]. Thus, development of a 

highly sensitive method that can produce enhanced signal from a low input of DNA is 

still an urgent demand.  

In recent years, much attention has been focused on the development of 

electrochemistry based assay due to field portability, intrinsic simplicity, high sensitivity, 

short analysis time, cost-effectiveness, and compatibility with the miniaturization [23-

30]. In this continuation, several PCR amplification free electrochemical assays have also 

been developed [22, 24, 31-33]. Most of these assays were developed based on either 

nanomaterials (NMs) or enzyme to improve the sensitivity and selectivity. Due to their 

large surface area and biocompatibility, Numerous studies have been reported that utilizes 

a wide variety of nanomaterials of different morphologies, such as, nanosheets, 

nanospheres, nanowires etc that increase the performance for detection of DNA 

methylation. However, the unstable nature and loss of enzyme activity during 

immobilization process of the NMs affects the thermal and chemical stability, sensitivity, 

and reproducibility of the biosensor [21, 32, 34]. Beside NMs, various enzymes e.g. 

alkaline phosphatase (AP), horseradish peroxidase (HRP), glucose oxidase (GOx) etc are 

also considered most popular groups of tracer labels. These enzymes have been 
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immobilized on various materials to enhance the enzymatic catalytic signals [19, 35-40]. 

Another advantage of using the enzymes is direct electron transfer between the electrode 

and enzyme label, which could improve the signal in a biosensor. However, a large 

electron-hopping distance between the electrode and the redox centre of the enzyme label 

could create few challenges for efficient electron transfer in biosensor [41]. To overcome 

these limitations, mediated electron transfer can be achieved using a redox mediator that 

conveys electrons between the electrode and the redox center present in solution. This 

process is known as electrochemical enzymatic (EN) redox cycling reaction [36]. In this 

reaction, electroactive molecules such as  Ru complexes ([Ru(NH3)6]3+) undergo a fast 

outer-sphere electron-transfer reaction at the electrodes as well as electron-transfer 

reactions with redox enzymes [42]. 

Herein, we introduced a simple and sensitive assay for the detection of global 

DNA methylation using EN redox cycling reaction. In our assay, extracted genomic DNA 

was denatured at 95 oC to obtain  ssDNA which was directly adsorbed onto an unmodified 

screen-printed gold electrodes (SPGE) followed by the immune-recognition of the 

methylated groups using GOx conjugated 5mC antibody (5mC-GOx). In the presence of 

the glucose and ruthenium complex, the electrode generates enhanced chronocoulometric 

(CC) responses via EN redox cycling. The catalytic response is directly proportional to 

the amount of the surface-bound 5mC-GOx (i.e., the amount of the methylation level in 

the surface-bound ssDNA). The method has been tested in analyzing methylation level in 

two ovarian cancer cell lines and one normal cell line using CC readout. Due to the 

following unique features, this proof-of-concept method can be used as an alternative to 

existing conventional methods for global DNA methylation detection with better 

sensitivity and selectivity, greater simplicity, lower cost and faster analysis time. These 

features includes-  (i) sensitive - as it uses fast-enzymatic redox reaction, (ii) selective - 
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as this assay employs 5mC antibody which is highly specific for the methyl groups, (iii) 

simple - as it avoids the use of conventional sensor fabrications steps, (iv) bisulfite-free -

it avoids chemical treatment of DNA with sodium bisulfite to convert DNA modifications 

into base changes, and (v) amplification-free – it avoids the use of polymerase chain 

reaction based amplification procedures to increase DNA yield.   

5.2 Experimental 

Reagents and chemicals. Antibody-GOx conjugation kit (ab102887) was purchased from 

Abcam, Inc. (Cambridge, MA, USA). GOx-conjugated 5mC antibody were prepared in 

phosphate buffer (50 mM, pH 7.4) according to the manufacturer’s procedure. 

Hexaammineruthenium (III) chloride (RuHex), glucose, bovine-serum albumin (BSA), 

and all reagents for buffer solutions were obtained from Sigma-Aldrich, Co. and New 

England Biolab (NEB). Tris buffer comprised 50 mM tris(hydroxymethyl)aminomethane 

(pH 8.0). Phosphate- buffered saline (PBS, pH 7.4) comprised 10 mM phosphate, 0.138 

M NaCl, and 2.7 mM KCl.  

Isolation and purification of genomic DNA. Two ovarian cancer cell lines (SKOV 3, 

OVCAR 3) and one normal cell line (MeT-5A) were purchased from American Type 

Culture Collection (ATCC), USA. A blood and cell culture DNA mini kit (Qiagen, 

Hilden, Germany) was used to extract and purify the DNA from these cell lines. Jurkat 

genomic (100% methylated) DNA was purchased from New England BioLab. Whole 

genomic amplified DNA (WGA) was prepared by following the protocol of REPLI-g 

whole genome amplification mini kit (Qiagen, Hilden, Germany) and purified following 

the protocol DNeasy Blood & Tissue Kits (Qiagen). 

Electrochemical detection of global DNA methylation. 20 μL of isolated genomic 

DNA were denatured at 95 oC followed by the dilution with 5X saline sodium citrate 
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(SSC) buffer and 1% BSA to obtain 10 ng/μL of ssDNA. Then, 5 μL of denatured ssDNA 

samples were dropped onto a screen-printed gold electrode (SPGE) (WE: gold (diameter: 

4 mm), CE (platinum) and RE (silver) purchased from Dropsens, Spain) surface and 

allowed to adsorb for 10 min. 1% BSA was used to block the uncovered electrode surface 

area with target DNA to minimize the non-specific adsorption of biological molecules. 5 

µL of GOx-5mC antibody (20 ng/µL) was added onto the gold electrode surface and 

allowed to incubate for 30 min at room temperature with gentle shaking (unless otherwise 

stated) to facilitate the binding of the GOx-5mC antibody with the designated 

methylcytosine site of ssDNA. After the incubation, the electrode was washed with 10 

mM PBS (pH 7.4) to remove loosely bounded or unbounded GOx-5mC antibody. A 

CH1040C potentiostat (CH Instruments, TX, USA) was used to perform the 

electrochemical measurements. The CC responses were recorded in the presence of 60 

µL of glucose substrate solution (2 mM) mixed with 10 µM RuHex in Tris buffer (pH 8.0) 

solution onto the gold electrode surface with a potential +50 mV for 100 s. At least three 

replicates were measured at room temperature for each standard/sample and all data were 

subtracted from the background data.  

 

Determination of the surface area of the electrodes. The effective working area of the 

electrodes was calculated by measuring the peak current obtained as a function of scan 

rate under cyclic voltammetric conditions for the one-electron reduction of [Fe(CN)6]3- 

[2.0 mM in PBS (0.5 M KCl)] and by using the Randles-Sevcik equation (equation 5.1) 

[43, 44], 

𝑖 2.69 10  𝑛
 

 𝐴 𝐷  𝐶 𝑣  ... ... ... … … (5.1)  
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where, ip is the peak current (A), n is the number of electrons transferred (n = 1), 

A is the active area of the electrode (cm2), D is the diffusion coefficient of [Fe(CN)6]3-  

taken to be 7.60 × 10-5 cm2 s-1), C is the concentration (mol cm-3), ν is the scan rate (V s-

1). 

 

Glucose oxidase kinetics. The Steady-state kinetics of glucose and RuHex were analysed 

using the Michaelis−Menten and Lineweaver−Burk models. The steady-state kinetic 

experiments were performed using 100 ng of GOx for both glucose substrate and 

Ru(NH3)6
3+ mediator by varying the concentrations of (A) Glucose (0.01−5.0 mM) and 

(B) RuHex (0.01−100.0 µM) with fixed amounts of (A) Rux (10 μM) and (B) glucose (2 

mM), respectively. To obtain the corresponding electrochemical signals from these 

samples, chronoamperometric responses were taken at 60 s by applying a fixed potential 

of +50 mV.  

Kinetic parameters were estimated based on the simplified Michaelis–Menten and 

Line weaver-Burk equations (equation 5.2) [45-47],  

  . . .     . . .   . . .    (5.2) 

In this equation, V is the rate of conversion, Vmax is the maximum rate of 

conversion, [S] is the substrate concentration, and Km is the Michaelis constant which is 

equivalent to the substrate concentration at which the rate of conversion is half of Vmax. 

Km denotes the affinity of the enzyme for the substrate.  
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5.3 Results and discussion 

5.3.1 Assay principle 

In this work, methylation specific antibody (5mC) was used to specifically recognize 

methyl group in genomic DNA. To read the methylation level, 5mC was conjugated with 

glucose-oxidase (5mC-GOx), and electrochemical-enzymatic redox cycle was performed. 

Briefly, double-strand genomic DNA were denatured to generate ssDNA and allowed to 

adsorb on SPGE. After DNA adsorption, 5mC-GOx was added onto the electrode surface 

to complete the immunorecognition process. Here, 5mC is specific to methylated site of 

the ssDNA and 5mC-GOx only attaches to the methylated DNA on the electrodes. In the 

presence of GOx, Ru(NH3)6
3+ (Ru3+) was reduced to Ru(NH3)6

2+ (Ru2+) and glucose was 

oxidised to gluconic acid. During this process, Ru2+ oxidised back to Ru3+ and completed 

the redox cycle. Therefore, increased chronocoulometric response in electrochemical 

readout is directly proportional to the amount of GOx, which is successively proportional 

to the methylation level in the sample. The overall reaction process is known as ping-

pong mechanism and shown in equations 3-5 [36, 48, 49]. The working principle of this 

assay is depicted in Fig. 5.1.  

 

Glucose + GOx (Ox)  GOx (Red) + Gluconic acid (5.3) 

2Ru3+
 + GOx (Red)  GOx (Ox) + 2Ru2+

 + 2H+ (5.4) 

2Ru2+
     2Ru3+

 + 2e-   (5.5) 
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5.3.2 Assay optimisation 

To get the optimum performance of the assay, several experimental conditions (i.e the 

amount of target DNA, pH, incubation time etc.)  need to be optimised. Previously, we 

have optimised the major adsorption parameters such as adsorption time, pH of the 

solution and amount of input DNA to obtain the maximum electrochemical responses 

between methylated and unmethylated DNA targets [50-52]. In the current assay, we have 

adopted all these optimised parameters and unless otherwise stated, we directly adsorbed 

50 ng of target DNA (diluted in 5X SSC buffer, pH 7.4) onto the unmodified SPGE for 

10 min. Conventional BSA blocking was also used to prevent the non-specific adsorption 

of target DNA onto the gold electrode surface. As can be seen in Fig. 5.2, the difference 

between the responses at the BSA-blocked and –unblocked electrodes is about 22 µC cm-

2, which is almost 1.15-times higher than that of the electrodes with 1% BSA blocking. 

Notable, the total charge from 50 ng of WGA at the electrode without BSA blocking is 

 

 

Figure 5.1 Schematic representation of the assay to detect global DNA methylation. Initially,

cell lines were grown and extracted using commercial kit. Then, denatured ssDNA was

adsorbed onto a SPGE surface followed by immunorecognition of methylated DNA using the

GOx-5-mC antibody. Subsequent detection of the genomic DNA methylation pattern was

performed through enzymatic redox cyclic reaction.  
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significantly higher which indicates the non-specific adsorption of the biomolecules onto 

the electrode surface. 

In the case of enzymatic redox cyclic reaction, Ru3+
 undergo fast outer-sphere 

electron transfer reaction at electrodes which create lot of background noise [36, 53, 54]. 

Thus, it is important to optimize the concentration of glucose substrate solution and Ru3+
 

solution. To obtain the maximum signal to noise ratio, electrooxidation of Ru2+
, the 

enzymatic reduction of Ru3+
 and enzymatic oxidation of glucose by GOx should be faster. 

However, without GOx in the system, the direct electrooxidation of glucose and direct 

electron-transfer between glucose to Ru3+
 should be slower to maintain a low background 

noise. These requirements were investigated prior to use our assay for detecting 

methylation level. We used Tris buffer as the electrolyte for the electrochemical readout 

step (pH 8.0 was selected from a previously published work [36]) and compared the 

electrochemical responses in the presence or absence of glucose oxidase in the system. 

Fig. 5.3 shows the comparison of chronocoulometric responses obtained from Tris buffer  

 

Figure 5.2 Chronocoulometric response for tris, glucose, glucose in Rux mix solution and in 

the presence of GOx in glucose and Rux mix solution.  

 

 

Figure 5.2 Chronocoulometric response for the with (1%_BSA) and without BSA (0%_BSA) 

blocked electrodes. Doted lines represent the corresponding charge generated due to the presence

(Specific) and absence (non-specific) of WGA DNA onto the electrode surface. 
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(pH 8.0), 2.0 mM Glucose (in tris), 2.0 mM Glucose and 10 µM RuHex (in tris) in the 

absence and presence of GOx. In this assay, we applied +50 mV of potential to measure 

the electrochemical readout which is much higher than the formal potential of Ru3+/Ru2+ 

(ca.-150 mV) to faster the electro-oxidation process in the system. This is due to the CC 

charge that generate during Ru3+/Ru2+ redox cycling is controlled only by mass transfer 

of Ru2+ to the electrode not by the kinetics of  Ru2+ electrooxidation [36, 48]. However, 

we found that the surface response on Tris buffer and glucose substrate solution without 

Rux and GOx shown almost similar response (20 µC cm-2 vs 21 µC cm-2, intercept at Y-

axis) but obvious improved (charge density of about 35 µC cm-2) response was observed 

when RuHex was added in the solution (blue line). Once GOx present in the redox system, 

the overall enzymatic reaction improved and the response in the CC readout was also 

improved (charge density of about 250 µC cm-2). These results signify the slower 

electrochemical oxidation and electron transfer in glucose and between glucose and Ru3+ 

when GOx is not present. However, oxidation reaction improved the enzymatic redox 

reaction thus shown a high CC response in the Fig. 5.3.  

 

Figure 5.3 Chronocoulometric response for tris, glucose, glucose in Rux mix solution and in 

the presence of GOx in glucose and Rux mix solution. 
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  The concentration of glucose and RuHex solutions are also need to be optimized 

to achieve the optimal catalytic performances. We constructed Michaelis−Menten model 

and Lineweaver−Burk model experiments by changing the glucose substrate 

concentration between 0.01 nM and 5.0 mM, and RuHex concentration between 0.01 µM  

and 100.0 µM, respectively. In Fig. 5.4(A), maximum current density (Imax) before 

saturation for glucose was obtained at 2.0 mM concentration (RuHex 10.0 µM, GOx 100.0 

ng µL-1), on the otherhand, RuHex showed the Imax for the our EN reaction at 10 µM 

(Glucose 2.0 mM, GOx 100.0 ng µL-1) in Fig. 5.4(B). We further calculated the Vmax and 

Km for both glucose and ruthenium complex from Lineweaver−Burk (shown inset in Fig. 

5.4). The measured Vmax and Km values for glucose were 2.04 µM s-1 and 0.27 mM, 

respectively which were much higher than Rux (Vmax = 1.72 µM s-1and Km = 0.22 µM). 

These findings suggested that, the oxidation of glucose by GOx enzyme was faster than 

the Ru3+/Ru2+ transformation. From these experiments, we selected glucose concentration 

as 2.0 mM and RuHex concentration 10.0 µM for our entire experiment. Then we 

 

Figure 5.4 Steady-state kinetic analyses using the Michaelis−Menten model (main) and

Lineweaver−Burk model (inset) for the GOx by varying the concentrations of (A) Glucose

(0.01−5 mM) and (B) Ruthenium complex (0.01−100.0 µM) with fixed amounts of (A) RuHex

(10 μM) and (B) glucose (2 mM), respectively. 
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optimized the GOx concentration and incubation period for the assay. Fig. 5.5(A) shows 

that the charge density increased with the GOx concentration from 10.0 ng to 100.0 ng.  

After 100 ng to 1.0 µg of GOx concentration, the charge response did not change much, 

thus we have selected 100.0 ng of GOx for our assay. The incubation period for antibody 

was selected 30 minutes as the charge density started to be stable after 30 minutes Fig. 

5.5(B). 

 

5.3.3 Selectivity of the assay 

The use of target specific antibody in biosensor as recognition element increases the 

selectivity of the assay. To investigate the assay specificity, we incubated equal quantity 

(50 ng) of methylated (Jurkat) and unmethylated (WGA) DNA on SPGE electrodes 

surface and measured the CC response for both samples in the presence of 5mC-GOx 

antibody. Fig. 5.6(a) shows a significant difference (more than 6 times) in charge density 

between two samples (Jurkat is 246 µC cm-2 and WGA 37 µC cm-2 Fig. 5.6(b)). For 

further verification, we also carried out two additional sets of experiment where only PBS 

 

Figure 5.5 Charge density response for (A) glucose oxidase concentration from 10 ng to 1 µg 

and (B) incubation time from 1 min to 60 min. 
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was used instead of target DNA (referred as NoT) and a positive sample without 5mC-

GOx antibody (referred as control). Both the NoT and control showed negligible responses 

in electrochemical measurements (17 µC cm-2 Vs 18 µC cm-2). The control studies  

demonstrate that the assay response is very much dependent on the presence of 

methylation present in the sample. Altogether the response from controls and synthetic 

samples clearly demonstrates excellent level of specificity of our assay toward the 

detection of DNA methylation with negligible background response. 

5.3.4 Sensitivity of the Assay 

As samples collected from patients with cancer usually contain a mixture of 

methylated and unmethylated DNA, it is therefore important to detect the degree of 

methylation in a high background of unmethylated DNA samples. To evaluate our assay 

performance for detecting heterogeneous DNA methylation pattern, we measured CC 

responses for samples with various degree of methylation. The samples were prepared by 

mixing Jurkat (100% methylated) and WGA (0% methylated) DNA to get 0% to 100% 

Figure 5.6 Selectivity of the designed assay. Comparison of the chronocoulometric response 

obtained with the immunosensor from no target sample (purple colour), control (blue colour), 

WGA (green colour) and Jurkat DNA (red colour) in (A) and (B) shows their corresponding

current density. 
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methylated samples. Under the optimum experimental conditions, the CC responses for 

various methylation levels show a linear relationship between the charge density and the  

methylation percentage (Fig. 5.7, charge density for each percentage was calculated by 

subtracting the control value from that of the sample value). The calibration plots in Fig. 

5.7(b)(inset) showed good linearity from 5% to 100% of methylation with a correlation 

coefficient, r2 of 0.963 (n = 3). From the charge density values, the limit of detection 

(LOD) was estimated to be as low as 5% of methylation which was easily distinguishable 

from the control or 0% of methylation (i.e. control Vs 5% was 18 µC cm-2 Vs 57 µC cm-

2). A relative standard deviation (% RSD) for three independent measurements were 

calculated to be <5.0%, suggesting the good reproducibility of assay toward the 

qualitication of heterogeneous DNA methylation pattern. 

The sensitivity (5% methylation), reproducibility (<5.0% RSD), input DNA 

amount (50 ng), and time (1 h) required for our assay is highly comparable with the 

recently published DNA analysis methods [19, 33, 55]. For example, Wee et al. have 

 

Figure 5.7 Standard calibration plot for different DNA methylation level from synthetic DNA.

(A) represent the charge reponse for 0% to 100% methylation prepared by mixing different

ratio of Jurkat and WGA DNA and (B) shows the charge density changes with the methylation 

level. Error bars estimated as triple of the standard deviation of three independent experiments.

 



Chapter 5  
                                     Enzymatic electrochemical approach for sensitive DNA methylation assay 

185 | P a g e  
 

demonstrated that 5% of methylation can be detected from 50 ng of DNA input within 2 

h of assay time [55]. Recently, Povedano and collegues have reported a sandwich type 

assay for detecting global and regional DNA methylation pattens within 1 h [27]. In this 

work, for detecting global DNA methylation, a sandwich immunosensor involving the 

use of two different antibodies was fabricated. Anti-5mC was first immobilized on the 

surface of carboxylic acid-modified magnetic beads which capture ss-DNA sequence 

bearing 5-mC marks. A second antibody conjugated with HRP was then used to 

recognize any ss-DNA as well to produce electrochemical signal. In contrast, our 

method is based on the direct adsorption of target DNA onto a bare gold electrode. The 

adsorption of ss-DNA target onto the bare gold electrode follows the gold-DNA affinity 

interaction [47]. The use of the direct adsorption of target DNA samples on a bare gold 

electrode/surface rather than the conventional approach of using recognition and 

transduction layers in DNA biosensors is substantially important and novel, as it 

significantly simplifies the method by avoiding the complicated chemistries underlying 

each step of the sensor fabrication. Additionally, in our method, an electrochemical-
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enzymatic redox cycling reaction was used for the first time to achieve global DNA 

methylation analysis.  

 

5.3.5 Analytical application in Cell line samples 

To verify the applicability of our assay in analysing complex biological samples, we 

examined DNA samples derived from two ovarian cancer (SKOV 3 and OVCAR 3) and 

one normal cell lines (MeT-5A) (Fig. 5.8). First, DNA was extracted and purified from 

these cell lines. Fully methylated (100% methylation) Jurkat and fully unmethylated (0% 

methylation) WGA DNA were used as internal controls. As expected, both the cell lines 

(charge density for SKOV 3 and OVCAR 3 was about 177 and 146 µC cm-2 respectively) 

showed relatively higher CC response compared to that of fully unmethylated WGA (18 

µC cm-2) sample. As expected these responses were much lower compared to that of fully 

methylated Jurkat DNA (227 µC cm-2) (Fig. 5.8A). These variations suggest the present 

of the different level of methylation pattern in these cell lines. Furthermore, the charge 

density (Fig. 5.8B) derived from these cell lines are easily detectable compare to those of 

 

Figure 5.8 Analysis of ovarian cancer cell lines and normal cell line. (A) chronocoulometrics

response for different cell line and (B) represent charge density comparison between different

cell lines. 
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the control Jurkat and WGA samples. These findings suggest that the methylation level 

of normal cell line MeT-5A (67 µC cm-2) is much lower (about 18%) than that of the 

other two cancer cell line (SKOV 3 and OVCAR 3). The level of CC responses also 

indicate that the methylation patterns in both cancer cell lines (SKOV 3 and OVCAR 3) 

could exhibit more than 75% of methylation (by comparing the data shown in Fig. 5.7(B) 

and Fig. 5.8). A similar level of methylation patterns was also observed for these cell 

lines in other published work [56]. 

5.4 Conclusions 

In conclusion, we have developed a sensitive and selective biosensor for the detection of 

global DNA methylation. We took the advantages of 5mC antibody for selective binding 

to the 5mC site and GOx enzyme to enhance the sensitivity via enzymatic redox cycling 

reaction. The assay also avoids the use of bisulfite treatment or PCR amplification steps. 

It uses the direct adsorption of target DNA samples on a bare gold electrode rather than 

the conventional approach of using recognition and transduction layers in hybridization 

based DNA biosensors, which makes it relatively simpler in compare with the 

conventional hybridization based methylation assays. Under the optimal conditions, this 

biosensor exhibited high sensitivity (5% of DNA methylation) with the %RSD of <5% 

(for n =3) for the analysis of heterogeneous DNA samples derived from ovarian cancer 

cell lines. We believe that the method is not just limited to ovarian cancer DNA, but 

can easily be extended towards detection of global DNA methylation in samples 

collected from a diverse range of cancer types. In addition to this, we predict that our 

electrochemical method could have broad applications in the field of epigenetic 

research and with further improvements, can potentially find its relevance as a low 
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cost, easy to operation and portable diagnostic tool during cancer diagnosis and 

treatment. 
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Composite nanomaterial in bisulfite-free sensitive DNA methylation 

assay  

After successful demonstrations of three sensitive electrochemical DNA methylation 

assays, our final assay was designed to reflect on the extent towards simple and 

inexpensive platform for global DNA methylation analysis. In that regard, we developed 

a detection platform which integrated three useful readout approaches (i.e., naked-eye, 

UV-vis absorbance and amperometric readouts) under one assay protocol. Herein, we 

introduced another new class of materials referred to as graphene loaded mesoporous iron 

oxide (GO-Fe2O3) and portable electrochemical station for amperometric readouts. Due 

to the morphology of GO-Fe2O3 and presence of graphene in it, reduced the complexity 

of the conjugation steps. Enhanced enzymatic feature of the GO-Fe2O3 enable us to detect 

as low as 5% of methylation level via electrochemically. Use of nanoparticle and portable 

potentiostat reduced the overall detection cost. Finally, less than 5% of standard deviation 

for three successive analysis shows the better reproducibility of the assay.       
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Bisulfite treatment free electrochemical and colorimetric approaches 

for DNA methylation detection using GO-Fe2O3 nanoparticles 

 

Abstract 

We report a simple and low-cost method for the colorimetric (naked-eye) and 

electrochemical quantification of global DNA methylation using graphene loaded iron 

oxide nanoparticles (GO-Fe2O3 NPs) conjugated 5-methylcytosine (5mC) specific 

antibody. In this method, GO-Fe2O3 NPs are modified with 5-mC antibody for the capture 

of methylation group present in single-stranded DNA (ssDNA). The surface bounds GO-

Fe2O3 shows an intrinsic peroxidase mimetic performance in the presence of TMB and 

H2O2 substrate solution. The variation in methylation levels were reflected with the colour 

intensity produced by the TMB oxidation-reduction reaction due to the presence of GO-

Fe2O3. Amperometric transduction at the screen-printed gold electrodes (SPGE) was 

carried out after stopping the oxidation-reduction of TMB using 2.0 M of HCl (stop 

solution). Naked eye detection (qualitative) enabled a minimum of 10% methylation 

level, whereas electrochemical response showed 5% of methylation level in the target 

DNA. This assay shows an excellent reproducibility for three subsequent readouts for 

both colorimetric and electrochemical analysis. Use of the portable potentiostat, 

disposable screen-printed gold electrodes and mesoporous NPs in this assay gave the 

freedom to develop a low cost miniatured platform for DNA methylation detection. 

Ultimately, this assay has successfully been applied in the analysis of two ovarian cancer 

cell lines along with one non-cancerous cell line.  
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6.1 Introduction 

DNA methylation is a significant epigenetic mechanism that performs an imperative role 

in various biological process, such as DNA repair, gene transcription, and embryogenesis 

[1, 2]. The event mostly occurs in the GC rich region known as CpG Island. These CpG 

regions are often located in the promoter region of the genes and the hypermethylation of 

CpG island is closely associated with various diseases including cancer [3-6]. Thus, DNA 

methylation has emerged as a very potential biomarker for diagnosis and prognosis of 

cancer. Therefore, it is crucial to develop a rapid, sensitive, selective DNA methylation 

detection techniques to detect and quantify methylation. To date, numerous methods have 

been proposed to detect methylation of DNA. 

Among them bisulfite treatment (BT) based methods are regarded as gold 

standard for DNA methylation assay, but longer processing time and DNA degradation 

limit their popularity. Besides these drawbacks, BT enriches the analyte DNA thymine 

which consequently complicates the design of specific probes for PCR amplification [7]. 

Other methods for DNA methylation assays includes methylation-sensitive restriction 

enzyme-based methods, high- performance liquid chromatography (HPLC) [8], and 

liquid chromatography-tandem mass spectrometry [9] etc.  Despite of the great analytical 

specificity of these techniques, they frequently suffer from poor sensitivity, low precision, 

and required excessive amount of DNA as well as expertise. However, these methods also 

have limitations. Restriction enzyme based techniques suffer from their dependency on 

the availability of methylation-sensitive restriction enzyme and inactivation of enzyme. 

On the other hand, chromatography technique requires expensive instrument and skilled 

personnel [10]. Therefore, there is need to develop a rapid, sensitive and simple method 

for DNA methylation detection that will help to overcome the above mentioned 

drawbacks. 

In recent years, electrochemical and colorimetry based assays have attracted 

attention due to their simplicity, rapidness and high sensitivity in operations. Colorimetry 

based methods are highly significant for point of care testing through the naked-eye 

detection system(qualitative), which does not require expensive analytical instruments 

[11]. On the other hand, electrochemical techniques have the advantages of simplicity, 

cost effectiveness, rapidity, high sensitivity, and selectivity. Furthermore, 

electrochemical signals can be amplified by adding different labels such as enzymes [12], 

electroactive substances [13], and nanomaterials [14]. With the advancements in nano-
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science and technology, improved sensitivity and selectivity observed due to the use of 

nanomaterial-based signal amplification techniques in various electrochemical sensors 

and biosensors [15]. Among nanomaterials, iron oxide has received tremendous attention 

due to their excellent catalytic and magnetic properties as well as simplicity of synthesis 

at various scales [16]. On top of that, iron oxide NPs exhibits an enzymatic peroxidase-

like activity [17]. In our previous study, we exploited this property of iron oxide 

nanoparticles and developed a colorimetric and electrochemical platform for DNA 

methylation analysis [18]. Another advantage of iron oxide nanoparticles is that they can 

be engineered for compositing with other nanomaterials materials such as carbon 

nanotubes or graphene for the enhancement of analytical performances. Owing to its high 

surface area and superior electrical conductivity, graphene materials exhibit large 

potential window, low charge transfer resistance and fast electron transfer [19-21], Which 

makes graphene an excellent candidate to be compositing with iron oxide [22].  

Herein, we report a relatively simpler, faster and affordable method for the 

quantification of global DNA methylation. The basic principles to design this assay were 

(i) affinity interaction between gold and nucleic acids sequences [23, 24] to adsorb target 

DNA on an unmodified gold electrode surface, (ii) recognition of the methylated CpG 

sites present in the DNA sequence via GO-Fe2O3-conjugated 5mC (GO-Fe2O3-5mC) 

antibody, and (iii) colorimetric and amperometric quantification of methylation level 

using catalytic reaction between surface-confined GO-Fe2O3-5-mC antibody  and TMB-

hydrogen peroxide subtract solution. In our assay, we also avoided the BT and any form 

of amplification. Simple denaturing process of genomic DNA generates single-strand 

DNA (ssDNA) which was directly adsorbed on the screen-printed gold electrode (SPGE) 

followed by subsequent immunocapture by GO-Fe2O3-5-mC antibody and detection by 

the colorimetric and amperometric readouts. The functionality of the assay was tested for 

analysing methylation levels in ovarian cancer and non-cancerous cell lines. 

6.2 Experimental 

Reagents. O-(2-aminoethyl)-O’-(2-carboxyethyl)polyethylene glycol hydrochloride 

(NH2-PEG-COOH, Mp 3000) were purchased from Sigma-Aldrich (Japan). 2- 

Morpholino-ethanesulfonic acid (MES), N-hydroxysuccinimide (NHS), N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), 6-mercapto-1-

hexanol (MCH) were obtained from Alfa-Aser (Australia). Acetic acid glacial (AR), 
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Sodium acetate trihydrate (NaAc), and Dimethyl sulfoxide (DMSO) were purchased from 

Chem-supply (Australia).  3,3',5,5'-Tetramethylbenzidine (TMB) was purchased from 

Sigma-Aldrich and Hydrogen peroxide (H2O2) was purchased from life science 

(Australia). DNase/RNase-free distilled water was purchased from Invitrogen (Carlsbad, 

CA, USA).  

Preparation of genomic DNA. Two ovarian cancer cell lines (OVCA-3, SKOV-5) and 

one normal cell line (MeT-5a) were obtained from American Type Culture Collection 

(ATCC), USA. To extract and purify the DNA from these cell lines, blood and cell culture 

DNA mini kit (Qiagen, Hilden, Germany) was used. Jurkat (100% methylated) and whole 

genomic amplified DNA (WGA) kit were purchased from New England BioLab. 

Genomic DNA were denatured at 95 oC for 10 minutes to get the single strand DNA. 

REPLI-g whole genome amplification mini kit (Qiagen, Hilden, Germany) was used to 

prepare the Whole genome amplification (WGA) DNA and DNeasy Blood & Tissue Kits 

(Qiagen) was used to purify them. 

Modification of graphene loaded iron oxide. Before the conjugation of GO-Fe2O3 NPs 

with 5-mC antibody, GO-Fe2O3 was functionalised with PEG polymer. Here, PEG was 

used as a spacer to maintain the steric structure of the antibody and linked the NPs with 

target antibody [25-29]. Briefly, GO-Fe2O3 NPs (1.0 mg) were dispersed in 1.0 mL of 

water and sonicated for 2.0 h. Then, 9.0 μL of MES buffer solution (5.0 mM, pH 4.0), 5.0 

μL NHS aqueous solution (50 mg/mL), and 6.0 μL of fresh prepared EDC aqueous 

solution (10 mg/mL) were added to 30 μL of GO-Fe2O3 NPs dispersion. The mixture was 

shaken in thermos shaker for 30 min at room temperature (25 oC). Afterwards, 

magnetically GO-Fe2O3 NPs were separated and washed with MES buffer solution (5.0 

mM) to remove excess EDC and NHS. This process activated the carboxyl groups in GO-

Fe2O3 NPs. The activated GO-Fe2O3 NPs were re-dispersed in 100 μL of MES buffer 

solution (50 mM, pH 6.1) and added 6.2 mg of EDC, 3.1 mg of NHS, and 1.0 mg of PEG 

to the dispersion. The mixture was shaken at room temperature for 2.0 h to produce 

PEGylated GO-Fe2O3 NPs. The product was centrifugated and washed with PBS buffer 

solution to remove unreacted PEG. The activated GO-Fe2O3 NPs with PEG were 

dispersed in 30 μL PBS buffer solution and incubated with 35 μL of 5-mC antibody (75 

μg/mL) at 4 oC for overnight. The final product was washed three times with PBS and 

dispersed in 30 μL of PBS. The activated carboxyl groups of GO-Fe2O3 NPs (via 

EDC/NHS coupling agent) was firstly bound to the amino end of NH2–PEG–COOH. 
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Then, 5-mC antibody were then attached through the amino groups and carboxyl end of 

functionalised NPs. 

Preparation of an immunosensing layer. 20 μL of isolated genomic DNA were 

denatured at 95 oC followed by the dilution with 5X saline sodium citrate (SSC) buffer to 

obtain 10 ng μL-1 of ssDNA. Then, 5.0 μL of each ssDNA sample containing 2.0 µM of 

MCH (6-mercapto-1-hexanol) was directly dropped onto the SPGE surface and allowed 

to adsorb for 10 min. MCH was used to block the bared sites to minimise the nonspecific 

bindings. 5.0 µL of GO-Fe2O3-5-mC antibody (total 1.0 µg NPs with 75 ng of 5-mC 

antibody) was then added onto the gold electrode surface to facilitate the binding of the 

GO-Fe2O3-5-mC antibody with the designated methylated site of ssDNA (30 min 

incubation time). After the incubation, the electrode was washed with 10 mM PBS (pH 

7.4) to remove loosely bound or unbounded GO-Fe2O3-5-mC antibody conjugates.  

Colorimetric and amperometric detection. Freshly prepared 55 µL of TMB/H2O2 

substrate solution was added onto the electrode surface and incubated at room 

temperature for 10 min to take the colorimetric responses. The NPs of DNA bounded GO-

Fe2O3-5-mC antibody conjugates catalysed the TMB/H2O2 reaction and generated a blue 

colour charge-transfer complex solution. This corresponding colour change facilitates the 

naked-eye observation of global DNA methylation (qualitative). The amount of NPs 

catalysed oxidation (the intensity of the generated colour) was quantified after the 

addition of 1.5 µL of 2.0 M HCl. The absorbance of the developed yellow colour was 

measured at 450 nm using an ultra-violet visible (UV-vis) spectrophotometer. The TMBox 

product is electro-active which offers the electrochemical quantification of biorecognition 

events [30]. To perform the electrochemical measurement, a portable Bipotentiostat 

µSTAT 300 (Dropsens, Asturias, Spain) was used. For chronoamperometric readouts, 

screen-printed gold electrodes (SPGE) (250BT; Dropsens, Asturias, Spain) consisting 

three-electrode system (printed on a ceramic substrate) were used. 50 µL of yellow 

solution (TMB oxidised product) was added onto a cleaned SPGE surface with a potential 

of +150 mV for chronoamperometric measurements. The current levels generated at 60 

seconds were used for quantitative analysis. All measurements were carried out at room 

temperature and at least three replicates measured were taken count for each 

standard/sample. All data were subtracted from the background data.  
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6.3 Results and discussion 

6.3.1 Assay principal 

In our assay, we utilised the peroxidase-mimetics of GO-Fe2O3 for the development of 

colorimetric and electrochemical platform for global DNA methylation detection. As 

shown in the Fig. 6.1, genomic DNA were denatured to generate ssDNA, which was 

adsorbed onto the SPGE surface. Afterwards, 5-mC antibody conjugated with GO-Fe2O3 

was used to selectively recognise and binds to the methylcytosine group of CpG region. 

To achieve the readout signals, TMB/H2O2 substrate solution (freshly prepared) were 

added to the electrode surface. The nanocatalyst, GO-Fe2O3 then initiated the oxidation 

of TMB and thereby producing a blue coloured complex solution. The naked eye 

observation of the generation of coloured product demonstrates the presence of the 

methylation in the sample. The methylation level present in the sample is directly 

interlinked with the amount of the captured NPs-5-mC antibody. Thus changes in the 

obtained colour product’s intensity reflected the methylation percentage. As TMB 

(yellow coloured product after the addition of a stop solution) is electroactive, the amount 

of enzymatically generated TMBox is measured chronoamperometrically by applying the 

potential of +150 mV onto a clean SPGE. 

6.3.2 Optimisation of the assay 

The DNA adsorption onto the unmodified SPGE is a critical step for obtaining optimal 

assay performance. The major adsorption parameters such as adsorption time, pH of the 

solution and amount of input DNA to obtain the highest difference between the 

electrochemical responses of methylated and unmethylated DNA targets were previously 

optimised by our group [24, 31, 32]. In the current assay, we have adopted all these 

optimised parameters, and unless otherwise stated, we directly adsorbed 50 ng of diluted 

DNA in 5X SSC buffer (pH 7.4) onto the unmodified SPGE for 10 min. Another critical 

step in our assay is the amount of 5-mC antibody required for finding optimised 

methylated CpG sites immune-recognition on the electrode surface. Therefore, the 

concentration of GO-Fe2O3-5-mC antibody with the surface-attached methylated DNA is 

required to be optimised. In this assay, we kept the total GO-Fe2O3 amount as 1.0 µg and 

chronoamperometric current densities were recorded for a series of 5-mC antibody 

concentrations (10 – 100 ng μL-1) in the presence (positive) and absence (negative) of 
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methylated DNA. We then compare the amperometric current density to calculate the 

signal to noise ratio (S/N) from the positive and negative samples to find the acceptable 

signal for our assay. As shown in Fig. 6.2, current density obtained for the 10 ng/μL GO-

Fe2O3-5-mC antibody was significantly lower compared to those obtained for the other 

concentration of antibody (i.e., 25 - 100 ng μL-1). It is noted that the current density 

obtained from the 75 ng μL-1 antibody concentration was found to be similar to 100 ng 

μL-1 concentration of antibodies. In S/N ratio (red points), a similar trend was also 

observed as the S/N values were increased with the concentration of the antibodies. From 

that curve, more than five times higher S/N were obtained if we use more than 50 ng μL-

 

Figure 6.1 Schematic representation of GO-Fe2O3 conjugated 5mC for global DNA

methylation detection. DNA were extracted from the cell lines followed by heat denature to

generate ssDNA that adsorbed onto an SPGE. Immuno-recognition by 5-mC antibody 

conjugated GO-Fe2O3 works as peroxidase-like enzyme and generate blue colour in the 

presence of TMB/H2O2 substrate solution. After stopping the TMB oxidation-reduction 

reaction (using a stop solution) naked-eye detection, colorimetric measurement, and 

amperometric readout were carried on via a portable potentiostat to analyze the methylation 

level in the target DNA.  
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1 antibody in the assay. Thus, 75 ng μL-1 was chosen as the optimal antibody concentration 

for our assay.  

6.3.3 Selectivity of the assay 

The specificity and functionality of our assay was evaluated by comparing the UV-vis 

absorption and chronoamperometric values in both methylated and unmethylated 

samples. Diluted Jurkat DNA samples was used as a 100% methylated sample and WGA 

were taken as 0% methylation or unmethylated samples. We found that when methylated 

DNA present in the samples, GO-Fe2O3-5-mC antibody gave a strong blue colour, 

whereas the stoichiometric amount of WGA DNA samples remained colourless. Fig. 6.3 

(A and C) shows that more than four times higher absorbance (abs@450 nm) was 

observed for the Jurkat DNA sample while comparing with WGA DNA sample (0.53 vs 

0.12). Ten times higher chronoamperometric readouts was also witnessed for the 

methylated DNA sample compared to the unmethylated one (9.108 vs 0.875 μA cm−2) 

(Fig. 6.3 (B and D)). We also compared the colour intensity of unmodified NPs with 

Jurkat and WGA and it shows that unmodified NPs shows more than two times higher 

intensity than NPs with antibody (abs@450nm, 1.23 vs 0.53). These results confirm that  

after the modification, the enzymatic activity of the NPs did not change significantly 

compared to our previous work [18].  

 

Figure 6.2 Amperometric responses (bar) from methylated (positive) and unmethylated

(negative) DNA and corresponding S/N (red points) from different antibody concentrations 

used in the immunosensor assay. Error bars estimated as the standard deviations from the three 

replicates. 
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We also extended our experiments to quantify two control experiments where 

only target DNA (CONT-without GO-Fe2O3-5-mC antibody) gave very negligible 

responses in both absorbances (abs@450nm=0.014) and followed amperometric (0.26 

μA cm−2) measurements. Both responses showed that the absence of GO-Fe2O3-5-mC 

antibody in the system does not initiate the TMB/H2O2 oxidation reaction, thereby 

resulting in an insignificant response. In our second control experiment (NoT-without 

target DNA), we incubated GO-Fe2O3-5-mC antibody without target DNA sample. The 

resulted abs value and current density for NoT is slightly higher than the control 

(abs@450nm, 0.016 vs 0.014, and current density of 0.29 vs 0.26 μA cm−2) which may 

signify a less amount of non-specific absorbance from the NPs/antibody on the surface. 

However, these control experiments confirmed an excellent specificity of our assay 

toward the detection of methylation levels with negligible background response. 

 

Figure 6.3 Selectivity of the unmodified NPs compared to modified with 5-mC antibody, and 

the specificity of the designed assay. (A) and (B) show the colorimetric and electrochemical 

response for the modified and unmodified NPs in the biosensor application. (C) and (D) 

represent the comparison between two negative controls (no target DNA or NPs present in the

system) and two positive controls (WGA and Jurkat DNA) both in colorimetric and 

amperometric measurement.  
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6.3.4 DNA methylation analysis in heterogeneous samples  

Global DNA methylation plays a critical role in the pathogenesis of different types of 

genes by altering their expression [33, 34]. Accurate quantification of global DNA 

methylation level in the complex biological system could give a clear vision for the 

prediction of clinical prognosis in human cancer [35]. Miekska et al. also showed that the 

presence of heterogeneous methylation in the clinical samples often creates difficulties in 

the quantification of methylation [35]. Furthermore, biopsy samples may consist of a 

mixture of diseased and healthy cells. Therefore, quantifying the heterogeneous 

methylation in a contrasting background of unmethylated DNA samples is essential prior 

to clinical trials. To evaluate the capability of our assay in distinguishing heterogeneous 

DNA methylation, we synthetically designed a pool of samples by mixing 100% 

methylated Jurkat and 0% methylated WGA in different volume ratios to generate DNA 

samples containing differential proportion (%) of methylation (i.e, 0%, 5% 10%, 25%, 

50%, 75% and 100%). These samples were then directly adsorbed on the SPGE under 

optimised conditions and analysed via the colorimetric and electrochemical readout 

methods (Fig. 6.4). Fig. 6.4B shows that the colour intensity of the reaction mixture 

increased with increasing percentage of methylation level. Colour change in these 

samples is due to the interaction of the GO-Fe2O3-5mC with TMB/H2O2 substrate 

solution [36]. Since the HRP amount is interlinked with the percentage of captured 

methylated DNA, the higher the amount of captured methylated target (5mC), the more 

the colour intensity. Thus, fully methylated Jurkat samples exhibited an intense blue 

colour complex compared to the unmethylated WGA samples (almost transparent) (Fig. 

6.4B). We also noticed that the colour changes related to 0 % methylation (almost 

transparent) were clearly discernible from that of 10% methylated sample (light blue). 

Electrochemical data shows that the current density of 5% methylation can be clearly 

discriminated from the 0% sample. This demonstrates that the detection limit of our assay 

electrochemically is as low as 5% in methylation level.  

As shown in Fig. 6.4A, a similar trend of detection was observed in the UV-vis 

absorbance (Abs) measurements, which were fitted to a linear curve with the linear 

regression equation of Y (Abs@450nm) = 0.004 X (% of methylation) + 0.119 with a 

correction coefficient (R2) of 0.969. From this absorbance plot, Jurkat sample showed 

four times higher absorbance response at 450 nm compare to the WGA samples (abs. of 

0.53 vs 0.12), indicating the high competence of our assay. The Abs@450nm was also 
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increased with methylation level thereby confirming the analytical functionality of our 

colorimetric method in screening heterogeneous samples. To enable the electrochemical 

readouts, amperometric current density for the heterogeneous sample was measured. Fig. 

6.4C shows the current density differences in samples containing different percentages 

of methylation. The linear regression equation was constructed to be Y (current density) 

= 0.078 X (% of methylation) + 1.05 with a correction coefficient (R2) of 0.987 (Fig. 

6.4D). Similar to the colorimetric assay, the amperometric data can clearly distinguish as 

low as 5 % differences in DNA methylation level (signal to noise ratio is 1: 1.9 between 

5 % and 0 % methylated sample). It is clear that sensitivity level of our assay (i.e., 5% 

methylation in the 50 ng of input samples) is comparable or better than those obtained in 

several existing colorimetry and electrochemistry readout based methods [18, 32, 37].  

 

 

Figure 6.4 Plots for (A) absorbance (UV-vis) and (C) chronoamperometric current density

versus percentage of methylation. (B) and (D) are the corresponding photos and i-t curves 

(chronoamperometric response). Each data point in (A) and (C) represents the average of three 

independent experiments, and error bars represent the standard deviation of measurements (% 

RSD = <5%, n=3).  
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6.3.5 Detection of DNA methylation in cell line  

To demonstrate the applicability of our assay in complex biological samples, two ovarian 

cancer cell lines (SKOV 5 and OVCAR 3) and one non-cancerous cell line (MeT 5A) 

were tested (Fig. 6.5). A fully methylated (100% methylation) Jurkat and fully 

unmethylated (0% methylation) WGA DNA were used as internal controls. As expected, 

all the two cell lines showed relatively higher Abs compared to that of fully unmethylated 

WGA, and lower Abs compared to that of fully methylated Jurkat DNA (Fig. 6.5A). 

These variations suggest the different level of methylation present in cell lines. Our UV-

vis measurement is also in good accordance with the naked-eye evaluation, where all five 

samples had distinct colour differences (Fig. 6.5). Furthermore, the chronoamperometric 

analysis (Fig. 6.5B) shows that the current density changes derived from the cell lines are 

 

Figure 6.5 Analysis of ovarian cancer cell lines and normal cell line. (A) naked-eye 

observation and (C) corresponding semiquantitative measurement (colorimetric readout). (B) 

and (D) represent current density comparison between different cell lines obtained from the

amperometric responses.  
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easily detectable on that of control Jurkat and WGA samples. These findings suggest that 

the methylation level in normal cell line MeT 5A is much lower than that of the other two 

SKOV 5 and OVCAR 3 cell lines, which is in excellent agreement with our previously 

published work [18]. Importantly, methylation level observed by naked-eye, UV-vis and 

electrochemical readout show a similar trend for our designed assays. This data, therefore, 

demonstrates that our assay could be useful to detect genome-wide DNA methylation in 

a cell derived sample. 

 

6.4 Conclusions 

Herein, we reported a novel electrochemical assay for determination of global DNA 

methylation based on Fe2O3NPs nanoparticles supported on GO. It shows an excellent 

electrochemical performance for peroxidase mimetic activity and exhibits wide linear 

ranges, good selectivity, reproducibility and stability. The study also allowed us to 

determine the methylation behaviour through its colour change under visible light and 

UV vis spectra. The results prove that GO-Fe2O3 NPs could be considered as powerful 

alternative to the natural enzymes for the detection of global DNA methylation. 

Furthermore, our assay performance on different cell lines demonstrates its high potential 

towards its clinical application for early diagnosis and prognosis of cancer.  
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The development of an ultra-sensitive, robust and reproducible portable platform for 

bisulfite treatment (BT) and PCR amplification free DNA methylation analysis was the 

overall focus of this PhD study. In this thesis work, efforts have been taken to develop 

various electrochemical and colorimetric bio-assays with a blending of in-house 

synthesised novel mesoporous nanomaterials.  

Herein, chapter one covers the background of this PhD study and outlines the 

motivation, objectives, and goals for the research work presented in this thesis. An 

extensive and up-to-date literature review on the development of DNA methylation 

biosensing technologies, in particular electrochemical and optical detection approaches 

were discussed in Chapter 2. In Chapter 3, an amplification-free electrochemical 

approach for the detection of global DNA methylation is presented. However, in this 

assay BT step was used to develop a proof-of-concept specific method for DNA 

methylation level detection.  Chapter 4 reports on the intrinsic electrocatalytic activity of 

a new class of mesoporous iron oxide and use peroxidase feature for the development of 

highly specific DNA methylation biosensors without using BT and PCR amplification. 

Chapter 5 represents a sensitive electrochemical enzymatic redox cycling method to 

analyse BT free DNA methylation level in ovarian cancer cell lines. Chapter 6 reports 

another new class of magnetic material, graphene loaded ferric oxide (GO-Fe2O3) NPs in 

DNA methylation detection. These NPs enable us to develop a sensitive and specific 

DNA methylation analysis assay where naked-eye, colorimetric, and electrochemistry are 

combined in one platform.  

In brief, the thesis describes the design and development of a number of 

biosensing platform consisting of four novel readout assays for the simple, specific, rapid, 

and inexpensive analysis of DNA methylation. At first, we developed a DNA methylation 

detection assay for clinically relevant global DNA methylation using electrochemical and 

colorimetric biosensing strategy. In this method, BT was used to specify the DNA bases 

(methylated sites remain unchanged, whereas unmethylated cytosines converted to 

uracils). The use of 5-mC antibody makes this assay more specific toward the methylated 

group present in DNA sequences. Additionally, HRP was used as a signal tag and the 

peroxidase feature of HRP evaluated the methylation level in the target sample via simple 

colorimetric method (naked eye evaluation).  Further, we treated that coloured solution 

(after stopping the TMB oxidation reaction using 2.0 M HCl) and measured the 

methylation level using electrochemical amperometric (i-t) readout. Both colorimetry and 

electrochemical readouts showed good reproducibility (n=3, <5%) and we were able to 
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detect methylation levels as low as 5% in the synthetic samples. Using our assay, we also 

investigated seven oesophageal cancer samples along with four cancer cell lines. 

However, in this assay 5-mC antibody is specific to methylated group, thus use of BT for 

this assay was an unnecessary step. Taking this principle in our next working direction, 

we designed another assay where we avoided the BT. In that assay, we introduced a new 

class of mesoporous iron oxide (MIO) as a good candidate to replace the expensive HRP 

enzyme. Initially, peroxidase mimetic activity of MIO was investigated and used to detect 

glucose levels and was (able to detect levels as low as 1.0 µM). Then, we extended its 

application to design an assay for DNA methylation detection. In DNA methylation assay, 

genomic DNA were denatured in order to obtain ssDNA, followed by incubation on an 

unmodified SPGE surface. Then, MIO conjugated 5-mC antibody was incubated on the 

SPGE with DNA to initiate the immune attraction between 5-mC antibody and 

methylated sites of target DNA. After successful antibody-DNA interaction steps, 50 µL 

of TMB/H2O2 substrate solution was used to conduct the TMB reduction-oxidation 

reaction. The presence of MIO in the assay signifies the presence of methylation and, 

with the increment of methylation level, TMB colour changes (turning from transparent 

to a blue colour). Using MIO, we were able to successfully detect methylation levels as 

low as 10% from 50 ng of total input DNA. However, compared to HRP-based assay 

(with BT), this assay (without BT) was only able to detect a minimum 10% of DNA 

methylation level (vs 5% from HRP based assay). We were able to avoid the BT and PCR 

amplification in this assay, but the sensitivity was not the same as HRP based assay. To 

overcome the sensitivity issue, we introduced GOx to replace the MIO or HRP. In Chapter 

5, we demonstrated that enzymatic redox cycling in the presence of GOx enzyme 

improved the sensitivity of the assay and enabled us to detect 5% of DNA methylation 

level. In this assay, Ru(NH3)6
3+ was used as a redox mediator and glucose as an enzymatic 

substrate. In the presence of GOx, Ru3+ reduced to Ru2+ and glucose was oxidised to 

gluconic acid. During these processes, Ru2+ oxidised back to Ru3+ which completed the 

redox cycle. Repetition of this redox cycle at a particular time could increase the 

chronocoulometric charges that are observed in the electrochemical readout. This report 

signifies that the electrochemical approaches can be a good platform for a sensitive 

methylation assay design. Thus, we came up with another new class of magnetic material, 

graphene loaded ferric oxide (GO-Fe2O3) NPs for DNA methylation level detection. GO-

Fe2O3 NPs was conjugated with the 5-mC antibody. The presence of graphene in the NPs 

reduces the complicated conjugation steps and time (compare to MIO functionalisation). 

In this assay, we used portable potentiostat for electrochemical analysis, which is 
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anticipated to give the freedom towards miniaturisation of the assay for POC. By using 

both electrochemistry and colorimetry (naked-eye), the assay leads to new investigation 

for DNA methylation level in the synthetic sample as well as ovarian cancer cell line 

samples.  

Our developed electrochemical and colorimetric platforms paved a road-map to 

accomplish a systematic approach for global DNA methylation detection. The 

combination of naked eye evaluation and electrochemical readouts presented in this thesis 

further provides a promising solution for screening of disease followed by the detailed 

investigation of the DNA methylation level in resource-poor settings. However, research 

needs to be continued. Some of the future directions that could potentially improve 

versatility of the DNA methylation detection platforms are briefly summarised. Despite 

numerous investigations and progress in this field, there remain many unmet biological 

and technical challenges which need to be considered. In our assays, potential non-

specific interferences were minimised using innovative transduction schemes. However, 

the scope for improving the specificity considering several other innovative strategies is 

still “wide open”. In this thesis work, we mainly focused on the development of genome-

wide DNA methylation detection via electrochemistry and colorimetry. In regard to the 

region-specific DNA methylation, the requirements of PCR amplification (to improve the 

target region number) and/or specific probe design may create a great obstacle for the 

development of a BT free DNA methylation-based sensor. PCR amplification erased the 

methylation marks that also hinders the use of antibody for the development of PCR based 

BT free methylation detection assay. Further research is needed to introduce reasonable 

ways of avoiding the PCR amplification or keep the methylation profile unchanged during 

the amplification.  To translate the proof-of-our concept in bioassays preparation for 

clinical applications, each of the assays need to be applied in a large cohort of patient 

samples within controlled trials. As cancer is a multifaceted complex disease and no 

single biomarker can provide a detailed information, there is the need for combined 

analysis of sensitive biomarkers. Therefore, the development of a multiplexed device 

platform that could simultaneously analyse biomarkers including methylated DNA, with 

high sensitivity, specificity, and reproducibility is desirable. With the recent tremendous 

advances in the fabrication technologies for microelectromechanical and microfluidic 

systems, we anticipate that in the near future, our proof-of-concept assay for DNA 

methylation platform will be able to translate the integrated device for real-time sample 

analysis in clinics. 




