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ABSTRACT 

DNA damage plays a pivotal role in the pathogenesis of Alzheimer’s disease (AD) therefore, 

an innovative ss-DNA/dopamine/TiO2/FTO electrode strategy was developed to detect the 

genotoxicity upon photocatalytic reactions. This study involves a computational and 

electrochemical investigation towards the direct measurement of DNA damage. 

Computational chemistry was useful to resolve the intricate chemistry problems behind 

electrode constructions. The computational protocols were simultaneously carried out 

comprising of density functional theory (DFT) calculations, Metropolis Monte Carlo (MC) 

adsorption studies, and molecular dynamics (MD) simulations. The DFT calculations 

elucidated the structural, electronics, and vibrational properties of the electrode components 

resulting in a good agreement with the experimental parameters. The MC simulations carried 

out using simulated annealing predicted the adsorption process within layer-by-layer 

electrode as well generating reliable inputs prior to MD simulations. A 100 ns MD 

simulations were performed using a canonical ensemble provided information on the 

thermodynamics parameters such as total energy, temperature, and potential energy profiles, 

including radius of gyrations and atomic density profiles. Binding energies calculated from 

the MD trajectories revealed increasing interaction energies for the layer-by-layer electrode, 

in agreement with the electrochemical characterization studies (i.e. gradual decrease of cyclic 

voltammogram (CV) as well as increasing diameter of electrochemical impedance 

spectroscopy (EIS) semicircle upon electrode modification). The higher binding energies 

may lead to smaller changes in the electrochemical polarizability which directly affect to the 

decreasing of redox peak current and charge transfer resistance enhancement. Instead, 

HOMO-LUMO DFT levels are also taken into account to explain electron transfer 
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phenomena within layer construction leading to the alteration of CV behaviours. 

Experimentally, the ss-DNA was electronically linked to TiO2/FTO surface through 

dopamine as a molecular anchor. Electrochemical measurements using cyclic voltammetry 

and EIS were employed to characterize the electrode modifications. The square wave 

voltammetry was subsequently used to measure the DNA damage and the potency of 

antioxidant treatment using ascorbic acid (AA) due to its ability in protecting the DNA from 

the damages. The presence of AA significantly protected the DNA from the damage, 

therefore was able to be used as a potential treatment in AD. Theoretically, guanine residues 

predicted by DFT as the most reactive sites of the ss-DNA involved in the genotoxic 

reactions. Overall, the theoretical studies successfully validated the experimental study as 

well as providing the molecular basis of interaction phenomena towards electrode 

constructions. Our results highlight the potential application of this methodology to screen 

the genotoxicity in Alzheimer’s, suggesting the important role of theoretical studies to predict 

the molecular interaction and validation of the DNA-based sensors and bioelectronics. 
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CHAPTER 1 

INTRODUCTION 

This chapter provides details about Alzheimer’s disease (AD), an incurable 

neurodegenerative disorder which can slowly cause brain problems resulting in a decrease of 

memory, thinking, and behaviour. The causes of AD and the current progress of the therapies 

and diagnosis are included in this section. This chapter also provides an overview of DNA 

damage by reactive oxygen species (ROS) in AD to better understand the underlying 

molecular process of DNA damage induced by free radicals. Previous reports of diagnostic 

approaches toward Alzheimer’s dementia, present focus of the research community, and the 

state-of-the-arts have been discussed briefly. Furthermore, the synergies between 

computational chemistry tools in relation to DNA sensor systems developed for the early 

detection of AD are presented in this section. This is followed by the aims and objectives and 

a brief outline of the thesis. 

 

1.1 Alzheimer’s Disease 

Alzheimer’s disease corresponds to an extremely harmful and incurable neurodegenerative 

disorder which can slowly cause brain problems, resulting in a  decrease of memory, thinking 

and behaviour (de la Torre, 2010). AD is not a normal part of ageing (Alzheimer's 

Association, 2015) and belongs to dementia. As the most probable evidence of dementia, AD 

has spread out extensively all over the world. According to Alzheimer’s Disease 

International, the people who suffered from dementia worldwide in 2016 was reported at 47 

million, predicted to gain 74.7 million in 2030, and 131.5 million in 2050 (Azheimer's 
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Disease International, 2016). Among these reports, 60 - 70% of the evidence contributes to 

Alzheimer’s (Duthey, 2013). 

 

During the last decade, studies on Alzheimer’s neuropathology have suggested its intimate 

association with oxidative stress (Santos et al., 2012) since oxidative impairment of 

oligonucleotide (i.e. DNA) plays a vital role in ageing and neurodegenerative diseases. 

Studies for the essential role of oxidative stress have been specified from examining damages 

to various biomolecular components of the brain by oxygen-derived free radicals (Gabbita et 

al., 1998). The outbreak on DNA by ROS, predominantly -OH radicals yielding DNA 

damage, can lead to DNA and protein related damages, sister chromatid translocation and 

exchange, as well as in the production of more than 20 (twenty) oxidized-based adducts 

(Markesbery and Lovell, 2006). Gella and Durany have reported that corroboration of 

Alzheimer’s oxidative stress are demonstrated through the abundance of oxidized proteins, 

advanced glycation and lipid peroxidation end products, establishment of several toxic 

species, and oxidative alterations in mitochondrial and nuclear DNA (Gella and Durany, 

2009).  

 

Tremendous scientific data have supported the oxidative stress associated with dementia, 

mainly via molecular, biochemical, and genetic studies (Coyle and Puttfarcken, 1993, 

Christen, 2000). Studies have shown the increment of specific biomarker levels of oxidative 

damage, mitochondrial disruption, gene mutation, modification of the specific antioxidant 

systems, and numerous linkages within amyloid plaques and oxidative stress (Gella and 

Durany, 2009, Pohanka, 2014a). Nevertheless, previous studies have not successfully 

demonstrated an explicit advantage of antioxidant intervention in dementia (Polidori and 
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Schulz, 2014), particularly for Alzheimer’s (Galasko et al., 2012, Persson et al., 2014), 

regardless of its clinical approaches. Therefore, there is a need for further research towards 

discovering the role of antioxidant therapy in Alzheimer’s and the detection of DNA damage 

(rather ‘diagnosis’) over its early pathogenesis in order to the effectively obviate the disease. 

 

In the past 20 years, sensor technology has been widely driven in the field of diagnostic area 

of many diseases including AD. Several reports on Alzheimer’s biosensor have been revealed 

which were enable to reach optimum level of detection performance comprising of different 

transducer’s type i.e. electrochemical-, plasmonic-, immuno-, fluorescent-, optical sensors 

etc. Among many, electrochemical biosensor seems to be frequent technique due to the 

capability of achieving extreme detection limit down to picomolar (Lin et al., 2011, Pohanka 

et al., 2013, Rushworth et al., 2014, Liu et al., 2014, Liu et al., 2015, Kurzątkowska et al., 

2016) and even femtomolar concentrations (Diba et al., 2017). Indeed, specific biomarkers 

have been incorporated towards state-of-the-art of Alzheimer’s electrochemical biosensor 

including amyloid-β (Aβ), acetylcholinesterase enzyme, S100B protein, ApoE, brain 

glutamate, DNA, dopamine, brain metals, nicotine, tau protein, and Aβ precursor protein 

cleaving enzyme. Several of them have been remarkably used for routine analysis, therefore 

open a closer pave way to POC diagnostics of Alzheimer’s. However, the recent findings still 

remain critical issues to be resolved, mainly about the capability of the device to detect 

biomarkers in very early stage of the Alzheimer’s as the key of preventing and curing the 

disease. To do so, the DNA-based biosensor have been developed herein, towards the 

detection of DNA breakdown occurred in early stage of Alzheimer’s followed by a better 

understanding of underlying molecular processes, characterization, and validation of the 

method using computational chemistry tools. 
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Complementarily, computational modeling is currently emerged to validate the experimental 

findings, especially in biosensor, through simulation of the systems ranging from small 

molecules to macromolecules, including metal-based nanoclusters and nucleotide-based 

structures. The use of high performance computing in conjunction with complex and well-

organized numerical algorithms renders computational modeling to be an effective way to 

resolve intricate problems of chemical and biological natures (Ramachandran et al., 2008). 

In general, this technique can provide useful information such as structural, electronic, and 

vibrational properties of atoms, molecules, or nanoclusters thereby enabling the validation of  

experimental results (Young, 2001). As a part of quantum mechanical (QM) method, density 

functional theory (DFT) is the most commonly used technique in computational studies. DFT 

calculations can be used to study the influence of particle’s size on the structure and 

properties of nanomaterials. DFT is also an attractive tool to predict electronic structure, such 

as conductivity, and other related properties of transition metal complexes (Harvey, 2006) 

including  macromolecule-like DNA duplexes (Tsukamoto et al., 2009).  

 

On the other hand, molecular mechanics (MM) is also a well-known technique to simulate 

the behaviour of large macromolecular systems. Theoretically, MM approach refers to the 

use of modest potential-energy functions to predict a molecular system (Adcock and 

McCammon, 2006). Among various techniques of MM, Metropolis Monte Carlo (MC) 

adsorption study and molecular dynamics (MD) simulations are two profitable techniques 

used to mimic the experimental circumstances and therefore, can accurately predict the 

interactions within molecules on the designed system. MC is a specific type of MM 

simulation on the basis of repetitive random sampling followed by statistical analysis in order 

to calculate the computed descriptors. This particular method can reproduce an accurate 
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result related to arbitrary experiment which is previously unknown (Raychaudhuri, 2008). 

Furthermore, MD is a key tool in biomolecular and material chemistry simulations which 

enables the prediction of the time evolution for a system of interacting particles i.e. atoms, 

solids, molecules etc. (Allen, 2004). 

 

Herein, we have successfully constructed a novel sensing method based on layer-by-layer 

system for ultradetection of Alzheimer’s DNA damage using the innovative electrode 

composing of fluorine-doped tin oxide (FTO), TiO2, dopamine (DA), and single-stranded 

DNA (i.e. ss-DNA/DA/TiO2/FTO). Dopamine is well-known as an anchor molecule in a triad 

system of macromolecules (i.e. oligonucleotide or protein) and TiO2 nanoclusters. Moreover, 

FTO and TiO2 have been widely employed in several applications such as gas sensor, solar 

energy, etc., due to their excellent photocatalytic features (Hartnagel et al., 1995, Fujishima 

et al., 2000, Pelaez et al., 2012). In this study, the constructed electrochemical electrodes 

were fashioned to detect the DNA breakdown under visible light penetration. In order to 

obtain better understanding of the sensing phenomena and molecular interactions within 

layer-by-layer component of the constructed electrode, a series of computational calculations 

have been performed. The DFT calculations followed by MC and MD simulations have been 

conducted to provide the sophisticated grasp of molecular interaction either in atomic or 

molecular level of the layer-by-layer mechanism. Overall, the computational studies have 

been successfully reproduced effective evaluation and validation to the constructed 

ultrasensitive detection method relied on a novel electrochemical sensors strategy in DNA 

damage experiments. The overall workflow of the current computational research is depicted 

in Figure 1.1, while the scheme of electrode modification and electrochemical measurements 

are represented in Figure 1.2. 
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1.2 Aims and Objectives 

This study is aimed at developing a new ultrasensitive detection of ROS-mediated DNA 

oxidation damage applied to screen the genotoxicity of new bio-conjugations and to monitor 

the oxidative damages in AD using ascorbic acid as antioxidant. 

The objectives of this thesis are to:  

• Fabricate a biosensor for DNA damage detection in Alzheimer’s. 

• Perform characterization studies of the developed biosensor. 

• Predict the adsorption process. 

• Perform validation studies using DFT calculations. 

• Perform MD studies to predict nanomaterials or molecules behaviour under 

certain circumstances i.e. temperature etc. 

 

This study involved computational and experimental works towards the development of 

sensor approach in detecting the DNA damage in AD. Since this project formed part of a 

collaboration between Sweden and South Africa (SA), all computational studies were 

undertaken at Durban University of Technology, while the experimental work involving 

electrode construction, characterization, and electrochemical studies were done at Linköping 

University, Sweden (Imani et al., 2014). 

 

1.3 Thesis Outline 

This thesis is divided into seven chapters. Following the introduction, further chapters in this 

thesis are divided as follows: 
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Chapter 2-Literature Review 

The chapter describes the literature survey of the study including an insightful understanding 

of AD and its evidence. Additionally, the state-of-the-art electrochemical biosensor 

applications in the detection of Alzheimer’s biomarkers are presented including the use of 

recent nanomaterials in Alzheimer’s biosensor.  

Chapter 3-Theoretical Principles 

This chapter deals with the theoretical principles underlying the computational study. More 

specifically, it focuses on the equations and rigorous foundation of theoretical studies in 

relation to sensing applications of AD.  

Chapter 4-Materials and Methods 

A description of the materials and methods used in the design of computational and 

experimental works is presented in this chapter. For the computational work, the three 

foremost studies were employed i.e. DFT, MC adsorption studies, and MD simulations. 

Whilst, the four-folds of observations were involved in the experimental study including 

fabrication of modified electrode, characterization studies, measurement of DNA damage, 

and examination of ascorbic acid on DNA protection ability. 

Chapter 5-Results and Discussion 

A discussion of the results obtained from the computational and experimental methods is 

presented here. Moreover, the synergies between computational and experimental studies is 

also discussed. 
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Chapter 6-Concluding Remarks and Future Perspectives 

A summary of the overall conclusions is presented in this chapter. This also deals with future 

perspectives.  

Chapter 7-References 

Finally, the last chapter comprises of a list of references cited throughout this thesis. 
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Figure 1.1 Computational workflow of the present study. 

*All simulation studies were carried out using Material Studio 2016 software 

*TS: time step 
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Figure 1.2 Scheme for electrode modification and electrochemical measurement. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter highlights an overview of Alzheimer’s disease (AD) comprising of the historical 

aspects, general understanding, its correlation with dementia, the global evidence, 

pathogenesis, and current biomarkers. A review of recent diagnostic methods including 

electrochemical biosensor applications particularly aimed at the use of primary (amyloid-β 

(Aβ) acetylcholinesterase (AChE), and Aβ precursor protein cleaving enzyme (BACE1)) and 

secondary (S100B, apolipoprotein E (ApoE) gene, brain glutamate, DNA, dopamine, brain 

metals, nicotine, and tau proteins) biomarkers is also presented. Recent developments using 

nanomaterials in diagnostics of AD either through in vitro or in vivo applications are also 

highlighted in this section. Additionally, current trends in utilizing nanomaterials to construct 

biosensors for Alzheimer’s including carbon nanostructures (e.g. carbon nanotube, graphene, 

graphene oxide etc.), inorganic nanomaterials (e.g. gold nanoparticles), and quantum dots are 

included. The focus of this review is aimed at novel applications of nanomaterials such as 

fluorine doped tin oxide (FTO) and TiO2 in the applications of biosensor architecture in the 

early detection of AD.  

 

2.1 Historical Aspects 

Alzheimer’s disease was firstly introduced by Dr. Aloysius Alzheimer, a German psychiatrist 

and neuropathologist in 1906 at a conference in Tübingen, Germany (Alzheimer et al., 1995, 

Korolev, 2014). In his remarkable lecture, Alzheimer presented a 51-year-old woman patient 

who suffered from a disruptive cognitive damage, hallucinations, and lack of psychosocial 

ability. He, in his laboratory observation, found arteriosclerotic alterations and 
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neurofibrillary tangles at patient’s necropsy. In respect to his noteworthy observation, the 

eponym of ‘Alzheimer’ was used to term this impairment known as dementia today 

(Kraepelin, 1910, Maurer et al., 1997). 

 

2.2 Alzheimer’s Disease 

The distinctive clinical manifestation of Alzheimer’s is deficit of cognitive and memory 

functions, eventually leading to the loss of the patient’s independence and therefore, 

triggering a serious personal problem of Alzheimer’s sufferer as well as their family/care 

giver. In the United States (USA), the costs of AD in 2010 amounted to over $172 billion 

and is estimated to reach a trillion dollars by 2050, unless developments on the diagnosis and 

treatment are augmented (Bateman et al., 2012). 

 

In this particular disorder, neuronal impairment ultimately attacks the brain’s part, which is 

responsible for basic physical functions such as swallowing and walking. The cronical stage 

of Alzheimer’s can lead to the patients being bed-bound and therefore, require a full time 

care giver (Alzheimer's Association, 2015). Currently, early detection of Alzheimer’s has 

been defined as the key step to preventing, reducing, and probably discontinuing this 

neurodegerative disorder. Therefore, tremendous efforts have been conducted in order to 

overcome early stage detection obstacles of Alzheimer’s during the last decade (Albert et al., 

2011, Sperling et al., 2011, Jack et al., 2011, McKhann et al., 2011). 

 

2.3 Dementia and Its Correlation with Alzheimer’s 

Dementia is a collection of co-occurring symptoms and signs which includes progressive 

decline of cognitive functions. Several intellectual abilities can be damaged including 
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language ability, memory and perceptive function, visuospatial function, decision 

construction, orientation, and attention. In individuals with dementia, impairment on the 

cognitive functions are attended by emotional control, personality alteration, and social 

manners. Importantly, the intellectual and behavioral changes of dementia impacts on  the 

social activity, workload, and the lack of abilities to accomplish daily activities such as  

cooking, eating, managing finance, housekeeping, shopping, driving etc. (Gilman and Manji, 

2010). 

 

There are several roots of dementia which are distinguished as reversible and irreversible 

causes (Gilman and Manji, 2010, Larson, 2015). The reversible dementias (also referred to 

as ‘pseudo-dementias’) are relatively rare but potentially treatable and secondary including 

depression, nutritional deficiencies (e.g. vitamin B12), metabolic and endocrine disorders 

(e.g. hypothyroidism), space occupying lesions (e.g. brain tumor), normal pressure 

hydrocephalus, or substance abuse. Certain classes of medications also potentially cause 

cognitive impairment in elderly patients such as anti-cholinergic, psychotropic, analgesics, 

sedative-hypnotics. On the other hand, irreversible (primary) dementia encompasses 

neurodegenerative and/or vascular processes in the brain. Alzheimer’s is the leading cause 

of irreversible dementia, counting up to 70% of all cases in the USA (Plassman et al., 2007). 

Other types of primary dementia include vascular dementia (10-20%), Parkinson’s disease 

related to dementia, frontotemporal dementia, and Lewy body dementia (Korolev, 2014). 

 

2.4 Global Evidence of Alzheimer’s Disease 

The increase in Alzheimer’s worlwide has noted the increasing number (rather ‘population’) 

of elderly people, ageing baby boomers, and lengthier life expectancies (Alzheimer's 
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Association, 2015). Further, ageing is deliberated as a major jeopardy leading to Alzheimer’s. 

The underlying mechanisms of the ageing process in AD progression are not fully understood 

(Mao and Reddy, 2011). In fact, there are other factors influencing the evidence of AD i.e. 

economic issue (poverty), genetic (DNA), education, and gender type (Alzheimer's Australia, 

2003, Alzheimer’s Disease Education and Referral Center, 2015, Alzheimer's Association, 

2015). 

 

As the most probable number of dementia, AD has spread out across various countries world 

wide. The statistical figure of Alzheimer’s prevalence was well-reported in which majority 

affected the developing; low- and middle-income countries (Figure 2.1) (Alzheimer's 

Disease International, 2015). In the USA, prevalence was estimated at over 5.4 million in 

2015, and as many as 13.8 million (an increase of almost 3-fold) are projected to have 

Alzheimer’s in 2050, excluding the development of curative breakthroughs either prevention 

or curing the disease (Alzheimer’s Association, 2016). 

 

Figure 2.1 Progress of individuals with dementia (in million) comprising high-, low-, and middle-

income countries (Alzheimer's Disease International, 2015). 
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Projected prevalence for people aged 60 years and above can be directly evaluated within 21 

Global Burden of Disease regions, between 2009 and 2015 estimation (Figure 2.2). The 

uppermost areas with high incidences of dementia were found in North Africa or Middle East 

and Latin America with total prevalences of 8.7% and 8.4%, respectively, while the 

lowermost prevalence was in Central Europe with 4.7% total prevalence. Other regions 

showed a moderately similar in prevalence ranging from 5.6% to 7.6% (Alzheimer's Disease 

International, 2015). The prevalence for East Asian and sub-Saharan African regions 

increased from the range of 4.98% to 6.99% and 2.07% to 4.00%, to 4.76%, respectively. 

The recent data, as the availability of more updated information, showed a decrease in 

variation among world regions (World Health Organization, 2015). However, the prevalence 

was also augmented by the increment of age, growing from 3% for 65-74 years, to nearly 

50% for those 85 or over (Evans, 1990, Small et al., 1998).  

 

Figure 2.2 The demography of people suffering from dementia among those aged 60 and over. The 

data was provided by Global Burden of Disease region through standardization with Western Europe 

population (Alzheimer's Disease International, 2015). 
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2.5 Alzheimer’s Pathogenesis via Oxidative Stress 

To-date, the origin of Alzheimer’s is clearly undefined (Williams, 2013). Therefore, the 

remedy to effectively block the initiation and progression is ongoing (de la Torre, 2010). 

Among several hypotheses, oxidative stress is one of the foremost basis due to its 

involvement in numerous psychiatric and somatic pathological states (Padurariu et al., 2013). 

Oxidative stress is described by a disproportion in reactive oxygen species (ROS) radical 

production and anti oxidative defence. Both incidences are considered to play vital roles in 

regulation of cognitive impairment and neurodegeration (Barnham et al., 2004, Sayre et al., 

2008). The damage on memory functions associated with a reduction of antioxidant’s defence 

ability in the plasma and brain (Perrig et al., 1997, Berr, 2000). Gluthatione (GSH) has a vital 

role herein, (Thornalley, 1998) due to electron donation to ROS and therefore, scavenge the 

free radicals. According to in vivo studies, the concentration of intracellular GSH reduces 

along with the age increment (Sandhu and Kaur, 2002, Wang et al., 2003, Donahue et al., 

2006, Zhu et al., 2006). The reduction of GSH leads to overproduction of ROS over 

antioxidant ability, producing an oxidative stress. Another cause of this oxidative stress is in 

the discrepancy of the radical detoxifying enzymes in Alzheimer’s (Gsell et al., 1995). 

 

DNA damage, involving altered abasic sites, bases, and single- and double-stranded 

nucleotide disruptions, has been observed as neurotoxic factors in either ageing or 

pathogenesis of Alzheimer’s (McKinnon, 2013, Madabhushi et al., 2014). DNA bases are 

susceptible to the oxidative damage including protein carbonylation, hydroxilation, and 

nitration (Collins et al., 1996, Gabbita et al., 1998, Lovell and Markesbery, 2007). ROS 

stimulates Ca-influx, via glutamate receptors and activates an excitotoxic response 

facilitating cell apoptosis (Mattson and Chan, 2003). ROS are produced upon the reactions 
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within oxygen and unregulated redox-active metals (White et al., 2006). 

 

Oxidation of DNA and RNA is manifested by increment of 8-hydroxyguanosine and 8-

hydroxy-2-deoxyguanosine levels (Nunomura et al., 1999, Lovell et al., 1999, Nunomura et 

al., 2001). Furthermore, these markers have been localized in both of neurofibrillary tangles 

(NFTs) and Aβ plaques (Mecocci et al., 1994). Interestingly, the increment on level of DNA 

strand breaks caused by oxidative damage has been discovered in Alzheimer’s. This 

phenomenon is consistent with the increased levels of free carbonyls in the glia and neurons. 

Instead, the production of antioxidant enzyme, heme oxygenase-1, is also increased and is 

firmly associated with NFTs (Gella and Durany, 2009). In addition, DNA damage markers 

could be useful to distinguish people with Alzheimer’s and other types of dementia as well 

as to discriminate Alzheimer’s patient with healthy individuals (Malpass, 2012). DNA 

damage, apart from Alzheimer’s biomarker, is a leading detection factor (rather ‘sensing’) of 

Alzheimer’s in extremely early stages which can be interogated for further therapy. The 

description with regards to general biomarkers and the state-of-the-art of biomarker-based 

biosensor systems are highlighted in the subsequent sections. 

 

2.6 Alzheimer’s Biomarkers 

Currently, observation on Alzheimer’s biomarkers has been critical towards a successful 

diagnostic and therapeutic interventions, as well as exhibiting a pivotal role in preventive 

strategies. A clear understanding of the biomarker may provide a ‘guarantee’ to define 

Alzheimer’s diagnosis and prognosis. Despite the recent clinical research failure to give a 

clear explanation for the exact biomarkers which are responsible for Alzheimer’s (because 

of the variation of cohort while it was applied for clinical studies etc.) (O'Bryant et al., 2015), 
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it still plays a pivotal role in its early stage diagnosis. Since the last decade, the discovery on 

reliable biomarkers for the diagnosis and prognosis purposes has grown rapidly. Most of 

them are related to cerebrospinal fluid (CSF) and neuroimaging (Thal et al., 2006). In terms 

of Alzheimer’s biomarker, there are two major classifications accepted by researchers and 

clinicians based on sample collection; blood-based biomarker (BbB) and neuroimaging 

(O'Bryant et al., 2015). In another report, the biomarker was divided into three groups viz., 

molecular neuroimaging, structural magnetic resonance imaging (MRI), and CSF (Dubois et 

al., 2007) which basically belongs to proteins, enzymes, metabolites, etc.  In addition, BbB 

is also classified as biomarker due to several reported works (Ray et al., 2007, O'Bryant et 

al., 2015). According to the Alzheimer’s theranostics, the two main biomarkers might be 

classified which are primary and secondary (downstream) biomarkers (Blennow et al., 2014). 

Primary biomarkers can be used to define specific biochemical change upon the drug 

treatment e.g. Aβ, AChE, and BACE1, while the secondary type refers to biomarkers used 

to determine the downstream effect of the primary target of the drug e.g. S100B, ApoE gene, 

brain glutamate, DNA, dopamine, brain metals, nicotine, and tau proteins. The scheme of 

recent biochemical markers used in Alzheimer’s detection is depicted in Figure 2.3, while 

the details including the advantages and limitations of each biomarker are presented in Table  

2.1 below. 
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Figure 2.3 Biomarkers for the detection of Alzheimer’s. 

 

Recently, most of the research in biomarkers has relied on either fluid-based or brain imaging 

biomarkers. Brain imaging biomarkers give a reliable result for diagnosing AD, but it is very 

expensive and needs special handling for the laboratory analysis. The antemortem detections 

of Alzheimer’s and mild cognitive impairment were mostly unsuccessful. Therefore, the need 

for more sensitive chemical or biochemical markers increases which are capable of diffusing 

amyloid plaque or tightly binding oligomers (Anoop et al., 2010). In blood-based research, 

samples are collected very easily (compare with brain imaging and CSF). O’Bryant and co-

workers stated that BbB potentially became the first step in a multistep process of AD 

diagnostic (O'Bryant et al., 2015). It might be followed by CSF and brain imaging as the 

further steps. However, findings on biomarkers still has limitations for the clear correlation 

with Alzheimer’s.  

 

Cerebrospinal fluid (CSF) has been observed to be a first-choice biomarkers source due to 

numerous causes. CSF is closely associated with the brain, and thus, the biochemical 

alterations in the brain influences directly the markers composition in CSF. Instead, many 

brain-related proteins are accumulated in CSF, and any alteration in these proteins indicates 
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the disease progression. The sensitivity of CSF markers caused by brain composition changes 

is also important to define the preclinical stages of Alzheimer’s. Sampling methods via., 

lumbar puncture is the foremost issue due to its invasiveness leading to patient’s 

inacceptability. Another concern is in the data inconsistency during sample analysis (Table 

2.1) (Anoop et al., 2010). However, CSF still remains as the most reliable fluid-based sample, 

specifically for diagnosis in symptomatic and preclinical stages of AD (Anoop et al., 2010).  

 

Figure 2.4 The illustrative depiction of Alzheimer’s biomarkers accumulated in neuron (capillary 

and astrocyte). The t-tau is a biomarker for axonal and neuronal collapse, Aβ (42) level is an 

indication of plaque disposition, and p-tau is a biomarker for the formation of NFT and tau proteins 

hyperphosphorilation (Blennow and Hampel, 2003). 

 

As a part of CSF substances, Aβ (42) implements better indications in 5-10 years prior to 

Alzheimer’s, while total tau protein (t-tau) and hyperphosphorilated tau (p-tau) show better 

predictability in 0-5 years before disease conversion (Buchhave et al., 2012). CSF t-tau 

indicates the level of neuroaxonal collapse (Blennow et al., 2010) and are not specific to 

Alzheimer’s. High levels of t-tau will be discovered in all types of neurodegeneration-based 

central nervous system syndrome, mainly in Creutzfeld-Jakob disease (Otto et al., 1997) and 
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acute stroke (Hesse et al., 2000). Whilst, p-tau is associated with NFT pathology (Blennow 

et al., 2010). Taken together, the depiction of Aβ, t-tau, and p-tau along with each function 

was shown in Figure 2.4. However, Aβ (42) is considered as the ideal marker for the further 

research towards successfully diagnose of the early stage of Alzheimer’s and due to its major 

contribution to the pathogenesis (described in further details). 

Table 2.1 Resume of biomarkers in the early stage diagnosis of Alzheimer’sa. 

Type Biomarkers Advantage Limitations Reference 

CSF Aβ, t-tau, p-tau Correlate with AD 

directly 

Invasive, sample has 

to be collected from 

lumbar puncture 

(Maddalena et al., 

2003, Blennow 

and Hampel, 

2003, Dubois et 

al., 2007, 

Blennow et al., 

2010) 

High sensitivity, 

specificity, and accuracy 

Irreproducible 

diagnosis due to 

sample storage and 

transportation Available to detect AD 

progression 

Brain 

imaging 

CT, PET, PIB-PET, 

MRI, PET with 

FDG, FDDNP 

Non-invasive Expensive (Killiany et al., 

2000, Silverman 

et al., 2002, 

Shoghi-Jadid et 

al., 2002, Mathis 

et al., 2003, 

Moulin et al., 

2007) 

Provides structural and 

functional details of 

brain immediately 

The specificity and 

sensitivity to AD is 

not satisfactory 

High accuracy 

Available to reveal AD 

progression 

Blood 

(plasma 

and 

serum) 

α-2 macroglobulin, 

complement factor 

H, Aβ 

Non-invasive Less correlation to 

AD 

(Kuo et al., 2000, 

Fukumoto et al., 

2003, Hye et al., 

2006, Schneider 

et al., 2009) 

Samples are easily 

accessible 

Less sensitive and 

specific for AD  

diagnosis (due to 

epitope masking) 

Can serve as the first step 

in a multistep diagnostic 

process 

Unsuccessfully 

towards describing 

the responsible 

biomarker 

a Adapted from Anoop et al. (2010) with minor modifications including some update reports. 
b Abbreviations: CT; computerized tomography, PET; positron emission tomography, PIB-PET; (N-methyl-

[11C] 2-(4L′-methylaminophenyl)-6-hydroxybenzothiazole)-positron emission tomography; MRI; magnetic 

resonance imaging, FDG; fluorodeoxyglucose, FDDNP; (2-(1-[6-[(2-[18F] fluoroethyl](methyl)amino]-2-

naphthyl]ethylidene)malononitrile). 
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2.6.1 Amyloid-β 

Alzheimer’s is mainly characterized by accumulations of extracellular amyloid plaque and 

thus, it is well-known as the major disease-modifying target in the diagnosis and treatment 

(Hardy and Selkoe, 2002). Aβ is cleaved from the large amyloid-precursor protein by β-

secretase, aka β-amyloid precursor protein cleaving enzyme (BACE) and a process through 

amyloidogenic pathways generates 42-amino acid peptide/Aβ(42) which is able to be 

aggregated under certain circumstances. The pathophysiology of Aβ plaques formation is 

mostly induced by an excess of β-secretase enzyme released within brain cells extracellular 

(Humpel, 2011). Further, mutations occurred in specific genes (APP, PSEN1, and PSEN2) 

have been pinpointed as the responsible factor for Aβ alterations leading to Alzheimer’s 

(Lopera et al., 1997). Indeed, the knowledge on the basis of DNA sequences which are 

responsible for the Aβ peptide formation is valuable to determine the early stage of initiation 

and therefore, can be utilized as DNA biomarkers in the detection system. 

 

2.6.2 ss-DNA encoding Aβ peptide 

Investigations on amino acid sequences responsible for cerebrovascular amyloid protein 

formation are well-documented by Glenner and Wong (1984) and Robakis and co-workers 

(1987) (Glenner and Wong, 1984, Robakis et al., 1987). Glenner and Wong have isolated a 

purified protein derived from the twisted β-pleated sheet fibrils in cerebrovascular 

amyloidosis using column chromatography and a high-performance liquid chromatography. 

The resulting sequence of amino acid is represented as follows: 
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NH2---Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Gln-Val-His-His-Gln-Lys-Leu-Val-

Phe-Phe-Ala-Glu-Asp-Val---COOH 

Further, Robakis and co-workers employed the oligonucleotide encoding abovementioned 

amino acid sequence to synthesize oligonucleotide probes specific for the gene encoding 

amyloid peptide. The corresponding sequences had 72-mers of nucleobases and is shown as 

in details below, 

5’- GAT GCT GAG TTC C(A)GC(G) CAT GAC A(T)G(C)T GGC TAT CAG GTG CAC 

CAT CAG AAG CTG GTG TTC TTC GCT GAG GAT GTG - 3’ 

This finding is useful to determine the initial stage of Aβ development as well as to be utilized 

as molecular analyte of biosensor system targeting Alzheimer’s. Therefore, in this present 

study, the nucleobase sequences are tailored as an important component in electrode 

materials, a pivotal part of this study of the DNA damage associated with Alzheimer’s. The 

computational study was also employed to this particular sequences to better understand the 

electronic nature of the ss-DNA as well as its interaction with other nanomaterials assembled 

in the fabricated electrode. 

 

2.7 Biosensor Applications in Alzheimer’s 

A biosensor is well-defined as a bioanalytical sensing device which is utilized for detecting 

or quantifying biological analyte/target recognized by (bio)molecular recognition entity 

integrated within a physicochemical transducer (Figure 2.5). Today, biosensor has been 

tailored as a high throughput disease diagnostic device in order to meet the point-of-care 

(POC) diagnostic criteria. Biosensors can be classified as POC diagnostic tool  for  analyzing 
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clinical samples in the patient’s home (bedside monitoring) or at the doctor's surgery as well 

as in providing portable devices (i.e. integrated with mobile phone applications etc.) with 

excellent sensor performances. Further, POC technologies provide platforms for complex 

testing by non-specialists with an advantage of improved reliability and robustness (Soper et 

al., 2006).  

 

In order to develop sophisticated biosensor devices, specific markers/biomarkers require to 

be identified as the sensing target to ensure their sensitivity and specificity. Biosensors offer 

advanced platforms for the analysis of biomarkers with the benefits of being easy to use, low-

cost, rapid, and robust as well as providing multi-analyte testing ability (Tothill, 2009). 

 

Figure 2.5 Construction of a biosensor (Shruthi et al., 2014). 

 

Generally, biosensor consists of three main parts (Figure 2.6): first element is biorecognition 

materials (a biomimic or biological materials involves enzyme, tissue, microorganism, 

nucleic acids, cell receptor, and biological sensitive elements created with genetic 



Chapter 2: Literature Review 

Page | 25  
 

engineering) which used to recognize specific analyte or biomarker; the second is 

physicochemical transducer (e.g. optical, piezoelectric, electrochemical) used to transform 

the signal which produced by interaction between analyte and biorecognition material into 

measurable signal that can be translated by signal processor, etc.; and the third is signal 

processing which able to translate the signal into the visual graphic, diagram, or other user-

friendly signal display (Cavalcanti et al., 2008). Several biosensors, e.g. the use of protein 

and enzyme as biorecognition molecules, require a process of immobilization to attach the 

bioreceptor to the transducer system by employing physical or chemical interaction within 

both i.e. adsorption (physical or chemical), sol-gel entrapment, crosslinking, covalent 

bonding etc. The details of immobilization techniques used in recent biosensor were well-

reviewed in previous reports (Dave et al., 1994, Scouten et al., 1995). 

 

Figure 2.6 A schematic representation of a biosensors system. 

 

Biosensors can be classified based on their applications, (i.e. in environmental monitoring, 

food safety, medical diagnosis, and clinical analysis) or on the basis of their chemical and 

biological-recognition element used for sensing (i.e. antibody/antigen, specific enzymes, 

nucleic acids, aptamer, whole cells etc.). DNA fragments, organelles or intact cells, and 

membrane components have recently complemented the set of components available for 

biorecognition (Teles and Fonseca, 2008). Recently, DNA-based sensor has widely been 
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developed due to the high sensitivity of the output (recognizable down to DNA level). Herein, 

the DNA-based biosensor is proposed in order to detect the DNA damage level in 

Alzheimer’s by using an electrochemical transducer. Other classification types based on the 

principle of tranducer have also been established involving electrochemical (Yogeswaran and 

Chen, 2008), optical (Wolfbeis, 2008), and piezoelectric (Muramatsu et al., 2002) sensors.  

 

2.7.1 State-of-the-art of electrochemical biosensors for Alzheimer’s biomarkers 

detection 

Electrochemical biosensor is merely the most common detection technique used in 

Alzheimer’s biomarker detection. Indeed, electrochemical biosensor enables to provide 

semi-quantitative and quantitative analytical data by employing biorecognition element 

which is derived from direct spatial contact with electrochemical transducer. Several types 

of transducing mode have been widely used in construction of electrochemical biosensor 

including amperometry, voltammetry, impedimetry, conductometry, voltammetry, and ion 

charge or field effect (Thévenot et al., 2001). In the following section, the state-of-the-art of 

electrochemical biosensor is discussed in order to represent the current development of 

electrochemical biosensors relied on primary and secondary biomarker in Alzheimer’s. 

 

2.7.1.1 Primary biomarkers 

(i) Amyloid-β 

According to the amyloid hypothesis, Alzheimer’s is primarily marked by coexistence of Aβ 

plaque depositions as it has been widely accepted as the most hypothetical marker during 

initiation and progression stage (Hardy and Selkoe, 2002). Entirely, CSF contains many types 
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of Aβ plaques in which the major compounds correspond to Aβ (40) and Aβ (42), whereas 

other forms of peptides are also generated from amyloid precursor protein i.e. Aβ (37) and 

Aβ (38) in minor percentage (Blennow and Hampel, 2003, Hampel et al., 2004). 

 

Recently, a carbon nanotube-based biosensor (CNT) using films to detect Aβ in human serum 

was developed by Oh and co-workers (Oh et al., 2013). Authors compared the use of CNTs 

in its combination with metal semiconductor field effect transistor (CNT-MESFET) and CNT 

with field effect transistor structure (CNT-FET) as the transducer. According to their results, 

the sensitivity of CNT-MESFET was found to be higher than CNT-FET by using antibodies 

as biorecognition elements (Oh et al., 2013). Instead of CNT, noble metals i.e. gold 

nanoparticles (AuNPs) have been widely used in a nanocomposite construction of 

electrochemical biosensors. An electrochemical impedance spectroscopy (EIS) biosensor 

using deposited AuNPs was designed for the specific detection of Aβ (42). The limit of 

detection (LOD) of Aβ (42) was found to be 0.01 pg ml−1 which was over four orders lower 

than the lowest values reported by conventional measurement using ELISA (~100 pg ml−1). 

Interestingly, this study also demonstrated that Aβ (42) could be aggregated under a very 

small concentration (1 µg mL−1) (Wu et al., 2014).  

 

Likewise, a carbon disposable electrochemical printed chip remained a breakthrough in the 

detection of Aβ (40) by using EIS. Lien and colleagues fabricated three types of Aβ (40) 

immune-based electrochemical sensors in a step-wise manner towards understanding the 

effect each surface modifications in the form of sensitivity. Regarding this study, authors 

revealed that immobilization of AuNPs could increase the stability of recognition elements, 

amplified the surface area for immobilization and thus, lowered the LOD within three studied 
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electrodes (from 2.04 μM to 2.65 nM). Indeed, they extended the modification using protein 

G and it successfully reduced the LOD down to 0.57 nM. Excellent selectivity has been 

achieved with protein interferences (bovine serum albumin) (Lien et al., 2015). Another 

ultrasensitive detection of Aβ (42) using Au electrochemical electrode was presented by Liu 

and co-workers (Liu et al., 2014a). The voltammetric measurement exhibited LOD down to 

5 pM, better than those reported using the EIS methods (Lien et al., 2015). In this biosensor 

system, p-aminophenol redox cycling on antibody-modified Au electrode was used to detect 

Aβ (42) and the total Aβ in artificial CSF samples (Liu et al., 2014a). 

 

By using microfluidic electrochemical biosensors, Islam and co-workers have successfully 

evaluated exceedingly small-scale concentrations of Aβ (42). Their biosensor was made from 

grafted-AuNPs by modification via thiol groups of self-assembled 1,6-hexandithiol cross-

linker (Islam et al., 2011). This method has opened up the possibility to bring natural 

conditions into biosensor systems (protein immobilization) due to the use of minimum 

amounts of reagent and the high sensitivity of the analyte’s detection. 

 

Instead of peptide forms, Aβ in oligomeric structure (AβO) found in blood serum was 

proposed to be ideal biomarker for Alzheimer’s because it initially resembles Aβ (42) fibrils 

(Kasai et al., 2013) and showing non-invasive features. Several biosensors were successfully 

conducted to detect AβO (Rushworth et al., 2014, Liu et al., 2015b, Shin et al., 2015b). 

Rushworth and co-workers constructed a label-free impedimetric biosensor to specifically 

detect AβO. Their study employed cellular prion protein fragment (residues 95-110) as 

biorecognition element and yielded a low detection limit of ~0.5 pM (Rushworth et al., 2014) 

which is lower than other similar studies (Liu et al., 2015b, Shin et al., 2015b). Besides, 
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biosensor targeting Aβ in the monomeric form was observed by Shin and colleagues and 

could reach 1 pg/ml of LOD (Shin et al., 2015a). These aforementioned findings showed that 

Aβ, in the form of oligomer and monomer, is a potential biomarker for Alzheimer’s and 

therefore, open up the avenues to be utilized as new biosensor analyte or marker. 

 

Magnifying the invasiveness of the method, saccharides which are commonly manifested on 

the cell surfaces, offered a breakthrough in terms of non-invasive way of Aβ revealing. 

Recently, it has been discovered that the cell surface saccharides have correlation with AD 

via sialic acid-Aβ interaction (Miura et al., 2007). Saccharides-based electrochemical sensor 

taken advantage on interactions of saccharide-protein via twosome of sialic sub-products and 

Aβ was constructed by Chikae and co-workers. Sialic acid was introduced compactly over 

the partial self-assembled monolayer on the screen printed carbon electrode via 

electrodeposition with AuNPs (Chikae et al., 2008). Another non-invasive method was 

recently reported by Li and colleagues via the employment of magnetic nitrogen-doped 

graphene. This method has successfully achieved a very low concentration of analyte up to 

5 pg/ml. The illustrative way to prepare Aβ antibody-magnetic nitrogen-doped graphene is 

presented by Figure 2.7. In this study, Aβ (28) antibody was utilized to recognize the Aβ 

(42) peptide (Li et al., 2016). 
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Figure 2.7 Scheme for Aβ (42)-MNG preparation (Li et al., 2016). 

 

Recently, Suprun and co-workers made several extended studies by using square wave 

voltammetry and screen printed carbon electrode in order to investigate conformational 

alterations of Aβ (16) peptides (Suprun et al., 2016b), including metal induced changes 

(Suprun et al., 2015, Suprun et al., 2016a). Overall, authors revealed that electrochemical 

approach could emerge as an auspicious tool for studying metal ion-amyloid protein 

interactions to afford deeper understanding into molecular mechanisms of Alzheimer’s. 

 

(ii) Cholinesterases enzyme 

Alzheimer’s is not only characterized by Aβ plaques but also insufficiencies of other 

metabolites i.e. cholinergic system (Anand and Singh, 2013). The cholinergic imbalance has 

been found in elderly patient suffering from AD. The deficits of cholinergic system are 

remarked by the reduced level of the acetylcholine (ACh) receptor (Nordberg, 2001), 

producing the impairment of signal transmission of the cholinergic system which could be 

responsible for Alzheimer’s symptoms appearance (Kihara and Shimohama, 2004). AChE is 
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primarily responsible for cholinergic deficits. Instead of AChE, butyrylcholinesterase 

(BuChE), known as pseudocholinesterase (Darvesh et al., 2003), is an enzyme whose role is 

in the catalyzation of the hydrolytic processes of ACh producing choline, acetic acid, and 

water molecules. Studies have clearly shown that both enzymes were important targets for 

the diagnosis and treatment of AD (De Ferrari et al., 2001). However, BuChE is less abundant 

compared to AChE in the brain region (Anand and Singh, 2013). 

 

In the past several years, cholinesterases enzyme has been able to be utilized as a recognition 

component of biosensors. Pohanka’s research group is remarkably noted for their extensive 

contribution in the development of cholinesterase-based biosensors (Pohanka et al., 2013). 

The basic strategy of biosensors construction is depicted in Figure 2.8. From this depiction, 

cholinesterase enzyme used as biorecognition molecule to sense/detect analyte at the 

circumstance and its physicochemical alteration is subsequently analyzed using transducers 

followed by translating the signal by the detector device. The biosensor is suitable to assay 

choline level or cholinesterase inhibitors such as neurotoxic compounds representing a 

serious risk of human health or life (Pohanka et al., 2013). In case of inhibitor detection, 

cholinesterase acted as a suicidal biorecognition element. The enzymatic process confirming 

the existence of the analyte was revealed by an irreversible process and the reduction of 

produced signal. On the other hand, some inhibitors exhibited reversible process and 

facilitated easy split and the recovery of enzyme activity. Commercially available and 

reliability of this technique have been emphasized the use of cholinesterase-based sensor as 

one of the strategies towards development of diagnosis device as well as screening of 

Alzheimer’s novel therapy (Pohanka, 2014b). 
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Figure 2.8 Simplified scheme of the biosensor with cholinesterase applicable for assay of neurotoxic 

compounds (Pohanka, 2014b). 

 

In term of Alzheimer’s diagnosis and treatment, some types of electrochemical biosensors 

have been used to detect various analytes such as ACh and choline (Pundir et al., 2012, 

Chauhan and Pundir, 2014), nerve agents (Pohanka et al., 2013), and potential inhibitor of 

AChE/BuChE from selected phytochemical compounds (Dzyadevych et al., 2004, Benilova 

et al., 2006). Hydrolysis reactions of either ACh or butyrylthiocholine caused by 

cholinesterase enzyme and the subsequent oxidation of thiocholine by an applied voltages, 

are relatively common methods developed in cholinesterase-based biosensors (Pohanka, 

2014b). Indeed, Figure 2.9 shows the principle reaction of biosensor applied in an 

electrochemical measurement. 

 

Figure 2.9 The basic principle of electrochemical measurement through AChE inhibition (Pohanka, 

2014b). 

 



Chapter 2: Literature Review 

Page | 33  
 

Most of the researchers on cholinesterases biosensor focused on drug screening. Pohanka and 

co-workers have conducted extensive research on the cholinesterase-based detection 

(Pohanka et al., 2013, Pohanka, 2014b). The reports proposed were mostly to detect nerve 

agent or neurotoxic compound which potentially destructed brain associated Alzheimer’s. 

Instead, several reports were available on the basis of AChE/BuChE for the detection of 

choline or ACh (Wang et al., 2006, Hsieh et al., 2007, Pundir et al., 2012, Khan and Ab 

Ghani, 2012, Chauhan and Pundir, 2014). Hsieh and co-workers assembled choline biosensor 

by using amperometric flow injection techniques. This biosensor was constructed by the 

utilization of a chitinous membrane to support the immobilization of biocatalyst (Choline 

oxidase) via covalent binding and subsequently attached to the platinum electrode. The 10.0 

µM of LOD was achieved through this constructed sensor (Hsieh et al., 2007). 

 

Likewise, a flow injection coupled to amperometric biosensors composed of choline oxidase 

(ChO) and a bi-enzyme system of ChO and horseradish peroxidase was employed by Wang 

and co-workers to detect choline. The enzymes were immobilized onto multi-walled carbon 

nanotubes (MWCNT) grafted on a glassy carbon electrode. The biosensor yielded LODs of 

0.1 µM with a few seconds response time (Wang et al., 2006). In addition, choline detection 

was also achieved by Pundir and co-workers by using bienzyme system (AChE and ChO) 

co-immobilized onto nanocomposite of carboxylated MWCNT (c-MWCNT) and zirconium 

oxide NPs (ZrO2) deposited on the glassy carbon electrode surface (Figure 2.10(a)). It 

observed quite low LOD of 0.01 µM and was directly applied to human serum. This biosensor 

successfully discriminated samples between Alzheimer’s and healthy person (Pundir et al., 

2012). Further, Chauhan and Pundir developed an amperometric ACh biosensor by 

covalently co-immobilizing AChE and ChO onto chitosan/Au coated ferric oxide NPs 
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deposited onto Au electrode surface. It has been applied to blood plasma sample and showed 

an excellent specificity. Compared to their previous reports, this biosensor yielded much 

lower LOD of 0.005 µM with a rapid response time of 3 s (Chauhan and Pundir, 2014). 

 

Another electrochemical biosensor was constructed based on polymer (poly(o-

phenylenediamine) coupled to bienzyme system (AChE and ChO) (Khan and Ab Ghani, 

2012). These biorecognition molecules were fabricated onto carbon fiber substrate and the 

electrode assembly was completed by deposition of functionalized CNT and nafion. The 

detection limit was shown as 0.045 µM with relatively rapid response time of less than 5 s 

(Khan and Ab Ghani, 2012).  

 

(iii) BACE1 

Amyloid-β precursor protein cleaving enzyme is known as a pivotal proteolytic enzyme in 

the initial production of Aβ (Cai et al., 2001, Vassar et al., 2009). An electrochemical 

biosensor was designed to probe BACE1 activity and its inhibitors. Typically, this biosensor 

method employed peptide-heme complex formed on the electrode surface which 

subsequently detached by BACE1. In addition, this study also reported the inhibitor 

screening of BACE1 leading to finding new agents for Alzheimer’s treatment (Xia et al., 

2015). 

 

2.7.1.2 Secondary biomarkers 

(i) S100B protein 

Besides amyloid and cholinergic as major biomarkers, Alzheimer’s is also potentially marked 

by raised levels of several S100 family proteins, comprising S100B protein (Tahany Ramzy, 
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2011). S100B is known as a calcium-binding protein which belongs to EF-hand (helix-loop-

helix assembly) cluster produced by astrocytes. The increasing amount of this protein has 

been observed in the blood serum and CSF samples of AD (Bianchi et al., 2011). Greater 

amounts of S100B role in the pathogenesis task of Alzheimer’s (Tahany Ramzy, 2011). 

Detection of S100B level is apparently useful to discriminate the severity of Alzheimer’s or 

to discover the progression of dementia (Lopez-de-Ipina et al., 2013).  

 

A biosensor on the measurement of S100B was first introduced by Mikula and co-workers. 

Authors constructed an electrochemical biosensor using modified Au electrode and utilized 

His-tagged VC1 receptors domains for advanced glycation end products as biorecognition 

fragments which subsequently attached via covalent binding on a modified monolayer of 

thiol derivative of pentetic acid complex with Cu (II) deposited on the electrode. The 

simplified scheme of biosensor construction is depicted in Figure 2.10(b). Osteryoung 

square-wave voltammetry (OSWV) was employed as the transducer and it successfully 

achieved 0.52 pM of LOD with a good selectivity through diluted human plasma sample 

(Mikula et al., 2014). Likewise, a similar technique was also used for the detection of S100B. 

This extended study employed different diluent type and resulting LOD of 0.9 and 2.7 pM 

for two dissimilar diluents (N-acetylocysteamine and 4-mercaptobutanol). According to this 

study, they concluded that N-acetylocysteamine diluent exhibited more sensitive result 

compared to 4-mercaptobutanol (Kurzątkowska et al., 2016).  
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Figure 2.10 The illustration of (a) preparation of modified electrode containing MWCNT, ZrO2, and 

bi-enzyme system (Pundir et al., 2012) and (b) S100B biosensor relied on NAC/thiol sub-product of 

pentetic acid (NAC/DPTA)-Cu (II) SAM (Mikula et al., 2014). 

 

(ii) ApoE gene 

The demand of an improved diagnostic performance has raised in terms of integrating the 

sample processing into the sensing device. This is well-understood since the future diagnosis 

would be possibly heading toward the miniaturization of the advanced testing device that can 

deliver a cost-effective POC, personalized healthcare treatment, quick and easy sample’s 

handling, and effectively monitoring the disease progress of patient. Therefore, a 

decentralized device, so called lab-on-chip (LOC), is a concern in some areas focusing on 
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how to develop an efficient and effective POC diagnostic from maintaining the sample 

preparation (e.g. separation, diluting, and labeling) till obtaining the test result (Lafleur et al., 

2016, van Reenen et al., 2014). Incorporating the microfluidic architecture in LOC along 

with the electrochemical technique has proposed this type of biosensor to be beneficial in 

executing entire analysis in a micro system, which is suitable for in vitro diagnostic for ageing 

persons at home. There are still few literatures of Alzheimer’s biosensors reported in this 

regards. One of the fundamental studies was proposed using LOC integrated QDs 

nanomaterials for ApoE biomarker detection (Medina-Sánchez et al., 2014). The LOC 

platform was based on immunocomplex construction which was fabricated onto 

polydimethylsiloxane-polycarbonate polymeric bases assembled to SPE, followed by 

cadmium-selenide/zinc-sulfide QDs as the labeling probe of the immunocomplex  (Medina-

Sánchez et al., 2014). This device revealed the use of LOC in detecting secondary markers 

of Alzheimer’s. 

Instead, DNA hybridization of a particular site mutation at ApoE gene could be detected 

through dual detection platforms using EIS and localized surface plasmon resonance (LSPR). 

ApoE was previously known as a gene which responsible to Alzheimer’s progression. EIS 

and LSPR were accomplished on the glass surfaces which was coated with AuNPs-modified 

indium tin oxide. The illustration of this detection platform is shown in Figure 2.11(a). The 

biosensor yielded the LOD of 512 nM and 286 nM via LSPR and EIS techniques, 

respectively (Cheng et al., 2014b). More recently, chronoamperometry technique was 

applied to detect ApoE together with Aβ. This nanobiosensor shown the LOD down to 80 

and 19 pg mL-1 for ApoE and Aβ (de la Escosura-Muñiz et al., 2015). 
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(iii) Brain glutamate 

Glutamate alterations might lead to excitotoxicity and triggering multiple neurodegenerative 

diseases involved Alzheimer’s (Walton and Dodd, 2007). In vivo glutamate detection by 

electrochemical biosensor platform using various electrode sizes were summarized in a 

comprehensive review reported by Hamdan and Mohd Zain. Briefly, this report showed that 

modification of the electrode could elevate the sensitivity in the glutamate detection and due 

to the smaller size of the electrode, the higher level of sensitivity might be reached. However, 

the sensor device was depended on the type of electrode modification in which it directly 

affected the signal response of biosensor outcome (Hamdan and Mohd Zain, 2014). Recent 

development of glutamate biosensor found quite low LOD down to 0.5-4 µM (Soldatkin et 

al., 2015) and 5 nM (Şimşek et al., 2016). 

 

(iv) DNA 

The construction of a biosensor based on nucleotide (i.e. DNA) is a highly promising device 

in order to diagnose Alzheimer’s due to its simplicity, ease to develop, selectivity, sensitivity, 

and low-cost fabrication. DNA is known as the smallest structural unit of a living organism. 

Therefore, most of DNA-based sensors were driven to develop advanced theranostics 

methods.  

 

Current efforts on the development of DNA sensor based on electrochemical transductions 

was extensively reviewed by Lubin and Plaxco (Lubin and Plaxco, 2010). Nanomaterials 

gain an outstanding role in the development of DNA-based Alzheimer’s biosensor. Graphene 

corresponds to a material of choice and sophisticated entity which is extensively used by 

biomaterial scientists (Parlak et al., 2014, Tiwari and Syväjärvi, 2015, Chen et al., 2015b, 
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Patra et al., 2016, Osikoya and Tiwari, 2016). Recently, an electrochemical DNA biosensor 

designed by using DNA-graphene platform was developed to reach a simple construction, 

biocompatible, ultrasensitive and robust Alzheimer’s detection device. The ss-DNA was 

directly attached to the graphene surface via π-π stacking interaction. The schematic diagram 

of the DPV-based electrochemical biosensor is clearly shown in Figure 2.11(b). This 

biosensor exhibited an excellent performance of biosensor with LOD value down to 72 pM 

and was capable of distinguishing the corresponding sequence as of the single-base mismatch 

sequence (Lin et al., 2011). 

 

(v) Dopamine 

Dopamine, a neurotransmitter is related to several neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s disease (Maguire-Zeiss et al., 2005). Dopamine was firstly 

utilized as a bioanalyte for a system of electrochemical Alzheimer’s biosensor by using an 

antimicrobial peptide of dermaseptin 01 from the Phyllomedusa hypochondrialis, frog’s skin 

secretion. Subsequently, the antimicrobial peptide was immobilized onto nanolayered films 

through layer-by-layer technique, in combination with nickel tetrasulfonated 

phthalocyanines. The result yielded sensitive detection limit of 10−6 M (Zampa et al., 2012). 

Further, oligonucleotide was successfully applied in order to enhance the sensitivity of 

dopamine biosensor. The use of aptamers (Zhou et al., 2014) and ds-DNA (Rezaei et al., 

2015) as biorecognition molecules showed better sensitivity rather than previous methods (1 

nM on the basis of aptamer and 6 nM via ds-DNA). 
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(vi) Brain metals 

Brain metals emerge as a putative role in the initiation and progression processes of 

neurodegenerative diseases. Particularly, copper (Cu) is one of the crucial components of 

human metabolism, even though it is highly toxic materials. The inequality of Cu levels could 

induce reactive oxygen species, initiated the oxidative impairment, which was associated 

with neurodegenerative diseases including Alzheimer’s, Menkes and Wilson’s diseases, and 

familial amyotrophic lateral sclerosis. Instead, the capacity of Cu to form a steady Cu2+ and 

unsteady Cu+ ions were utilized by cuproenzymes, for example, Zn, Cu superoxide 

dismutase, and cytochrome oxidase to inhibit the enzymatic reactions (Smith et al., 2007, 

Lim et al., 2010, Giacovazzi et al., 2014). 

 

Recently, a ratiometric study on Cu2+ and L-cysteine in living brain with Alzheimer’s was 

conducted by Luo and co-workers. In this study, N,N-di-(2-picoly) ethylenediamine was used 

for the specific recognition of Cu2+ by forming a complex resulting in 320 nM of detection 

limits (Luo et al., 2015). Likewise, Zhang and co-workers have reported a ratiometric method 

to determine Cu2+ level in rat brain by utilizing a nanostructure surface. The LOD value was 

found to be 80.3 nM, lower than previous report (320 nM). Figure 2.11(c) illustrates a 

description of developed ratiometric sensor for monitoring Cu2+ (Zhang et al., 2015). 

 

(vii) Nicotine 

Nicotine is widely-known as a toxic molecule but it is also associated with Alzheimer’s (Ly 

et al., 2012). An electrochemical biosensor was constructed to detect nicotine levels in urine 

samples ex vivo using a voltammetric method based on graphite pencil and modified CNT’s 

electrode. The biosensor performed detection limits of 0.6 µg/L for graphite pencil electrodes 
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and 0.07 µg/L for modified CNT electrodes. Thereby, the modified CNT’s electrode showed 

a better sensitivity rather than graphite pencil. In addition, this method was applied to either 

non‐treated urine or ex vivo biological diagnostics sample (Ly et al., 2012). 

 

(viii) Tau proteins 

In terms of tau-based biosensors, only a few reports are available in literature, which 

specifically used the tau protein as the prior target as sensing devices. Previously, the 

detection of tau proteins revealed using other transducing techniques, such as Surface 

Plasmon Resonance (SPR), ELISA, and cytometry (Skrabana et al., 2006, Vestergaard et al., 

2008, Holmes et al., 2014). Recently, an electrochemical biosensor for protein tau detection 

was developed by Esteves-Villanueva and co-workers. This biosensor harnessed protein’s 

misfolding mechanisms as the basis of measurement and EIS was used to monitor tau-tau 

interactions via regulation of charge transfer resistance (Figure 2.11(d)). A linear 

relationship among charge transfer resistance and concentration of solution tau was 

discovered from 0.2 to 1.0 μM. Interestingly, this report provided qualitative as well as 

quantitative data in the domain of tau-tau binding event comprising the initial stage of tau 

protein self-assembly mechanisms (Esteves-Villanueva et al., 2014). Further, an 

electrochemical study was reported to be capable to (or rather ‘firstly’) introduce the 

detection phosphorylation, antibodies binding to substrate, and phosphorylation inhibition. 

This approach was also allowed to effectively identify the phosphorylation inhibitor via 

targeting tau protein substrate rather than protein kinase (Esteves-Villanueva and Martic-

Milne, 2016). 
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Figure 2.11 The depiction of (a) dual detection system for detecting DNA hybridization using EIS 

and LSPR measurements (Cheng et al., 2014b), (b) design of DNA-graphene platform fabrication 

and measurement (Lin et al., 2011), (c) schematic biosensor system for detecting Cu2+ in brain 

microdialysates (Zhang et al., 2015), and (d) tau-based biosensor mechanism (Esteves-Villanueva et 

al., 2014). 

 

2.8 Nanomaterials in Alzheimer’s Biosensor Applications 

Recently, nanomaterials have offered an outstanding performance in diagnostics and 

therapeutics of Alzheimer’s diseases either in vitro or in vivo applications (Nazem and 

Mansoori, 2011). Their unique properties enable to be integrated with various molecular 

recognitions in purpose of multiple disease detections (Bruls et al., 2009, Frasco and 

Chaniotakis, 2010), especially in its early pathogenesis phase (Misra et al., 2010, Kim et al., 

2011, Cheng et al., 2011) in order to prevent the unhandled chronic stage. Tailoring those 

elements in a biosensor compartment, a real-time, simplicity in sample treatment, and cost-

effective measurement is able to achieved for the detection of bioanalytes or sensing target 

(Vashist et al., 2012). 
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Furthermore, nanomaterials contribute in long-term benefits as their utilization in a modified 

electrode or as the key role in another portion of biosensor construction. With regards to 

Alzheimer’s biosensors, nanomaterials grafted Alzheimer’s biorecognition molecules are 

usually figured in various designs of diagnostics tools and treatments, in turn, improving the 

specificity of the detection i.e. via brain capillary endothelial cells access (Brambilla et al., 

2011) as well as treatment efficacy. Tremendous nanomaterials have been used to construct 

biosensor of Alzheimer’s including carbon nanostructures (e.g. carbon nanotube, graphene, 

graphene oxide etc.), inorganic nanomaterials (e.g. gold nanoparticles), and quantum dots 

(Figure 2.12). In this study, inorganic nanomaterials (i.e. SnO2/F and TiO2) were employed 

to the DNA damage detection due to several merits described in subsequent section. 

 

Figure 2.12 Summary of nanomaterials (NMs) used in Alzheimer’s biosensor. 
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2.8.1 Fluorine-doped tin oxide 

Un-doped tin oxide (SnO2) is well-known as semiconductor materials and has been 

extensively used in gas sensor fabrication, catalysis, dye-based solar cell, transistor, 

supercapacitor, transparent conducting electrode, photodegradation of organic compound 

etc. (Liu et al., 2014b, Bhattacharjee et al., 2015). The origin of this structure remains 

possessing wide band gap (>3.0 eV) which exhibits high optical transparency (T ≥85%) 

semiconductor, an n-type character due to oxygen vacancies, and is a part of Binary 

Transparent Conducting Oxides (Nakajima and Groult, 2005).  

 

One of the unique attributes of semiconductors is in their electronic properties which can be 

controlled in a variety of ways i.e. by the addition of foreign impurities (dopant), by adjusting 

the size and dimensionality of semiconductor and the physical structure into which it is 

placed, and the exposure of the light and external electric fields (Gersten and Smith, 2001). 

For the SnO2, the most preferential dopants are antimony that substitutes the cation (Sn) or 

fluorine (F) by replacing the anion (oxygen; O) (Schaefer et al., 1997, Nakajima and Groult, 

2005). Fluorine doped tin oxide (FTO; SnO2/F) remains excellent visible transparency due 

to its wide band gap while retaining a low electrical resistivity owing to the high transporter 

concentration triggered by the O vacancies and the substitutional F dopant (Subba Ramaiah 

and Sundara Raja, 2006). FTO is chemically, mechanically, and electrochemically stable 

(Tesfamichael et al., 2003), and has been used in several applications i.e. thin film solar cells 

(Kim and Riu, 2011), gas sensors applications (Sankara Subramanian et al., 2006), dielectric 

layer in low emissivity coatings for windows (Gerhardinger and McCurdy, 1996), liquid 

crystal displays (Yadav et al., 2009), and as electrochemical electrode material (Tang et al., 

2010). 
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2.8.2 Titanium dioxide 

Titanium dioxide (TiO2) is one of the most versatile semiconductors, applied mostly in solar 

energy conversion, photocatalyst, separation, gas sensor, electrical circuit varistor, optical 

coating, structural ceramic, spacer material for magnetic spin valve systems, and 

biocompatible material for bone implants (Hagfeldt and Grätzel, 2000, Varghese et al., 2003, 

Livraghi et al., 2005, Reyes-Coronado et al., 2008). TiO2 has three different phases 

comprising of anatase, brookite, and rutile (Figure 2.13).  

 

Figure 2.13 Three main polymorphs of TiO2: (a) anatase, (b) brookite, and (c) rutile. 

 

As a bulk material, rutile corresponds to stable phase, while anatase structure is generally 

favorable from the solution-phase methods (Zhang et al., 1998, Zaban et al., 2000, Oskam et 

al., 2003). These observations are attributed from the effect of surface energy and precursor 
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chemistry. From the surface energy point of view, TiO2 anatase has a lower energy than those 

of rutile and brookite phases (Zhang and F. Banfield, 1998, Naicker et al., 2005). It indicates 

that anatase is more stable as compared to other forms and therefore, more favorable in 

synthesis and application. Instead of surface chemistry, the crystal structure has been 

described on the basis of molecular features, where the nucleation and growth of different 

TiO2 polymorphs are discovered by precursor chemistry depending on the reactants itself 

(Cheng et al., 1995, Yin et al., 2001, Li et al., 2007).  
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CHAPTER 3 

THEORETICAL PRINCIPLES 

This chapter focuses on the theoretical principles underlying the computational study. The 

role of computational chemistry in Alzheimer’s biosensor is highlighted. Furthermore, the 

equations and rigorous foundation of three foremost quantum chemical methods i.e. density 

functional theory (DFT), Metropolis Monte Carlo (MC), and molecular dynamics (MD) 

simulations, in relation to biosensor construction are presented. DFT comprises of rigorous 

foundations, Self-Consistent Field (SCF), DFT-based DMol3, exchange-correlations 

functionals, numerical basis sets, and density field-based tight binding (DFTB+) code. 

Whilst, the fundamental equations and underlying simulation steps are elaborated at the MC 

subsection. Lastly, the essential basis of MD simulations is provided including basic 

principles, Forcite code, force field, summation methods, periodic boundary condition 

(PBC), thermodynamics ensemble, and thermostat implementation.  

 

3.1 Role of Computational Chemistry in Alzheimer’s Biosensor 

Computational chemistry is a fast emerging field which deals with the computer simulation 

and modeling of molecule systems i.e. small molecule, macromolecules, ligand, drugs, 

biomolecules, biopolymers, inorganic and organic molecules, and metal-based nanoclusters. 

By using powerful performance computing in conjunction with complex and well-organized 

numerical algorithms, computational chemistry remains to be an effective way to resolve 

intricate problems of chemical and biological obstacles (Ramachandran et al., 2008). 

Technically, computational chemistry utilizes computers (or rather ‘high-performance 

computers’) to generate information such as properties of molecules or reproducing 
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experimental results (Young, 2001) through operator-based system in the form of code or 

software. 

 

Recently, computational chemistry has led a better understanding of biological systems, 

nanomaterials behavior at atomic or molecular level, nanomaterials properties, as well as 

interaction between nanomaterials and biomolecules/receptors. The molecular modeling 

approach has been used to make useful predictions and calculations of some molecular 

mechanism such as MD, investigation of electronic properties, highest occupied molecular 

orbital (HOMO) - lowest unoccupied molecular orbital (LUMO) energy gap, and providing 

predictive vibrational properties. In term of Alzheimer’s sensors, computational simulations 

predominantly helps to simulate the optimized structures of materials recognition, to 

understand the interaction between the substrate materials and target analyte, to compute the 

interaction or adsorption energy, and to observe the structural, electronic, and vibrational 

properties of the employed materials and molecules. 

 

3.2 Density Functional Theory 

DFT is known as the most popular method used in computational chemistry which can be 

used to observe the impact of particle size on the structure and molecular features of 

nanomaterials (Fadeel, 2014). DFT has been widely employed to study and predict electronic 

structure i.e. conductivity and other related properties of transition metal complexes (Harvey, 

2006) as well as macromolecules such as DNA duplexes (Tsukamoto et al., 2009). It is also 

useful in the modeling and prediction of interaction energies.  
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DFT, a scheme of classical first-principles, is commonly employed to calculate the atomic or 

molecular properties at the ground-state level. DFT is also known as minimum-information 

theory. Instead of dealing with the many-body wave function Ψ (𝑟1 … . . , 𝑟𝑁), DFT leads to 

the direct calculation of the simplest electronic properties of atom or molecule, i.e. the 

electronic density. Since 1980, DFT has been established as one of the main tools for 

calculating the properties of solid state physics and molecules (Fiolhais et al., 2003). 

 

DFT was established by Hohenberg, Kohn, and Sham through their classic papers for 

justifying the replacement of the many-body wave function by one-electron orbitals. 

(Hohenberg and Kohn, 1964, Kohn and Sham, 1965, Lundqvist and March, 2013). 

Hohenberg and Kohn demonstrated a couple of theorems (Hohenberg and Kohn, 1964) in 

which the first theorem specified the electron density that has significant influence on the 

external potential (to within an additional constant), while the second was for several positive 

definite trial density (rt) i.e.∫ 𝜌𝑡 (𝐫)𝑑𝐫 = N then E [𝜌𝑡] ≥ 𝐸ₒ. They successfully provided a 

direct proof of aforementioned theorem in which the first theorem was expanded to involved 

schemes with degenerate states in proof contributed by Levy (1979) (Levy, 1979, Levy, 1982, 

Dreizler and da Providencia, 2013). 

 

From the first Hohenberg and Kohn theorem, it can be defined that the trial density 

establishes a sole trial of Hamiltonian and therefore, the wave function remains to be 

(Ψ);  E[𝜌𝑡] = ⟨ѱ𝑡|𝐻|ѱ𝑡⟩ ≥  Eₒ  derived from the Schrödinger equation on variational 

theorem (Equation 3.1). This formula limits the DFT to discover on the ground state level 

particularly. A minor addition permits the variation with regards to excited state which can 
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be assured orthogonal to the ground state. The wave function is necessary in order to 

accomplish this knowledge of the ground state level. These couple of theorems set the basic 

equation of DFT (Harrison, 2003); 

𝛿⌊𝐸[𝜌] −  𝜇(∫ 𝜌 (𝐫)𝑑𝐫 − 𝑁)⌋ = 0   (3.1) 

The density and ground state energy refer to the minimum of several functional, 𝐸[𝜌], 

dependent on the restriction that the density covers the correct electrons number. Herein, the 

Lagrange multiplier corresponds to the electronic chemical potential (µ).  

 

The abovementioned statement establishes the notable fact that there is a universal 

functional, 𝐸[𝜌], which is independent from external potential. If the functional form is 

already identified, it could be involved into Equation 3.1 and subsequently optimized to 

obtain the obvious density at ground state level of energy (Harrison, 2003). The original DFT 

theorem is applied for observing the electronic energy on ground-state level of a molecule. 

Subsequently, a feasible theory of DFT was further established by Kohn and Sham who 

formulated an approach analogous to the Hartree-Fock (HF) method in terms of structure 

(Young, 2001). 

 

3.2.1 The existence theorem of Hohenberg-Kohn: rigorous foundation 

The former theorem of Hohenberg and Kohn is an existence theorem. It assumes that two 

different external potentials are able to be coherent with similar non-degenerate ground state 

density (𝜌0). It will call 𝑣𝑎 and 𝑣𝑏 potentials together with separate Hamiltonian operators 

which are 𝐻𝑎  and 𝐻𝑏. Each operator will be related with Ψ0 as a wave function in ground 

state level and its related eigenvalue, 𝐸0. The theorem of variational of molecular orbital 
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theory orders which the expected value of Hamiltonian, a, over the wave function, b, will be 

greater compared to the ground state energy of a (Cramer, 2004), for example:  

𝐸0,𝑎 < ⟨Ψ0,𝑏|𝐻𝑎|Ψ0,𝑏⟩                                           (3.2) 

Then the expression can be re-written as follows, 

𝐸0,𝑎 < ⟨Ψ0,𝑏|𝐻𝑎 − 𝐻𝑏 +  𝐻𝑏|Ψ0,𝑏⟩ 

< ⟨Ψ0,𝑏|𝐻𝑎 −  𝐻𝑏|Ψ0,𝑏⟩ + ⟨Ψ0,𝑏|𝐻𝑏|Ψ0,𝑏⟩  

< ⟨Ψ0,𝑏|𝜐𝑎 −  𝜈𝑏|Ψ0,𝑏⟩ +  𝐸0,𝑏     (3.3)                                    

Since the potentials are single electron operators, the integral of the last line of Equation 3.3 

can be described as the ground-state density function, 

𝐸0,𝑎 < ∫[𝜈𝑎 (𝐫) −  𝜈𝑏 (𝐫)]𝜌0(𝐫)𝑑𝐫 + 𝐸0,𝑏  (3.4)                                    

As there is no distinction between a and b, the equation can be considered as 

𝐸0,𝑏 < ∫[𝜈𝑏 (𝐫) − 𝜈𝑎 (𝐫)]𝜌0(𝐫)𝑑𝐫 + 𝐸0,𝑎  (3.5)                                    

If the inequalities of Equations 3.4 and 3.5 are added, it can be found 

𝐸0,𝑎 +  𝐸0,𝑏 < ∫[𝜈𝑏 (𝐫) −  𝜈𝑎 (𝐫)]𝜌0(𝐫)𝑑𝐫 + ∫[𝜈𝑎 (𝐫) −  𝜈𝑏 (𝐫)]𝜌0(𝐫)𝑑𝐫 +  𝐸0,𝑎 + 𝐸0,𝑏 

 < ∫[𝜈𝑏 (𝐫) −  𝜈𝑎 (𝐫) + 𝜈𝑎(𝐫) + 𝜈𝑏 (𝐫)]𝜌0(𝐫)𝑑𝐫 +  𝐸0,𝑎 + 𝐸0,𝑏 

 < 𝐸0,𝑎 + 𝐸0,𝑏  (3.6)                                    

Where the presumption which the ground-state densities corresponded with the wave 

functions a and b, it is allowed to remove the integrals as they will sum to zero. However, 
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the sum of two energies is less than itself, then it must be indicated which the earlier 

presumption was not correct. Therefore, the non-degenerate ground state density must 

discover the external potential, and thus can be applied to determine the Hamiltonian, and 

subsequently the wave function. Notably, the Hamiltonian defines the ground state as well 

as the excited state wave functions. Therefore, there is massive information encoded by the 

density (Cramer, 2004). 

 

3.2.2 The variational theorem of Hohenberg-Kohn: rigorous foundation 

As the existence of Hohenberg and Kohn’s theorem is provocative with potential but is not 

helpful to provide any indication of how to predict the system density. Then, Hohenberg-

Kohn showed the further theorem in which density obeys a variational principle (Cramer, 

2004). 

 

To proceed, it is assumed that some suitable candidate density which integrates to appropriate 

electrons number, N is well defined. In this case, the first theorem demonstrates that the 

density establishes a candidate of Hamiltonian and wave function. The value of energy 

expectation is evaluated as follows: 

⟨Ψ𝑐𝑎𝑛𝑑|𝐻𝑐𝑎𝑛𝑑|Ψ𝑐𝑎𝑛𝑑⟩ = 𝐸𝑐𝑎𝑛𝑑 ≥  𝐸0  (3.7)                                    

which, by the variational principle of molecular orbital theory, must be equal or higher to the 

exact ground-state energy. 

 

In principle, various densities can be selected, and those which is able to provide lower 

energies (Equation 3.7), are closer to an accurate result. Up to this point, which there are 
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certain mappings from density onto the wave function and Hamiltonian, and hence the 

energy, but it is not suggested that some mechanical means in which the density can be used 

as an argument in several general characteristics of variational equation (Cramer, 2004). 

 

3.2.3 Self-Consistent Field methodology of Kohn-Sham 

Kohn and Sham (1965) proposed approximations which could be significantly simpler if the 

Hamiltonian operator was only applied to calculate non-interacting electron system (Kohn 

and Sham, 1965). The approximation expresses the boundary of functional of energy into 

explicit components to facilitate subsequent analysis, in particular, 

𝐸[𝜌(𝒓)] = 𝑇𝑛𝑖[𝜌(𝒓)] + 𝑉𝑛𝑒[𝜌(𝒓)] + 𝑉𝑒𝑒[𝜌(𝒓)] + ∆𝑇[𝜌(𝒓)] + ∆𝑉𝑒𝑒[𝜌(𝒓)]  (3.8) 

where terms of r.h.s. corresponds to electron-nuclear interaction, kinetic energy of non-

interacting electrons, the kinetic energy correction generating from the electrons interacting 

nature, classical electron-electron repulsion, and overall corrections to non-classical 

repulsion energy of electron-electron interaction (Cramer, 2004).  

 

For non-interacting electron system, the kinetic energy is calculated as the total amount of 

electronic kinetic energies of individual electron. Within the orbital expression for the 

density, Equation 3.8 may be rewritten as 

𝐸[𝜌(𝐫)] = ∑ (  〈𝜒𝑖 |−
1

2
∇𝑖

2| 𝜒𝑖〉 − 〈𝜒𝑖 |∑
𝑍𝑘

|𝐫𝑖−𝐫𝑘|
𝑛𝑢𝑐𝑙𝑒𝑖
𝑘 | 𝜒𝑖〉)𝑁

𝑖 +

 ∑ 〈𝜒𝑖 |
1

2
∫

𝜌(𝐫′)

|𝐫𝑖−𝐫′|
𝑑𝐫′| 𝜒𝑖〉 +  𝐸𝑥𝑐

𝑁
𝑖 [𝜌(𝐫)]  (3.9) 

Where N refers to the electrons number and it is used as the density for Slater-determinal 

wave function as simplified as 
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𝜌 =  ∑ ⟨𝜒𝑖|𝜒𝑖⟩
𝑁
𝑖=𝑙    (3.10) 

∆𝑇 and ∆𝑉𝑒𝑒 have been combined together towards 𝐸𝑥𝑐, specifically correspond to the 

exchange-correlation energy. 

 

If it is undertaken in the usual fashion to discover the orbitals 𝜒 that minimize 𝐸 in Equation 

3.9, it can be found that they satisfy the pseudoeigenvalue equations 

ℎ𝑖
KS𝜒𝑖 = 𝜀𝑖𝜒𝑖   (3.11) 

Where the single electron operator of Kohn-Sham is described as follows 

ℎ𝑖
KS =  −

1

2
∇𝑖

2 − ∑
𝑍𝑘

|𝑟𝑖−𝑟𝑘|
𝑛𝑢𝑐𝑙𝑒𝑖
𝑘 + ∫

𝜌(𝐫′)

|𝐫𝑖−r′|
𝑑𝐫′ + 𝑉𝑥𝑐    (3.12) 

and 

𝑉𝑥𝑐 =
𝛿𝐸𝑥𝑐

𝛿𝜌
   (3.13) 

𝑉𝑥𝑐 is possibly defined as the single electron in which the anticipation quantity for the 

determinant of KS Slater is described as 𝐸𝑥𝑐. 𝐸 of Equation 3.8 is already exactly minimized, 

therefore the orbitals 𝜒 has to afford the exact density. Further, the orbitals which form the 

Slater-determinantal eigenfunction for the divisible non-interacting Hamiltonian, is defined 

as the sum of the Kohn-Sham operators (Equation 3.12) and subsequently defined as the 

following equation, 

∑ ℎ𝑖
𝐾𝑆𝑁

𝑖=𝑙 |𝜒1𝜒2 … 𝜒2⟩ = ∑ 𝜀𝑖
𝑁
𝑖=𝑙 |𝜒1𝜒2 … 𝜒2⟩   (3.14) 
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Further, Equation 3.14 is expressed within a basis set of function {𝜙}, and the coefficients 

of individual orbital are determined by solution of a secular equation completely similar to 

which applied for Hartree-Fock theory, except that the elements 𝐾𝜇𝑣 described by 

𝐾𝜇𝑣 =  〈𝜙𝜇 |
1

2
∇2 − ∑

𝑍𝑘

|𝐫𝑖−𝐫𝑘|
+ ∫

𝜌(𝐫′)

|𝐫𝑖−r′|
𝑑𝐫′ + 𝑉𝑥𝑐

𝑛𝑢𝑐𝑙𝑒𝑖
𝑘 | 𝜙𝑣〉   (3.15) 

Since the density is essential for calculation of secular matrix elements, but the density is 

established using the orbitals derived from Equation 3.10, the Kohn-Sham procedure must 

be carried out as iterative SCF process (Kohn and Sham, 1965).  

 

3.2.4 DFT-based DMol3 code 

DMol3 corresponds to a standard, commercial, and academic software package which 

customs DFT method based on a numerical basis set (Delley, 1990). DMol3 computes the 

several features of clusters, molecules, crystalline solid materials, and nanomaterial surfaces 

(Delley, 2000) involved electronic, structural, optical, vibrational properties from the first 

principles calculations. Currently, DMol3 act as a bundle of Material Studio software 

developed by BIOVIA. DMol3 can be used in either vacuum (gas phase conditions; non-

periodic) or three-dimensional periodic boundary conditions (PBC) for solid-based materials 

or modeling of lower-dimensional periodicity. DMol3 has several functions such as single 

point energy calculation, dynamics, restricted and unrestricted DFT calculation, geometry 

optimization, transition state search, frequency calculation, etc. DFT and dynamics are 

probably two favorable functions of DMol3. Basically, DMol3 allows geometry optimization 

as well as calculation of various derived features of the electronic configuration. This 

function is applicable for saddle point search with and without geometrical constraints. 
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Recently, DMol3 has been widely used to calculate structural, electronic, optical, and 

vibrational properties of metal oxide clusters (Rodriguez et al., 2000, Janousch et al., 2007, 

Kaneti et al., 2016), polymer (Delley, 2006, Low et al., 2009), as well as biomolecules 

(Basiuk and Bassiouk, 2008, Hayashi et al., 2013). 

 

3.2.5 Exchange-correlations functionals 

The foremost issue of DFT calculations is the unknown of exact exchange and correlation 

functional unless for the free electron in the gas phase. It may never be observed in the 

possible mathematical form. Nevertheless, approximations have been successfully used 

allowing the accurate computation of certain physical quantities (Burke and Wagner, 2013). 

 

Figure 3.1 Representation of “Jacob’s ladder” diagram of exchange-correlation functionals. This 

scheme was proposed by J. P. Perdew (Perdew and Schmidt, 2001). 
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Recently, the simple way to categorize exchange functionals have been introduced by J. P. 

Perdew which was well-defined as “Jacob’s ladder” (Figure 3.1) (Perdew and Schmidt, 

2001). Herein, exchange-correlation functionals are clustered based on their complexity on 

steps of a ladder which the “earth” corresponds to the Hartree approximation, while the 

“heaven” indicates the exact exchange-correlation functionals. In addition, the functionals 

can be classified into non-empirical derivation which is expressed by satisfying several 

physical rules and empirical derivation which is formulated through fitting to the defined 

results of either atomic or molecular features. Among many, Generalized Gradient 

Approximations (GGA) and Becke 3-parameter exchange-correlation functional; Lee, Yang, 

and Parr (B3LYP) exchange-correlations were used for DFT calculations in this thesis, due 

to the satisfying calculation of nanomaterials and small biomolecule properties. 

 

3.2.5.1 Generalized Gradient Approximations 

Generalized Gradient Approximations is so-called by “semi-local exchange functionals” 

owing to their dependence on density’s gradient [∇n(r)]. GGAs generate improved results as 

compared to the local density approximations (LDAs) by means of several properties i.e. 

ground state energies and geometries of solids and molecules. In regards to weak bonding 

systems (i.e. covalent), numerous GGAs functionals produce a much better result than LDA. 

 

There are several types of GGA exchange functionals available in DMol3 involving Perdew 

and Wang; PW91 (Perdew and Wang, 1992), Becke, Perdew and Wang; BP (Becke, 1988, 

Perdew and Wang, 1992), Perdew-Burke-Ernzerhof; PBE (Perdew et al., 1996), Becke, Lee-

Yang-Par ; BLYP (Becke, 1988, Lee et al., 1988), one-parameter progressive Colle-Salvetti; 

BOP (Tsuneda et al., 1999), Vosko-Wilk-Nusair, Becke, Perdew and Wang; VWN-BP 
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(Vosko et al., 1980, Becke, 1988, Perdew and Wang, 1992), Revised-PBE; RPBE (Hammer 

et al., 1999), Hamprecht-Cohen-Tozer-Handy; HCTH (Boese et al., 2003), and PBESol 

(Perdew et al., 2008). Among others, PBE is very popular functional method which is applied 

in material science. GGA-PBE is well-known for its powerful applicability and ability to 

provides rather accurate results for a wide-ranging system. 

 

3.2.5.2 B3LYP 

B3LYP, Becke 3-parameter exchange-correlation functional; Lee, Yang, and Parr, is one of 

the hybrid density functional which combine conventional GGA functionals with Hartree-

Fock exchange percentage. Herein, a particular empiricism degree is employed in order to 

optimize the weight factor for each element and the functionals which are combined. 

However, the exact amount of Hartree-Fock exchange unable to be assigned from the first 

principles and thus, is semiempirically fitted. Hence, fitting these coefficients to experimental 

total atomic energies, atomization energies, proton affinities, ionization potentials, and other 

data, for representative small molecules is the principal way to assign the Hartree-Fock exact 

amount (Becke, 1993, Sousa et al., 2007). The B3LYP is calculated based on mathematical 

model presented in Equation 3.16.  

𝐸𝑥𝑐 = (1 − 𝑎0)𝐸𝑥(𝐿𝐷𝐴) + 𝑎0𝐸𝑥(𝐻𝐹) + 𝑎𝑥𝐸𝑥(𝐵88𝑥) + 𝑎𝑐𝐸𝑐(𝐿𝑌𝑃88𝑐) 

+(1 − 𝑎𝑐)𝐸𝑐𝑉𝑊𝑁80𝑐 (3.16) 

Where 𝑎0 = 0.2, 𝑎𝑐 = 0.72, 𝑎𝑥 = 0.81 
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The main objective of B3LYP functional is to propose the hybrid nature of solids or 

molecules in a simple mathematical model. Notably, the various approximations involved in 

the Equation 3.16 (LDA, Hartree-Fock, Becke-1988 (B88), Lee-Yang-Parr 1988 (LYP88), 

and Vosko, Wilks, Nusair 1980 (VWN80) entirely belong to B3LYP hybrid functional. The 

lower case of x corresponds to electron exchange calculation whereas the lower case of c 

denotes the observation of the electron correlation. 

 

Hybrid functional allows a significant enhancement over GGA exchange functional and has 

been widely used for many molecular properties determination. However, the use of B3LYP 

in the scope of solid state physics or materials containing metals is poorly accurate owing to 

problems in calculating the exact-exchange portion within a plane-wave basis set (Sousa et 

al., 2007). It was thoroughly assessed by Paier and co-workers comprising the failure of 

B3LYP in calculating structure containing metals. The failure to accomplish the 

semiempirical construction as well as exact homogeneous electron gas limit are identified to 

be a major drawback of the B3LYP for the metals system calculation. It was proven that 

B3LYP are extremely poor in accuracy as compared to non-empirical density functional e.g. 

PBE03 and HSE03 (Paier et al., 2007). Therefore, in this present study, B3LYP was only 

used for calculating small molecule or biomolecule (i.e. dopamine) in order to reach a 

satisfied and accurate result, not for metal oxide structures.  

 

3.2.6 Numerical basis sets 

As the basis function, DMol3 employs numerical orbitals in which each function corresponds 

to an atomic orbital. Atomic basis sets are restricted to a set of defined cut-off value which 

is applicable for a specific level of calculations quality. This is a vital aspect of the numerical 
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basis set leading to much faster calculations, predominantly for solid state systems. Geometry 

optimization is efficient, even with small cut off values (BIOVIA, 2016b). Table 3.1 below 

summarize the available basis sets incorporated with DMol3 code along with their 

description. 

Table 3.1 Numerical basis sets of DMol3 code. 

Basis Name Description Examples 

MIN o Minimal basis set.  

o One atomic orbital for each occupied atomic 

orbital.  

o Produces less accuracy but fast computation 

(non-time consuming). 

H: 1s 

C: 1s 2s 2p 

Si: 1s 2s 2p 3s 3p 

DN o Double Numerical basis set.  

o MIN + a second set of valence atomic orbitals.  

o Enhanced accuracy over MIN. 

H: 1s 1s'  

C: 1s 2s 2p 2s' 2p' 

Si: 1s 2s 2p 3s 3p 3s' 3p' 

DND o Double Numerical plus d-functions basis set.  

o Similar to DN with a polarization d-function on 

overall non-H atoms.  

o The default basis set, providing reasonable 

accuracy for modest computational cost. 

H: 1s 1s'  

C: 1s 2s 2p 2s' 2p' 3d 

Si: 1s 2s 2p 3s 3p 3s' 3p' 3d 

DNP o Double Numerical plus polarization basis set. 

o Similar to DND including a polarization p-

function on all H atoms.  

o Best accuracy, highest cost.  

o Important for hydrogen bonding. 

H: 1s 1s' 2p 

C: 1s 2s 2p 2s' 2p' 3d 

Si: 1s 2s 2p 3s 3p 3s' 3p' 3d 

TNP o Triple Numerical plus polarization basis set.  

o Similar to DNP involving added polarization 

functions on all atoms.  

o Available only for H to Cl except He and Ne. 

o Best accuracy but highest cost. 

H: 1s 1s' 2p 1s" 2p' 3d 

O: 1s 2s 2p 2s' 2p' 3d 2s" 2p" 

3p 4d 

S: 1s 2s 2p 2s' 2p' 3s 3p 3s' 3p' 

3d 3s" 3p" 3d' 4d 

DNP+ o Double Numerical plus polarization basis set, 

with addition of diffuse functions.  

o Good accuracy for cases requiring diffuse 

functions, very high cost coming mostly from 

very large atomic cut offs required for this set. 

o Important for anions, excited state calculations 

and for cases where long-range effects are non-

negligible.  

o The bold components are the additional diffuse 

functions. 

H: 1s 1s' 2p 1s" 2p' 

C: 1s 2s 2p 2s' 2p' 3d 1s' 2p" 

3d' 

Si: 1s 2s 2p 3s 3p 3s' 3p' 3d 1s' 

2p' 3d' 

 

3.2.7 DFTB+ 

DFTB+ is an improved implementation of density field-based tight binding for studying the 

electronic properties of materials containing hundred atoms. DFTB itself is established on a 
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second-order extension of the Kohn-Sham (Kohn and Sham, 1965) total energy in density 

functional regarding fluctuations of charge density (Elstner et al., 1998). DFTB+ offers the 

flexibility to observe the optimization and dynamic properties with quantum mechanics 

(QM) accuracy but less in time-consuming. DFTB+ incorporated with BIOVIA Material 

Studio software uses libraries of parameters so-called Slater-Koster files to encapsulate the 

elemental interaction in the material. Recently, the use of DFTB+ (rather ‘self-consistent 

charge-DFTB’) has been reported in many literatures and is capable of calculating the 

electronic properties of the large biological systems such as oligonucleotides and protein 

(Elstner et al., 2003, Elstner, 2006, Nishimoto et al., 2014). 

 

3.3 Monte Carlo Simulation 

One of the most popular computational techniques for fluids modeling in atomic level is 

Monte Carlo statistical mechanic (Allen and Tildesley, 1987). MC simulation is a specific 

type of molecular mechanics (MM) simulation on the basis of repetitive random sampling 

and statistical analysis in order to predict the computed results. This particular method is able 

to reproduce an accurate result related to arbitrary experiment which is previously unknown 

(Raychaudhuri, 2008). It employs a setup involves molecules representation as the cluster of 

atom-centered interaction sites, application of classical force fields for calculating the 

potential energy, and the use of PBC. It has specific sampling methods of configuration 

spaces which are obtainable in the system. Initially, a new configuration is produced by 

choosing molecule in random, then translate and make a rotation of it. The last step is the 

accomplishment of several internal structures. Affirmation to those configurations is 

specified by Metropolis sampling algorithm in which application over sufficient 

configurations outcomes appropriate Boltzman-weighted means for the properties of 
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thermodynamics and structures. The force field controls the total energy (Jorgensen and 

Tirado-Rives, 1996). 

 

The MC application in Materials Studio tends to tackle the huge number of probabilities into 

small portions so that the scope of MC can be classified. Materials Studio provides some 

genuine modules related, which are available in computational simulation paper work and 

advanced with a number of length and time scale possibilities. Mainly, this module is based 

on the QM, calculating the electronic properties. Shortly, the module methods are simply 

defined into three separated parts: (a) general configuration, (b) traditional Metropolis and 

biased sampling, and (c) optimization devices. The fundamental of MC as sampling method 

is to correlate the changes of transition probabilities occurred in an ensemble and its density 

𝜌(Γ): 

𝜌(Γ, n + 1) − 𝜌(Γ, n) =  ∑ (T(Γ′, Γ)Γ′ 𝜌(Γ′, n) − T(Γ, Γ′)𝜌(Γ, n)) (3.17) 

Because 𝜌(Γ, n) =  𝜌(Γ) when reached the density equilibrium status, 

0 =  ∑ (T(Γ′, Γ)Γ′ 𝜌(Γ′) − T(Γ, Γ′)𝜌(Γ)) (3.18) 

This condition is satisfied if the transfer probabilities T(Γ, Γ′) obey detailed balance, 

T(Γ,Γ′)

T(Γ′,Γ)
=

𝜌(Γ′)

𝜌(Γ)
 (3.19) 

As first put forward by Metropolis (Metropolis et al., 1953), choosing 

T(Γ, Γ′) = min (1,
𝜌(Γ′)

𝜌(Γ)
) (3.20) 
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satisfies detailed balance. Consequently, steps that increase the density (i.e. those that are 

more important to ensemble 𝜌(Γ′) > 𝜌(Γ) are always accepted, while steps that decrease the 

density (steps to a less important state) are accepted with lower probability. In molecular 

simulation, the most interesting density functional is due to:  

𝜌(Γ) = (
exp (−𝛽𝐸(Γ))

∫ 𝑑Γ′𝑒𝑥𝑝(−𝛽𝐸(Γ′))
) (3.21) 

𝐸(Γ) acts as the potential energy of system in field Γ and 𝛽 = 1 (𝑘𝐵𝑇)⁄  (𝑘𝐵 defines the 

Boltzman constant with 𝑇 of the temperature). Kinetic energy is not involved in this equation 

as it needs only the momentum space integrated with the analysis, without any sampling. The 

acceptance probability follows from Equation 3.20: 

T(Γ, Γ′) = {
𝑒𝑥𝑝(−𝛽(E′ − 𝐸)), E′ > 𝐸,

1,                                E′ ≤ 𝐸,
 (3.22) 

where E′ = 𝐸(Γ′). 

The state is changed and being annotated as two type processes. First, providing initial step, 

which may be accepted or not. Then, the ω(Γ, Γ′) will be a trial probability and α(Γ, Γ′) will 

be the aceptance probability, then: 

T(Γ, Γ′) =  ω(Γ, Γ′)α(Γ, Γ′) (3.23) 

In the conventional MC, trials are made with equal probability in either direction,  ω(Γ, Γ′) =

ω(Γ′, Γ)  (Akkermans et al., 2013).  

 

Several types of calculations are referred to MC calculations. Entire of MC calculations are 

designed throughout several random sampling sorts, which is modeled with a random number 

of generating algorithm. In this particular simulation, location, orientation, and perhaps 
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geometry of a group of molecule are selected according to statistical distribution. For 

example, choosing random conformation angles examine many possibilities of molecule 

conformation. When sufficient iterations are done, then results are weighted by Boltzman 

distribution. It gives valid result statistically. The workflow of common steps of MC 

calculation is represented in Figure 3.2 (Young, 2001). 

 

Figure 3.2 Step-by-step diagram of MC simulations. 

 

There are several variations on the abovementioned procedure termed as importance and 

biased sampling which are used to reduce the number of repetition, then achieves more 

accurate result. These variations entirely change the steps three and five of the diagram 

(Figure 3.2). In step three, the size of the trial moves alters the efficiency of the simulation. 

Herein, the inefficient calculation occurrs while the simulation requires more repetitions to 

achieve the determined accuracy. When the size is very small, it is going to employ numerous 

repetition of atom locations to alter. If the size is exceedingly large, less number of moves 

(1) Choosing an initial set 
of atom position.

(2) Computing the system's 
energy.

(3) Selecting a trial 
move for the system 
randomly.

(4) Calculating the system 
energy in the new 
configuration.

(5) Deciding whether to 
accept the new 
configuration.

(6) Repeating steps 3 to 5 
until the system has 
equilibrated.

(7) Continuing the repetition and 
data collecting to compute the 
desired property.
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can be admitted. The efficiency associates with the acceptance ratio. It refers to a number of 

times in which the move was accepted, divided by total repetition number. Generally, the 

most effective MC calculation is that which has acceptance ratio between 0.5 and 0.7 (Young, 

2001). 

 

3.4 Molecular Dynamics 

Today, computer-based simulation have been employed to overcome many-body issues in 

several fields i.e. physical chemistry, physics, biophysics (Attig et al., 2004), biology, 

bioinformatics, and chemistry. In several cases, it is not possible to discover how atomic level 

interaction establish continuum properties unless by employing computer simulation. The 

MM-based simulation which has been widely used, instead of MC, is MD (Allen and 

Tildesley, 1989, Grotendorst et al., 2002). This method is essentially used in statistical 

mechanics simulation (Attig et al., 2004). 

 

MD is a part of MM approaches which corresponds to the employment of simple potential-

energy functions to simulate molecular systems (Adcock and McCammon, 2006). MD has 

been broadly applied in obtaining the time evolution of biomolecules conformations such as 

protein and their kinetics as well as thermodynamic properties (Cheatham and Kollman, 

2000, Norberg and Nilsson, 2002, Karplus and McCammon, 2002, Adcock and McCammon, 

2006). MD has also been applied widely and routinely to discover the behavior of 

nanomaterials at the atomic level (Miao et al., 2005, Hu et al., 2009, Makarucha et al., 2011) 

as well as their biophysics (Adcock and McCammon, 2006). Employment of MD in materials 

simulation is rapidly growing along with the increment of the demand. 
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Theoretically, MD simulation describes the velocities, positions, and orientations of 

interacting particles in the function of time. Particles, herein, may correspond to atoms, a 

group of atoms, and larger bodies such as molecules or biomolecules. A set of mathematical 

models which enable to define atomic-scale interaction is fundamental basis of MD. The 

dynamics are governed by Hamiltonian system and equations of motion as shown in 

Equation 3.24.  

H = T + U, ṗ𝑖 = −
𝜕𝐻

𝜕𝑞𝑖
, q̇𝑖 = −

𝜕𝐻

𝜕𝑃𝑖
   (3.24) 

where H corresponds to the Hamiltonian, T is the kinetic energy; a momenta function, T =

p2

2m
, and U remains the potential energy; a position function in the atomic ensemble, U =

U(q). 

 

For instance, the overall process of MD simulation can be described as follows: 

I. Selecting the function of potential energy which is used to define the interatomic 

interactions. 

II. Setting up the velocity and starting position of each atom as well as the simulation 

space dimensions. 

III. Calculating the overall forces on total N atoms. 

IV. Finding the accelerations of each atom. 

V. Obtaining the velocity of each atom and position upon a selected timestep through 

numerical integration by a certain algorithm. 

VI. Updating all position of atoms in the system. 

VII. Repeating steps III - VI. 
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VIII. Finalization process, or analysis of produced atomic trajectory data and 

thermodynamics. 

 

3.4.1 Forcite code 

Forcite, a code available in BIOVIA Materials Studio software, is an advanced conventional 

MM tool, which permits rapid calculation of energy and reliable geometry optimization of 

non-periodic as well as periodic molecular system (i.e. PBC). For the periodic condition, the 

cell parameters optimization with molecular coordinates is allowed. Additionally, an external 

pressure of hydrostatics may be used. During the optimization of crystal structure’s 

geometry, Forcite conserves the symmetry described by the space group, and the structure is 

minimized in regards to overall structural degrees of freedom or implementing the constraints 

system for the crystal structure (BIOVIA, 2016b). 

 

Forcite code is able to perform a wide range of task by using classical method, such as 

geometry optimization, dynamics etc. The geometry optimization procedure of Forcite was 

performed using an iterative task where the coordinates of atoms were modified up to the 

total energy of structures was diminished. Geometry optimization relies on the decreasing 

the magnitude of the computed forces until they turn out to be smaller than certain value of 

convergence tolerance (Amoli et al., 2015). The geometry optimization task of Forcite allows 

to refine the structure geometry until it reaches certain specified criteria (i.e. convergence 

level, SCF etc.). In general, the optimized structure refers to a potential energy minima of a 

surface (Zhao et al., 2014b). As a part of MM simulations, Forcite-Geometry optimization 

calculation is drawn upon the force field type and parameter set up prior to running 

calculation. Therefore, determining the suitable force field is one of the important part of this 
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calculation. Apart of geometry optimization, the dynamics task was also employed in the 

present study in order to investigate the molecular interaction within layer components. 

3.4.2 Force field 

In terms of molecular modeling, a force field corresponds to the functional forms derived 

from mathematical models and parameter settings applied to determine the potential energy 

of an atomic system or coarse-grained particles in MM (Vanommeslaeghe et al., 2014) and 

MD (Nosé, 1984a) simulations. The energy function parameters may be generated from 

experiments in chemistry or physics, QM calculation, or both. The force field defines the 

estimated potential energy hypersurface wherein the atomic nuclei travels. Force fields 

selection typically depends on the specific groups of the systems and thus, there is no absolute 

force field for certain system unless it is rigorously adjusted by the type of structures (i.e. 

hydrocarbon, metal system, metal organics etc.) which is being discovered (BIOVIA, 2016b). 

 

3.4.2.1 COMPASS 

Condensed-phase optimized molecular potentials for atomistic simulation studies 

(COMPASS) is state-of-the-art force field technology which defined as the foremost ab 

initio-based approximations which allows simultaneous and accurate prediction of electronic, 

conformational, structural, and thermophysical features of inorganic and organic small 

molecules and polymers (Sun, 1998, Yang et al., 2000). It corresponds to a first sophisticated 

force field which strengthens parameters for organic and inorganic compounds previously 

observed in various force fields. The COMPASS emphasizes on the high-level accuracy of 

prediction comprising experimentally analogous accuracy in calculating molecular properties 

in condensed phases as well as in isolation. The COMPASS belongs to ab initio force field 
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due to most parameters were generated from the data of ab initio method. Indeed, van der 

Waals interaction was calculated by performing dynamics simulations of molecular liquids 

and matching the equilibrium densities and predicted cohesive energies to experimental 

informations (Sun, 1998, Sun et al., 1998). COMPASS has been accurately used to simulate 

transition metals oxides (Wagemaker et al., 2003, Alvarez-Ramirez and Ruiz-Morales, 2007, 

Yue et al., 2013, Sang et al., 2016), biomolecules as well as macromolecule system such as 

nucleotide (Ngaojampa et al., 2010, Chai et al., 2014). 

 

3.4.2.2 Universal force field 

Universal force field (UFF) is designed based on trouble shooting of traditional force field 

which unable to calculate new sets of elements, atoms or molecules. Particularly, the 

traditional force field can only cover certain combinations of atoms i.e. proteins, molecular 

organics or nucleic acids. UFF, in general, provide a set of rules and procedures for 

generating proper parameters across the entire periodic table. The UFF is fundamentally 

based on the atomic elements, its hybridization, as well as connectivity (Rappe et al., 1992). 

  

In term of functional form, UFF is essentially harmonic and diagonal force field. Stretching 

of the bond is designated by angle bending by a three-term Fourier cosine torsions and 

expansion, a harmonic term, and inversions by expansion term of cosine-Fourier. The 

electrostatic interactions are defined by a partitioned (distance-dependent) Coulombic term 

and atomic monopoles, while van der Waals are characterized by the Lennard-Jones potential 

(BIOVIA, 2016b). UFF was successfully applied to organic and inorganic especially to the 

transition metal complexes (Rappe et al., 1992, Casewit et al., 1992, Rappe et al., 1993). 
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3.4.2.3 Dreiding 

For the dreiding force field, geometry parameters and general force constants are described 

for considering simple hybridization rather than geometric parameters and individual force 

constants which rely on the specific combination of atoms including the terms of structural 

bond, torsion, or angle (Mayo et al., 1990). Dreiding does not generate parameters 

automatically like UFF does. Instead, explicit parameters of this force field were obtained by 

a rule-based approach (BIOVIA, 2016b). Dreiding is advantageous to predict structural 

geometry and dynamics comprising biological, organic, and main-group inorganic molecules 

particularly (Mayo et al., 1990). 

 

3.4.3 Summation methods 

Summation method is used for calculating non-bond energies of electrostatic and van der 

Waals interaction of a structure or molecule. For electrostatic interaction, the available 

summation methods are atom-based, group-based, Ewald, and Particle-Particle Particle-

Mesh (PPPM), while for van der Waals interaction, atom-based, group-based, and Ewald can 

be used. 

 

3.4.3.1 Atom-based cut-offs 

Atom-based cut-offs is a direct summation method applied to determine long-range of non-

bond interactions in which the non-bond parameters are merely computed based on a certain 

distance of cut-off and interactions beyond the cut-off are discounted. Nevertheless, this 

direct method is able to lead the breaks in term of energy and its derivatives. As the distance 

of a pair of atom travels in and out in the range of certain cut-off within calculation steps, the 
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energy will jump, since the non-bond energy is taken into account in one iteration step and 

omitted from its next step (BIOVIA, 2016b). 

 

3.4.3.2 Group-based cut-offs 

The term “charge group” is defined as a small atoms group close to each other and it has a 

net charge of absolutely or nearly zero. In practice, charge groups are similar to common 

group of chemical functional, for example, a methyl, carbonyl group, or carboxylate group 

which will be almost neutral in the charge groups. The potential energy which is exerted by 

specific group of atoms at a particular distance, 𝑅, from the group center can be achieved by 

formulating an extension with regards to the inverse powers of 𝑅: 

𝛷 +
1

4𝜋𝜀
{

𝑄

𝑅
+

𝜇𝑐𝑜𝑠𝜃

𝑅2 +
𝛩(3 cos 2𝜃−1)

𝑅3 + ⋯ } (3.25) 

where 𝑄 corresponds to the total group charge, 𝜇 is the dipole moment of the group, and Θ is 

the quadrupole moment. Thus, when the group has neutral charge, the leading term will be 

comparative to 
𝜇

𝑅2. Similarly, if a certain distance, 𝑅, is applied to the centre of another charge 

group, form the first, an identical expansion in regards to 𝑅 can be expressed, and if the both 

charge group have neutral charge, it is possible to be described which the foremost interaction 

will be proportional to 
𝜇𝜇′

𝑅3  (Maitland, 1981), where μ' corresponds to dipole moment of the 

second charge group. This observation is the basis of the charge group method. For a 

specified cut-off value, charge groups can be anticipated to provide a better estimation of the 

Coulombic interaction rather than atom-based cut-off. Another benefit of the charge group is 

the capability to tend to be faster as compared to similar atom-based cut-off in the same 
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selected value. The interaction between two groups is calculated by the distance within their 

centres (BIOVIA, 2016b). 

 

3.4.3.3 Ewald cut-offs 

The Ewald technique (Ewald, 1921, Tosi et al., 1964)  is a computation method of non-bond 

energies in PBC. The most suitable candidate for this method is crystalline solids due to the 

possibility of errors which are related to the use of certain cut-off value, is greater in periodic 

lattice. Nevertheless, the Ewald technique can also be used to solutions and amorphous 

solids. For example, the performance of an Ewald calculation with 10-4 accuracy can be 

analogous to an atom-based cut-off with quite large value (19 Å) over the range. Furthermore, 

the Ewald significantly increases the accuracy of the calculation (BIOVIA, 2016b). This 

method was accurately tested for calculating van der Waals interaction and long range 

electrostatic (Toukmaji and Board, 1996) of a large system (Osnis et al., 2012). 

 

3.4.3.4 Particle-Particle Particle-Mesh Ewald cut-offs 

The Particle-Particle Particle-Mesh method (PPPM) (Hockney and Eastwood, 1988) uses a 

Discrete Fourier Transform to evaluate the reciprocal space portion of the Ewald summation 

method. The performance can be significantly improved (rather ‘faster’) than the ordinary 

Ewald method mainly for large systems. In practice, the PPPM was tested to faster the 

calculation of larger systems due to the reducing time on fewer number of cores (BIOVIA, 

2016b). 
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3.4.4 Periodic Boundary Condition 

PBC is a set of boundary condition which is regularly applied for estimating an infinite 

number of system through a particular part called by a unit cell (Schlick, 2010). PBC are used 

in molecular mechanics (i.e. MD) simulation in order to make the system representing the 

infinite condition at the cost of possible periodicity effects. Inside the PBC, there are several 

types of simulation circumstance i.e. gas phase condition, solvated system, protonated 

environment etc. depends on the state-of-the-art of the calculation itself. The illustration of 

PBC is presented by Figure 3.3 in which whole atoms in the box center are duplicated to all 

over the spaces forming an infinite lattice (PBC). 

 

Figure 3.3 Representation of a PBC system. The left side shows the small unit cell which constructs 

the infinite structure (right side).  

 

The consideration of maximum interatomic distance (𝑟𝑐𝑢𝑡) is thereby capable of the half of 

simulation box edge: 
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𝑟𝑐𝑢𝑡 =  
𝐿

2
 (3.26) 

If the atoms in the cell have positions (𝑟𝑖), the PBC also generates mirror images at the 

positions described as  

𝑟𝑖
𝑖𝑚𝑎𝑔𝑒

= 𝑟𝑖⃗⃗⃗ + 𝑙𝑎⃗⃗⃗⃗ + 𝑚𝑏⃗⃗⃗⃗⃗⃗⃗ + 𝑛𝑐⃗⃗⃗⃗⃗   (3.27) 

where l, m, and n are any integers from -∞ to +∞ while a, b, and c are vectors which refer to 

the box edges of PBC. 

 

3.4.5 Thermodynamics ensemble 

Incorporating the motion equations of Newton's permits to discover the constant-energy 

surface of a particular system. Nevertheless, most of the natural phenomena happen under 

circumstances in which the external pressure and/or exchanges temperature exposes the 

system with the environment. Under these particular conditions, the total energy is not 

conserved and therefore, require an extended dynamics forms (BIOVIA, 2016b). 

 

Depending on the constant variables including the number of particles (N), pressure (P), 

temperature (T), volume (V), and energy (E), various thermodynamics ensembles are 

available to be used in the MM simulations. Numerous structural, energetic, and dynamic 

features can be discovered from the fluctuations or the average value of these amounts over 

the selected ensemble. Both isothermal ensemble, which the heat is replaced by a temperature 

bath to maintain a fixed thermodynamic temperature, and adiabatic ensemble inwhich there 

is no heat replacement occurs, are shown in Table 3.2 (BIOVIA, 2016b).  
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Table 3.2 Ensembles of MD simulations. 

Thermodynamics 

ensemble 

Parameters to be kept in constant 

(instead of number of particles; N) 

NPT Pressure and temperature  

NVE Volume and energy 

NPH Pressure and enthalpy 

NVT Volume and temperature 

NST Stress and temperature  

 

NVT ensemble, also known as the canonical ensemble, is generated by governing the 

temperature via scaling the direct temperature throughout the initialization stage and by the 

coupling of temperature-bath throughout the data collection stage. The volume is kept fixed 

during simulation. NVT is a proper choice when the vacuum condition is employed (without 

PBC). In the system without PBC, density, pressure, and volume is not able to be defined. In 

another words, the constant-pressure cannot be performed. However, NVT ensemble 

dynamics with PBC is applicable as long as the pressure does not give substantial error, 

therefore the constant-volume and temperature ensemble allows the benefits of minor 

trajectory perturbation caused by lack of coupling to a pressure bath (BIOVIA, 2016b). The 

applicability of NVT ensemble in particular for clusters containing metal or metal oxide-

based structure has been widely explored in the recent years (Lee and Rasaiah, 1996, Prathab 

et al., 2007, Cheng and Selloni, 2010, Yue et al., 2013). 

 

3.4.6 Thermostat 

Thermostat corresponds to a method to control the temperature during dynamics simulation. 

The choice of thermostat plays important role in order to facilitate the equilibration phase of 
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the system. Several thermostat techniques are commonly used in molecular dynamic 

simulations such as direct velocity scaling, Berendsen (Berendsen et al., 1984), Nosé (Nosé, 

1984a, Nosé, 1984b, Hoover, 1985, Shuichi, 1991), Nosé-Hoover-Langevin (Samoletov et 

al., 2007), and Andersen (Andersen, 1980, Weinan and Dong, 2008). Herein, Andersen 

dynamics was employed in molecular dynamics trajectories involving equilibration and 

production phases. 

 

The first type of Andersen technique of heat control includes randomizing the all atoms 

velocities at a certain collision period, while the other version comprises selecting collision 

times of atom from a Poisson distribution at each time step and altering their velocities 

according to the Boltzmann distribution. For the first version, the predefined collision period 

is proportional to N2/3, where N corresponds to the atoms number of the simulation system.  
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CHAPTER 4 

MATERIALS AND METHODS 

This chapter focuses on two major methodologies involved in this research comprising of 

computational and experimental studies. The first subsection describes the computational 

investigation of the electrode consisting of FTO, TiO2, dopamine (DA), and ss-DNA. 

Initially, construction of nanostructures is presented followed by structural examination 

using molecular mechanics (MM)-based geometry optimization. Afterwards, the density 

functional theory (DFT) calculations using numerical basis set is provided to observe the 

structural, electronic, and vibrational properties of the studied nanoclusters and molecules. 

This is followed by the interaction studies using Metropolis Monte Carlo (MC) method 

towards predicting the adsorption process by means of simulated annealing technique. Lastly, 

the molecular dynamics (MD) simulation which was accomplished to mimic the 

experimental circumstances of the electrodes construction as well as to generate an in-depth 

understanding of interactions phenomena, is thoroughly explained. The second subsection 

elucidates the experimental procedures including materials and instrumentation, preparation 

of the electrodes and photo-oxidative damage of the ss-DNA, fabrication of the modified 

electrode along with the characterization studies, and electrochemical detection of DNA 

damage and ascorbic acid (AA) activity measurements. 

 



Chapter 4: Materials and Methods 

Page | 78  
 

4.1 Computational 

4.1.1 Construction of nanostructures and Forcite-Geometry-based structural analysis 

4.1.1.1 Fluorine-doped tin oxide 

Fluorine-doped tin oxide (FTO) was constructed through the doping of fluorine (F) atom into 

SnO2 nanocluster. Rutile SnO2 with (200) plane was chosen in overall study as one of the 

preferential orientation used in theoretical studies (Feng et al., 2009, Cao et al., 2013) which 

also has been experimentally observed in F-doped SnO2 investigations (Thangaraju, 2002, 

Agashe and Mahamuni, 2010, Banyamin et al., 2014, Wang et al., 2014, Afzaal et al., 2016). 

Indeed, this specific plane was selected due to less surface energy of interaction (Agashe et 

al., 1988).  In order to build the FTO structure, firstly, SnO2 (200) was constructed using the 

simplest crystal structure of SnO2 (further called by primitive or intrinsic structure) provided 

by Material Studio (MS) software’s library. Nanocluster’s surface was subsequently built 

along (200) plane orientation with the 0 Å top fractional and 18.49 Å thickness fractional. 

The 4 x 6 unit cell was chosen to obtain 288 of total atoms with the 96 Sn and 192 O atoms. 

Then, 20 Å of vacuum slab was selected to build periodic boundary condition (PBC) of FTO. 

For observing the feasibility of intrinsic SnO2 structure, the geometry of SnO2 primitive 

structure is optimized by Forcite module with ultrafine-COMPASS force field (Sun, 1998, 

Sun et al., 1998). The convergence criteria for the maximum values of energy alteration, 

force, stress, and displacement were set at 2 x 10-5 kcal/mol, 0.001 kcal/mol/Å, 0.001 GPa, 

and 10-5 Å.  

 

Herewith, F atom substitutes the anion (oxygen; O) of SnO2 cluster (Schaefer et al., 1997, 

Nakajima and Groult, 2005). FTO remains excellent visible transparency due to its wide 
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electronic band gap, whereas preserving a low electrical resistivity owing to the high 

transporter concentration triggered by the vacancies of O atoms and the substitutional F 

dopant (Subba Ramaiah and Sundara Raja, 2006). The 5.3% of dopant concentration was 

chosen in the FTO nanostructure as an optimum doping percentage of F onto SnO2 

(Banyamin et al., 2014). Introduction of F increases the coexistence of electrical conductivity 

and optical transparency of metal oxide by narrowing the band-gap (Edwards et al., 2004). 

This may be due to the similar electronegative nature of F and O atoms. In terms of dopant 

position, the F atoms was randomly deposited into SnO2 surface which was initially created 

via random removal of oxygen atoms (Rhodes et al., 2008a, Rhodes et al., 2008b) positions 

of un-doped SnO2 structure. The lattice parameter of un-doped and F-doped SnO2 used in 

this study were calculated to be a = 18.949 Å, b = 19.118 Å, and c = 28.560 Å. 

 

4.1.1.2 Titanium dioxide 

Titanium dioxide (TiO2) was constructed along with (101) plane direction as preferential 

orientation of computational (Sorescu et al., 2011, Di Valentin and Costa, 2012, Syres et al., 

2012, Stashans et al., 2015) and experimental studies (Gong et al., 2006, Yang et al., 2008, 

He et al., 2009, Syres et al., 2010, Li et al., 2011). Moreover, most existing TiO2 anatase 

crystals corresponds to the thermodynamically stable of (101) typical facets (over 94% based 

on the Wulff construction) (Lazzeri et al., 2001, Barnard and Curtiss, 2005, Yang et al., 

2008). The surface was built from the crystal structure of TiO2 anatase generated from MS 

structures library comprising 0 Å top fractional and 14.003 Å thickness fractional. The unit 

cell of 3 x 3 was built along with 20 Å vacuum slab (Kusama et al., 2008). 
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Anatase crystal structure of TiO2 was chosen encompassing titanium (Ti) atom which is 

surrounded by six O atoms, but has only four Ti atoms nearest neighbours. TiO2 is well-

known as highly ionic semiconductor. The Ti (IV) atoms prefers a large number of O 

neighbours and strongly repels its Ti next nearest neighbours (Gaba et al., 2013). By 

optimizing the primitive structure using COMPASS commercial force field (Sun, 1998, Sun 

et al., 1998) with ‘ultrafine’ convergence quality as implemented in Forcite module, the 

structural parameters have been observed and compared to other previous theoretical and 

experimental results. The convergence criteria for accomplishment of geometry optimization 

were set as follows: 2 x 10-5 kcal/mol of maximum energy change, 0.001 kcal/mol/Å of 

maximum force, 0.001 GPa of maximum stress, and 10-5 Å of maximum displacement. 

 

4.1.1.3 Dopamine 

The molecular structure of dopamine was drawn using MS software. Fundamentally, the 

single dopamine molecule contains two hydroxyl groups (-OH), benzenoid ring, and an 

amide group. Forcite code was a preferable method to observe the low energy configuration 

(rather ‘most stable conformation’) of dopamine molecule, along with ‘ultrafine’ quality of 

COMPASS force field (Sun, 1998, Sun et al., 1998). The convergence criteria i.e. maximum 

value of energy change, force, stress, and displacement were set at 2 x 10-5 kcal/mol, 0.001 

kcal/mol/Å, 0.001 GPa, and 10-5 Å, respectively. 

 

4.1.1.4 ss-DNA of Alzheimer’s 

The oligonucleotide (ss-DNA) encoding cerebrovascular amyloid protein formation was 

used in the computational study (Glenner and Wong, 1984, Robakis et al., 1987)). It was a 

representative model of the experiment in order to molecularly observe the nature of ss-DNA 
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and its functionality to further undergo the interaction studies (MC adsorption studies and 

MD simulations). The sequence had 72-mers of nucleobases as shown at previous section. 

According to the experiment, the 5’ of nucleotide was functionalized with carboxyl group (-

COOH) in order to covalently linked to amine group of dopamine (composed as third layer 

in the system) (Rajh et al., 2004). Nevertheless, dopamine was successfully observed as an 

anchor molecule within oligonucleotide and TiO2 nanocrystalline (Paunesku et al., 2003, 

Vega-Arroyo et al., 2007) due to their unique skeleton having two -OH and an amine groups. 

The amine group of dopamine was linked to -COOH of oligonucleotide, while the -OH 

groups was oriented to the surface of TiO2 anatase cluster (Paunesku et al., 2003).  

 

In this present simulation, the -COOH group was attached at the 5’end-phosphate of 

oligonucleotide terminus as its preferability from the synthetic point of view (i.e. visible 

synthesize region). The macromolecule ss-DNA structure was initially constructed through 

Discovery Studio (DS) software (BIOVIA, 2016a) followed by folding treatment using 

secondary structure observation. In order to predict the secondary structure with more details 

information, Mathews Lab RNA structure software (online: 

http://rna.urmc.rochester.edu/RNAstructure.html) was employed. This software allows to 

predict either ss-DNA or RNA structures into any possible folding. For predicting a 3D 

aptamer structure, firstly, MFold software was utilized to fold the initial sequence of each 

aptamer into its secondary structure. The folding temperature was set to 25°C with solvent 

condition in default setting. The model which had the lowest Gibbs energy was picked and 

its output, the dot-bracket (Vienna) format, was fetched for tertiary (3D) prediction. For this 

purpose, RNA Composer software was applied to generate the 3D structure automatically 

and available freely. The 3D construction concept is a kind of search-engine, based on the 
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translation of RNA Fragment Base Search Engine (FRABASE) database which associated to 

RNA 3D structure database. The Vienna format imported to the RNA Composer was 

generated into PDB format of 3D structure outcome. Notably, the RNA Composer only 

generates the Vienna format input into the PDB file of RNA. If compared to ss-DNA 

structure, a -OH group appears in 2’-carbon atom of ribose and uracil is placed at the thymine 

position. The DS Visualizer can adjust the RNA to be ss-DNA. To do this, each aptamer PDB 

file was activated individually and Macromolecule command was allowed to modify the 

ribose backbone into deoxyribose (all oxygen in 2’-carbon ribose atoms are changed into 

hydrogen atoms) and converted all the uracil bases into thymine (hydrogen assembled to the 

5-carbon pyrimidine uracil atom was replaced by carbon atoms forming methyl group). The 

final structures were presented in ss-DNA assembly. Latter, each structure was optimized 

geometrically using steepest descent minimization of 32000 steps in DS (Hu et al., 2015, 

Heiat et al., 2016, Ahirwar et al., 2016). These steps were completed to generate the 

secondary structure (rather ‘folded’) of studied oligonucleotide, therefore can be reliable in 

further calculation. 

 

Upon the minimization using DS, the oligonucleotide structure was subsequently shifted to 

MS environment. Due to their different circumstances, the geometry of oligonucleotide was 

optimized using Forcite code along with ‘coarse’ quality of Universal and Dreiding force 

fields incorporated with the current charge equilibration method. As described in previous 

chapter, the Universal force field (UFF) technique can be appropriately used to calculate the 

structure and energetics of elements across the periodic table (Rappe et al., 1992) involved 

molecules of organic i.e. DNA (Ogawa et al., 2003), while the Dreiding force field which 

uses hybridization rules (Mayo et al., 1990), is applicable for simulating proteins and DNA. 
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Both force fields are able to be functioned in simulation of large biomolecules (Ptasińska et 

al., 2010), since ab initio calculations are only adequate for smaller systems owing to 

restrictions of the computational facilities (rather ‘resources’). Herein, the convergence 

criteria involved maximum energy change, force, stress, and displacement were set at 2 x 10-

5 kcal/mol, 0.001 kcal/mol/Å, 0.001 GPa, and 10-5 Å. 

 

4.1.2 DFT calculations 

4.1.2.1 Fluorine-doped tin oxide 

(i) Structure and energetics 

DFT calculations of FTO was carried out using DMol3 code (Delley, 1990, Delley, 2000) as 

apart of MS software (BIOVIA, 2016b). It was used for the assessment of electronic 

properties such as conductivity (frontier orbitals, density of state (DOS), band structure etc.) 

as well as vibrational properties by means of predicted Raman and infra-red (IR) spectra. The 

Generalized Gradient Approximations - Perdew-Burke-Ernzerhof (GGA-PBE) correlation 

energy functional (Perdew et al., 1996) and Double Numerical plus Polarization (DNP) ver. 

3.5 basis set were employed to determine the spin-unrestricted DFT calculation of all periodic 

structures. The spin-unrestricted polarization method calculates different methods for 

different spins and has been used for calculating DFT of metal oxide clusters (Zhang et al., 

2014, Yan et al., 2015). Instead, DNP is known as the basis set which is equivalent to 6-

31G** basis set (Gaussian) in size and even remains to be much more accurate at the same 

size (Benedek et al., 2005). The employment of numerical basis sets also diminishes the basis 

set superposition error (Matsuzawa et al., 1997). The cores are treated with DFT-semi core 

pseudopotential (DSPP) (Delley, 2002) treatment due to the metallic nature of the studied 
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structure (Zhang et al., 2011). The use of DSPP replace the effects of core electrons with a 

single effective potential. These core potentials comprise some degree of relativistic effects 

and therefore, very beneficial approximations for heavier elements. The DSPP-based 

calculation is less computationally expensive since the core electrons are dropped (Kakkar et 

al., 2006). In order to improve the calculations performance, 4.5 Å of global orbital cut off 

was used. The tolerances of energy, gradient, and displacement were selected to be 1 x 10-4 

Ha, 2 x 10-2 Ha Å-1, and 5 x 10-2 Å, respectively.  

 

Prior to calculation of larger FTO structure, geometry optimization of SnO2 intrinsic structure 

was required to validate the used parameters in DFT. A ‘gamma’ type k-point of 1 x 1 x 1 

was set for overall geometry optimization and structural properties calculations comprising 

of the integration points number which is employed to incorporate the wave function in 

reciprocal space. Initially, the calculated DFT properties for FTO structure is considered in 

comparison with the native SnO2 (200) cluster. The purpose of this calculation is to observe 

the impact of F-dopant to the structural properties of SnO2 (200) cluster. 

 

(ii) Electronic properties 

The SnO2 (200) structure previously built was optimized. Further, the 8 x 1 x 1 of Monkhorst-

pack k-point mesh was specified for calculating the DOS, particularly. For the geometry 

optimization, 0.05 Ha of smearing value was applied in order to reach the satisfied 

convergence criteria of the larger cluster system. Electronic properties play pivotal role in 

understanding the nature of materials and biomolecules. In this present study, the electronic 

properties of FTO corresponds to frontier orbital analysis, DOS, and band structure. Frontier 

molecular orbitals is an application of molecular orbitals theory describing highest occupied 
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molecular orbitals and lowest unoccupied molecular orbitals (LUMO) in a certain energy 

level i.e. ground state. According to the Fukui’s nobel lecture, discovering HOMO and 

LUMO is particularly a good approximation to understand the reactivity of molecule (Fukui, 

1982a, Fukui, 1982b). The difference within HOMO and LUMO is so-called by band gap 

(ΔE), in which it is an important parameter to determine the classification of materials. The 

simple depiction of band gap influence corresponding to the different materials are shown at 

Figure 4.1 below. In general, pure metal clusters has no band gap (0 eV) due to the 

overlapping phenomenon of conduction band minimum (CBM) and valence band maximum 

(VBM), while semiconductors has a band gap ≤ 3.2 eV and when it is larger than 3.2 eV, the 

materials/molecules correspond to insulator. Herewith, VBM is also known as HOMO, while 

CBM comprising of the LUMO plot. Indeed, the ground state level of orbitals calculation 

was used throughout the optimization process along with carrying out of 0.15 Å grid in order 

to increase the quality of HOMO-LUMO isosurfaces. 

 

Figure 4.1 Classification based on electronic band gaps.  
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4.1.2.2 Titanium dioxide 

(i) Structure and energetics 

DFT calculations of TiO2 was carried out using DMol3 code (Delley, 1990, Delley, 2000) 

along with GGA-PBE correlation energy functionals (Perdew et al., 1996) and DNP ver. 3.5 

numerical basis. Similar to FTO cluster, the spin-unrestricted orbital calculation was applied 

to all the periodic structures. The cores are treated with DSPP (Delley, 2002) along with 4.5 

Å global orbital cut-off. Similar to FTO, a DSPP (Delley, 2002) was used for core electron 

treatment due to the metallic nature of TiO2 cluster (Zhang et al., 2011, Yang et al., 2013). 

The use of DSPP replace the effects of core electrons with a single effective potential. These 

core potentials comprise some degree of relativistic effects and therefore, very beneficial 

approximations for heavier elements. The DSPP-based calculation is less computationally 

expensive since the core electrons are dropped (Kakkar et al., 2006). The maximum 

acceptances of energy, gradient, and displacement were set as follows: 2 x 10-5 Ha, 4 x 10-3 

Ha Å-1, and 5 x 10-3 Å, respectively. Prior to calculation of large TiO2 cluster, geometry 

optimization of TiO2 intrinsic structure was required to validate the used parameter in DFT 

calculation. Herein, a ‘gamma’ type k-point set of 1 x 1 x 1 was used for geometry 

optimization and structural properties calculations. 

 

(ii) Electronic properties 

Electronic properties investigation was applied to TiO2 (101) cluster which built in previous 

section. The ‘gamma’ type k-point (1 x 1 x 1) was chosen for overall geometry optimization 

and 8 x 1 x 1 of Monkhorst-pack k-point mesh was specified particularly for calculating the 

electronic properties. Herein, frontier orbitals, DOS, and band structure were considered to 

demonstrate the electronic nature of TiO2 cluster. For the HOMO-LUMO investigation, 
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ground state orbitals level was used throughout the optimization along with 0.15 Å grid to 

increase the quality of orbital isosurfaces. For the DFT calculations of TiO2 cluster, 0.05 Ha 

of smearing value was applied in order to reach the satisfied convergence criteria of the larger 

system. 

 

(iii) Vibrational properties 

The Raman and infra-red (IR) spectra were generated from DFT result by means of frequency 

calculation via computing a Hessian matrix during geometry optimization. According to the 

DMol3 system, the Hessian elements are calculated by dislocating every atom in the PBC 

model and calculating a gradient vector. This generates a comprehensive second derivative 

matrix (BIOVIA, 2016b). Upon the optimization, the Raman spectra can be generated from 

the lowest cluster’s configuration, while IR spectra is generated from vibrational analysis 

tools along with 1.0 Å maximum amplitude and ‘ultrafine’ graphical quality. These results 

were further compared with spectroscopic data generated from the existing experimental 

studies or references. 

 

4.1.2.3 Dopamine 

(i) Structure and energetics 

Dopamine is a small biomolecule which basically structured from benzenoid ring, hydroxyl, 

and amine groups. In this present study, dispersion corrected-DFT (DFT-D) was typically 

used to assess the molecular properties of dopamine. DFT-D was carried out using DMol3 

code along with B3LYP hybrid functional (Becke, 1993, Stephens et al., 1994) and Grimme’s 

empirical dispersion correction (Grimme, 2004, Grimme, 2006). The DFT-D method of 

Grimme is extensively appropriate for adjusting the performance of standard DFT (Grimme, 
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2004, Grimme, 2006, Shao et al., 2006) especially for defining the non-covalent forces such 

as hydrogen bonding and van der Waals. The original DNP ver. 3.5 basis set was used in 

order to increase the accuracy of theoretical results. Herein, the spin restricted polarization 

method was used describing the usage of similar orbitals for α and β spin. The cores are 

treated without any special treatment. On the other words, all electron core treatment was 

used in this calculation. In regards to improve the performance of calculations, a ‘fine’ quality 

of global orbital cut-off was employed. The maximum of energy, gradient, and displacement 

tolerances were selected to be 1 x 10-5 Ha, 2 x 10-3 Ha Å-1, and 5 x 10-3 Å, respectively. 

 

(ii) Electronic properties 

For the electronic properties of dopamine, frontier orbital calculation was considered. The 

0.15 Å grid was employed to increase the quality of orbital isosurfaces. The HOMO-LUMO 

calculation was carried out at the Fermi level (ground state orbitals). Herein, the 0.005 Ha of 

smearing value was employed in orbital occupation to accelerate the geometrical 

convergence. 

 

(iii) Vibrational properties 

Raman and vibrational (IR) spectra were generated from DFT frequency calculations. Upon 

the optimization, the Raman spectra can be obtained from the lowest cluster’s configuration, 

while IR spectra is generated from vibrational analysis tools along with 1.0 Å maximum 

amplitude and ‘ultrafine’ graph quality. These results were subsequently compared with the 

spectroscopic data generated from the experimental studies or reference. 
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4.1.2.4 ss-DNA of Alzheimer’s 

(i) Structure and energetics 

Single stranded-DNA is a macromolecule containing 2368 atoms and therefore, is not able 

to be optimized through common computational QM methods i.e. DMol3. Herein, DFTB+ 

code was considered to optimize the studied ss-DNA due to the capability of this method to 

calculate the DFT properties of macromolecule such as large nanocluster or biomolecules. 

The DFTB technique itself is relied on the expansion of second order of the Kohn-Sham total 

energy in density functional respecting the fluctuations of the charge density. Further, the 

zeroth order method is comparable towards a standard non-SCF calculation, while for the 

second order, a parameter-free, transparent, and computable parameters intended for 

universal matrix elements of Hamiltonian are able to be generated (BIOVIA, 2016b). Herein, 

non-SCC DFTB was used to reach the convergence during optimization. The ‘mio’ type of 

Slater-Koster library was employed along with 0.005 Å orbital occupancy. The energy 

tolerance was set to be 1 x 10-1 kcal/mol throughout optimization.  

 

(ii) Electronic properties 

For the electronic properties of ss-DNA macromolecule, frontier orbital calculations at 

ground state levels were considered. The 0.15 Å grid was applied to increase the quality of 

orbital isosurfaces. 

 

4.1.3 Metropolis Monte Carlo adsorption studies 

Metropolis Monte Carlo adsorption studies were applied to search the lowest energy 

configurations of adsorbate on the surface of selected substrates as the temperature is 

gradually decreased. The substrate and adsorbate systems were produced by mimicking the 
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experimental electrode. Table 4.1 displays the substrate and adsorbate system used in this 

present study. In general, before performing the MC adsorption studies, the adsorbate 

molecules are optimized using Forcite-Geometry optimization in order to reach the stable 

conformation of adsorbate molecule. Herein, the adsorbate molecules are optimized using 

selected force field due to its capability to converge various adsorbate types i.e. TiO2 as metal 

oxide (i.e. UFF), dopamine as small biomolecule (i.e. COMPASS), as well as ss-DNA as a 

large biomolecule (i.e. UFF-Dreiding). Upon the geometry optimization of adsorbate, the 

MC adsorption studies are performed using specified parameter set up. 

Table 4.1 Substrate-adsorbate systems used in MC simulations. 

System Substrate Adsorbate 

Layer I FTO TiO2 

Layer II TiO2/FTO dopamine 

Layer III DA/TiO2/FTO ss-DNA 

 

The MC simulations procedure was used to observe the lowest energy level for the system. 

Initially, the adsorbate clusters are optimized till it reaches the selected convergence criteria. 

In this models, the configurations have certain ensemble by producing a configuration of 

chain i.e. m, n… in which the transformation step within m and n is a two-separate process 

(BIOVIA, 2016b). 

 

4.1.3.1 Construction of substrate layers  

The layers of studied nanostructure were constructed using ‘build layer’ selection of MS 

software. For the layer I, the constructed substrate containing FTO used in DFT calculation 



Chapter 4: Materials and Methods 

Page | 91  
 

was used. For the layer II, the TiO2 (101) cluster was appended on the surface of FTO layer. 

This layer was denoted as TiO2/FTO. Whilst, the dopamine was perpendicularly affixed on 

the TiO2/FTO surface in order to build the layer III (i.e. DA/TiO2/FTO). Dopamine acted as 

the third layer herein. For the layer III, larger adsorbate surfaces were employed according 

to the size of ss-DNA as the adsorbate. The lattice constant for layer III was recorded as a = 

166.8 Å, b = 114.0 Å, and c = 178.9 Å. The selected vacuum slab thickness were applied to 

the overall surfaces which defined as follows: 20 Å for layer I and II, and 150 Å for layer III. 

 

4.1.3.2 Adsorption studies of TiO2 onto FTO layer 

In this study, the automated temperature control was adopted and five temperature cycles 

were employed in the simulated annealing run. The substrate (layer I; FTO layer) and 

adsorbate (TiO2) systems were reproduced representing the experimental electrode 

construction. By using the ‘adsorption locator’ module, single molecule of adsorbate was 

simultaneously adsorbed onto the FTO surface. Herein, various number of adsorbates i.e. 5, 

10, and 50 molecules of TiO2 were also considered to mimic the increasing adsorbate 

concentration. The calculation was carried out using the UFF (Rappe et al., 1992, Rappe et 

al., 1993) along with ‘ultrafine’ convergence tolerance. The charges were assigned by the 

current method. Prior to MC adsorption studies, the adsorbate molecules were initially 

optimized using Forcite-Geometry code with UFF in order to reach their most stable 

conformations. UFF is reliable force field for metals/ metal oxides system. For the energy 

parameters, the Ewald & group-based and atom-based summation methods were applied to 

compute the non-bonding electrostatic and van der Waals interactions throughout MC 

simulations.  
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4.1.3.3 Adsorption studies of dopamine onto FTO and TiO2/FTO layers 

Similarly, the automated temperature control was adopted and five temperature cycles were 

employed in the simulated annealing run. The substrate (layer II; TiO2/FTO layer) and 

adsorbate (dopamine) systems were used to reproduce experimental electrode construction. 

By using the ‘adsorption locator’ module, single molecule of adsorbate was simultaneously 

adsorbed onto the TiO2/FTO surface. Herein, five molecules of dopamine were also applied 

to mimic the increasing concentration of adsorbates. The employment of another single 

concentration is due to slab size limitation. The adsorption studies were carried out using the 

UFF (Rappe et al., 1992, Rappe et al., 1993) along with ‘ultrafine’ convergence tolerance. 

The charges were assigned by the current method. Prior to MC adsorption studies, the 

adsorbate molecules were initially optimized using Forcite-Geometry code with COMPASS 

(Sun, 1998, Sun et al., 1998) force field in order to reach their most stable conformations. 

COMPASS is well-known as a reliable force field for the small biomolecules such as 

dopamine. For the energy parameters, the Ewald & group-based and atom-based summation 

methods were applied to compute the non-bonding electrostatic and van der Waals 

interactions throughout MC simulations. As a comparison, the layer containing FTO (layer 

I) only was considered to discover its adsorption energy difference with the layer II system. 

 

4.1.3.4 Adsorption studies of ss-DNA onto FTO, TiO2/FTO, and DA/TiO2/FTO layers 

The automated temperature control was adopted and five temperature cycles were employed 

in the simulated annealing run. The substrate (layer III; DA/TiO2/FTO layer) and adsorbate 

(ss-DNA) system reproduced the last step of experimental electrode modification. Single 

molecule of adsorbate was simultaneously adsorbed onto the DA/TiO2/FTO surface using 
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‘adsorption locator’ module. The adsorption study was carried out using the UFF (Rappe et 

al., 1992, Rappe et al., 1993) along with the ‘ultrafine’ convergence tolerance. The charges 

were assigned by the current method. Prior to MC adsorption studies, the adsorbate molecules 

were initially optimized using Forcite-Geometry code with UFF and Dreiding (Mayo et al., 

1990) force fields in conjunction with the current charge equilibration scheme in order to 

reach its most stable conformations. Both level of theories are applicable to very large 

biomolecules (Ptasińska et al., 2010) i.e. oligonucleotide. For the energy parameters, the 

group-based summation methods were applied to compute the non-bonding electrostatic and 

van der Waals interactions throughout MC simulations. As a comparison, the other layers 

composing FTO (layer I) and TiO2/FTO (layer II) were considered to observe the adsorption 

energy difference with the layer III system containing DA/TiO2/FTO. 

 

4.1.4 Molecular dynamics simulations 

MD simulations were carried out using a standard scheme as depicted at Figure 4.2. For the 

MD using Forcite, the last trajectories of MC adsorption studies are applicable as starting 

configuration containing stable substrate-adsorbate systems. It is due to the lowest energy 

conformation of the trajectories as common outcome of MC-based simulations. Afterwards, 

the system need to be optimized with respect to a certain force field in order to observe the 

lowest energy conformation of the adsorbate. The purpose of this optimization is also to 

remove the unphysical interaction within molecular system. Prior to optimization, the 

substrate bonds were removed due to the inapplicability of covalent bonding in metal oxides 

system. Afterwards, rigid-body constraint was applied to the substrate. Upon the 

minimization, the initial velocities of MD simulations were determined along with other 

important parameters involved type of ensemble, temperature, force field, convergence 
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criteria, time step, total time simulations, thermostat etc. When the dynamics started, the 

heating process will be carried out till reaching the equilibrium stage of the system (when 

plotting of energy and temperature vs time shows fluctuations within constant averages). In 

most of the cases, the equilibrium stage can be achieved by the employment of thermostat. 

Upon the equilibrium stage has been achieved, the production stage of MD simulations is run 

with a desired time simulations (from several ps to ns or even more) followed by data analysis 

based on the MD trajectories.  

 

Figure 4.2 General scheme for set up and steps of MD simulations. 
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4.1.4.1 Molecular mechanics-based geometry optimization 

MM-based geometry optimization was employed to optimize the structural geometry of the 

initial bulk prior to MD simulations. The bulks were taken from the output of MC adsorption 

studies containing substrate and adsorbate in their lowest energy configuration (rather ‘most 

stable conformation’). The geometry optimization was carried out using Forcite code. The 

force fields and summation methods which were applied for this optimization are similar 

with the adsorbate pre-treatment of MC adsorption studies, particularly for TiO2 and ss-DNA 

adsorbates. While for the dopamine as adsorbate and metal oxide systems as substrate, the 

UFF along with ‘ultrafine’ quality was used to reach the satisfied convergence criteria. 

Herein, the SCF iteration was set at 10000 for all optimizations. The purpose of this selection 

was to help in reaching the satisfied convergence levels for each adsorbate. Prior to geometry 

optimization, the bonds of metal oxide substrates (FTO and TiO2) were removed due to the 

primarily ionic nature of the clusters. This means that the concept of a covalent bond is not 

applicable to metal oxide structures and therefore, the bond must be eliminated for the 

calculation to proceed  (BIOVIA, 2016b). The minimization method was selected as ‘smart’, 

which refers to a bundle of the adjusted basis set Newton-Raphson (ABNR), steepest descent, 

and quasi-Newton methods. For the quasi-Newton method, Broyden-Fletcher-Goldfarb-

Shanno (BFGS) and the Davidon, Fletcher, and Powell (DFP) algorithms were used 

respectively (BIOVIA, 2016b).  

 

4.1.4.2 MD simulations of TiO2 onto FTO layer 

Upon geometry optimization of the TiO2 adsorbate by MM (i.e. Forcite) method, MD 

simulations were performed on each of the aforementioned systems to arrive at the final 

energy-optimized systems. For the simulations with TiO2 molecule and FTO layer, an NVT 
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canonical ensemble at room temperature (298 K; based on experiment) was used with 1.0 fs 

of time step and 100 ns of total dynamics time. The UFF was applied herein, to calculate the 

potential energy of metallic system throughout the simulations. An Anderson-thermostat was 

used with a collision ratio of 1.0 to control the temperature as well as to reach the equilibrium 

stage. The number of simulation steps were set at 108. The velocity initialization was set at 

random values temperature-dependent Gaussian distribution. The adsorbates number 

involved in this calculation are 1, 5, 10, and 50 molecules in order to mimic the increasing 

concentration of the TiO2 molecules. The substrate cluster was being kept at constrained 

mode throughout the simulations. 

 

4.1.4.3 MD simulations of dopamine onto FTO and TiO2/FTO layers 

Upon the geometry optimization of dopamine by MM (i.e. Forcite) method, MD simulations 

were performed on each of the systems to arrive at the final energy-optimized systems. For 

the simulations with dopamine as adsorbate, an NVT ensemble was set at room temperature 

(298 K; based on experiment) along with time step and total simulation time of 1.0 fs and 

100 ns, respectively. The UFF was used throughout MD simulations. An Anderson-

thermostat was used with a collision ratio of 1.0 and the number of simulation steps were set 

at 108. A random values temperature-dependent Gaussian distribution was used as initial 

velocities. The adsorbate number involved in this calculation are 1 and 5 molecules due to 

the limitation of the slab. This was also to mimic the increasing concentration of dopamine 

molecules overlaying the substrate surfaces. The substrate atoms were constrained during the 

simulations. As a comparison, the two types of substrate systems were considered 

corresponds to layer I (FTO) and layer II (TiO2/FTO) with the similar adsorbate. 
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4.1.4.4 MD simulations of ss-DNA onto FTO, TiO2/FTO, and DA/TiO2/FTO layers 

Upon geometry optimization of ss-DNA using Forcite-Geometry code, MD simulations were 

performed on each of the systems to arrive at the final energy-optimized systems of substrate 

and adsorbate. For the simulations with ss-DNA as adsorbate, an NVT ensemble at 277 K 

was used with 1.0 fs of time step and 10 ns of total dynamics time. The use of 277 K as 

heating system was based on the temperature of the electrodes construction in the experiment. 

The UFF was applied throughout the MD simulations along with an Anderson-thermostat 

with a collision ratio of 1.0 and the number of simulation steps were set at 108. Constantly, 

the random values were used as initial velocities. The single molecule of adsorbate was 

involved in the simulation to decrease the computational cost. The substrate atoms were 

constrained during simulations. As a comparison, the three types of substrate systems were 

applied corresponds to layer I (FTO), layer II (TiO2/FTO), and layer III (DA/TiO2/FTO). 

 

4.1.4.5 Binding energy calculations 

To calculate the binding energy (Eb) of layer-by-layer system i.e. within the substrate-

adsorbate complex, the total energy (Etot) is well-considered. Etot is the sum of the energy 

of each separate system plus the interaction energy between the substrates (Es) and 

adsorbates (Ea). Thus, Eb is calculated according to the Equation 4.1 below. 

Eb =  Etot −  Es − Ea  (4.1) 

The Es was calculated as follows: after the optimum configuration of the substrate-adsorbate 

complex was determined using MD, the adsorbate was removed from the system and carried 

out the single point energy calculation. The rigid-body constraint was removed prior to the 

calculation. Thereafter, single point energy calculations were also applied for the adsorbate 
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molecule only in which the substrate was removed and then, on the substrate-adsorbate 

complex. 

 

4.2 Experimental 

4.2.1 Materials and instrumentation 

Nanocrystalline TiO2 powders, absolute ethanol (97%), anhydrous terpineol, two types of 

ethyl celluloses (5-15 mPas at 5% in toluene: ethanol/80:20 at 25oC; 30-50 mPas at 5% in 

toluene: ethanol/80:20 at 25oC), dopamine hydrochloride (DA, N99%), ascorbic acid (AA, 

N99%), hexaammineruthenium chloride (N98%), potassium ferrocyanide (≥98.5%), and 

potassium ferricyanide (≥98.5%) were of analytical grade and purchased from Sigma-

Aldrich. ss-DNA with 5′-terminal carboxyl group (HPLC grade, 5’- GGGCCT 

GGTCTACCAAGCAAACTCCAGTACAGCCAGGGAACATGAGAGGG - 3’ were 

procured from Eurofins MWG Operon and stored in a 1.0 μM stock solution of phosphate 

buffer at pH 7.4. Alumina mortar was used as grinder in the preparation of TiO2 microbead 

paste. In order to make the slurry, TiO2 dispersion was stirred with a long stirrer magnet (4 

cm). The Ti-horn-equipped sonicator was used to perform the ultrasonic homogenization. 

Hitachi S4700 field-emission scanning electron microscope (SEM, Hitachi, Japan) was used 

to observe the morphology of the particles. The features of TiO2 microbeads crystal structure 

were generated from hard X-ray low-angle one reflectivity measurements (Philips PW1710 

powder diffractometer, Philips, Netherlands). The electrochemical responses were measured 

in the system of a conventional three-electrode using the bare or fabricated FTO coated glass 

(TEC15, Hartford Glass), Ag/AgCl (3 M KCl), and a platinum wire as the working, reference, 

and counter electrodes, respectively. Whereas, Iviumstat (Ivium, Netherlands) was used to 



Chapter 4: Materials and Methods 

Page | 99  
 

record the electrochemical responds in a solution of phosphate buffer at physiological pH 

(7.4). 

 

4.2.2 Preparation of the electrodes and photo-oxidative damage of the ss-DNA 

4.2.2.1 Preparation of mesoporous TiO2 microbeads paste 

Mesoporous TiO2 microbeads paste was prepared according to a previously reported 

procedure (Ito et al., 2007). For each following step, the mixture was adjusted drop-by-drop 

into alumina mortar. The condition was set at room temperature. The preparation steps of 

mesoporous TiO2 microbeads were defined as follows: TiO2 powder (6 g) and acetic acid (1 

ml) were mixed and ground in a mortar for 5 min (i). The deionized water (1 ml) was 

subsequently added and ground in the mortar for 1 min. This particular step was replicated 5 

times, so that the total amount of added deionized water was 5 ml (ii). Afterwards, 1 ml of 

ethanol was added and ground in a mortar for 1 min. This step was repeated 15 times and 

thus, the total amount of added ethanol was 15 ml. The 2.5 ml of ethanol was added again 

and ground in a mortar for 1 min. This step was repeated 6 times (iv). TiO2 paste was 

transferred from mortar to a beaker using 100 ml ethanol (v). The solution was subsequently 

stirred with a magnet tip (1 min) and sonicated with ultrasonic horn. This step was repeated 

30 times and stirred with a magnet tip for 1 min. The stirring was run at 300 rpm (vi). Then, 

20 g of anhydrous terpineol was added to the beaker followed by stirring with a magnet tip 

for 1 min and sonication. This step was repeated 30 times then stirred with a magnet tip for 

1 min. Ethyl cellulose (3 g: 30 g of 10% solution in ethanol) was added to the beaker (viii). 

The beaker was stirred with a magnet tip for 1 min and sonication. This step was repeated 30 

times then stirred with a magnet tip for 1 min (ix). The ethanol was evaporated with a rotary 
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evaporator at 35°C with 120 mbar initially, until the pressure drops to 10 mbar (x). The 

solution was lastly ground with a three-roller mill in order to produce final paste of 

mesoporous TiO2 microbeads (Ito et al., 2007). The morphology of mesoporous TiO2 

microbeads surface was determined using SEM, while the crystal structure properties was 

examined using Hard X-ray low-angle one reflectivity. 

 

4.2.3 Fabrication of the electrodes and characterization studies 

Initially, the mesoporous TiO2 microbeads paste was coated using doctor blade method onto 

the FTO electrode. The active site was set of 5 × 5 mm (Mathew et al., 2013). The electrode 

was drought in the air and sintered at 500°C for half an hour. Diktak profilometer (VEECO/ 

SLOAN DEKTAK 3, New York, US) was used to determine the thickness of the fabricated 

mesoporous TiO2 microbeads film. The resulting electrode was represented as TiO2/FTO. 

Next, the TiO2/FTO was carefully rinsed with deionized water then dipped in a fresh aqueous 

solution of dopamine (10 mM). To eliminate the excess of dopamine, the TiO2/FTO was 

carefully rinsed few times with deionized water. At this stage, the electrodes were denoted 

as DA/TiO2/FTO. The DA/TiO2/FTO was dipped in a solution of ss-DNA (10 μM in PBS at 

pH 7.4) overnight at 4°C temperature. The purpose of this step was to adsorb the ss-DNA. 

The constructed electrode was subsequently rinsed with water and dried at room temperature. 

This step was denoted as ss-DNA/DA/TiO2/FTO and the electrodes were ready to be used in 

the following DNA damage measurement. The electrochemical characterizations i.e. cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS), were carried out for 

each modification step of the electrode in 1 mM Fe(CN)6
3−/4− and phosphate buffer (pH 7.4) 

at room temperature. 
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4.2.4 Electrochemical detection of DNA damage and ascorbic acid activity 

measurements 

4.2.4.1 DNA oxidation damage measurement 

For studying the photocatalytic reaction, the ss-DNA/DA/TiO2/FTO was immersed in the 

deionized water. Afterward, this electrode was illuminated at 420 nm. The position of UV 

light was 5 cm above the electrodes. After illumination, the ss-DNA/DA/TiO2/FTO was 

washed with deionized water and immersed in 10 mM [Ru(NH3)6]
3+ (in phosphate buffer at 

pH 7.4). The photocatalytic reaction was measured using square wave voltammetry (SWV) 

at room temperature for increments time of irradiation (i.e. 10, 20, 30, and 40 mins). The 

non-irradiated signal was also recorded herein as comparison. 

 

4.2.4.2 Ascorbic acid activity measurements in protection of DNA damage 

To study the ability of AA to protect the DNA damage, the ss-DNA/DA/TiO2/FTO was 

immersed in 200 µM of AA. The electrode was illuminated at 420 nm to study the 

photocatalytic reaction. The position of UV light was 5 cm above the electrodes. After 

illumination, the ss-DNA/DA/TiO2/FTO was washed with deionized water and immersed in 

10 mM [Ru(NH3)6]
3+ (in phosphate buffer at pH 7.4). The photocatalytic reaction was 

measured at room temperature using SWV for different time of irradiation (i.e. 10, 20, 30, 

and 40 min). The electrochemical signal recorded with non-irradiated ss-

DNA/DA/TiO2/FTO was used as comparison. Instead, the optimum radiation time was 

determined herein in which the highest oxidation damage was measured. Then after, the 

abovementioned set up were also applied for other concentrations of AA (100, 300, 400, and 

500 µM) using determined optimum irradiation time. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter deals with the outcomes obtained from the computational and experimental 

methodologies, with the results discussed in subsequent sections. The computational 

protocols included the construction of nanostructures and Forcite-Geometry-based structural 

analysis, density functional theory (DFT) calculation, Metropolis Monte Carlo (MC) 

adsorption studies, and molecular dynamics (MD) simulations. The computational studies 

provided a better understanding of the interaction phenomena used to validate the 

experimental studies and to investigate the molecular properties of the system (structural, 

electronic, and vibrational) as well as the molecular behaviour under certain conditions. In 

the case of the experimental work, several folds of activities were completed comprising of 

electrode fabrication, characterization studies (i.e. X-ray diffraction (XRD), scanning 

electron microscope (SEM) images, and cyclic voltammetry (CV)), measurement of DNA 

damage, and observing the impact of antioxidant treatment on the DNA damage protection. 

The objective of this study was to design a new diagnostic tool for the early detection and to 

study the molecular properties of the DNA damage strategy in the Alzheimer’s. 
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5.1 Computational 

5.1.1 Construction of nanostructures and Forcite-Geometry-based structural analysis 

5.1.1.1 Fluorine-doped tin oxide 

Fluorine-doped tin oxide (FTO) corresponds to the first layer of the constructed electrode. In 

order to observe the feasibility of the crystal structure, prior to larger cluster’s construction, 

the primitive (rather ‘origin’) cell of FTO i.e. SnO2, was successfully generated and 

optimized. The results obtained from the molecular mechanics (MM)-based geometry 

optimization using COMPASS (Sun, 1998, Sun et al., 1998) commercial force field are 

shown in Table 5.1 comprising of structural parameters. The overall result of lattice constants 

(a, b, and c) shows a better correlation with experimental values compared with previous 

theoretical values (Shi et al., 2013, Sun et al., 2016). However, the optimized lattice of SnO2 

primitive structure demonstrates no significant differences with its native form in the specific 

parameters including bond lengths and bridging angles.  

 
Figure 5.1 The primitive cell of un-optimized SnO2 comprising of front (a) and top (b) view 

depictions and optimized SnO2 comprising of front (c) and top (d) view depictions. The lattice 

constant direction is shown at the bottom of part (d).  
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The bond length of Sn1-O1 was 0.003 Å stretched upon the optimization (Figure 5.1(d)), 

while very slight shortening occurred in Sn1-O2 (0.001 Å). In terms of the bridging angle, Ө 

(°) or ∠O1Sn1O2 was reduced to 0.050° upon geometry optimization (Figure 5.1(d)), 

indicating bond relaxation. The use of COMPASS parameterization force field provides 

satisfactory results on the geometry optimization, particularly for the small metal cluster or 

biomolecules. Overall, the results suggest that the primitive structure of SnO2 is reliable to 

be used in larger cluster construction. 

Table 5.1 Structural parameters of primitive SnO2 structure optimized using Forcite with COMPASS 

force field and its comparison with the experiment and other works. 

Lattice 

parameters 

This work 

(non-optimized 

structure) 

This work 

(optimized 

structure-

COMPASS) 

Sun’s 

worka 

Shi’s 

workb 
Experimentc 

a (Å) 4.737 4.737 4.687 4.680 4.738 

b (Å) 4.737 4.737 4.687 4.680 4.738 

c (Å) 3.186 3.186 3.157 3.154 3.187 

c/a 0.673 0.673 0.674 0.674 0.673 

Sn1-O1 (Å) 2.057 2.054 ns ns ns 

Sn1-O2 (Å) 2.052 2.053 ns ns ns 

Ө (°) 129.062 129.112 ns ns ns 

 

a Sun et al. (2016) using Cambridge Serial Total Energy Package (CASTEP) code within Local-Density 

Approximation (LDA) by means of Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization. 
b Shi et al. (2013) using CASTEP within LDA by means of the Ceperley-Alder exchange correlation potential 

parameterized by Perdew and Zunger. 
c Liu et al. (2010). 

Abbreviations: ns; non-specified. 

 

Upon the consideration of the primitive structure, the exacted nanocluster of SnO2 was 

subsequently constructed. Figures 5.2(a & b) show a periodic cluster of SnO2 (200) 

containing 96 Sn and 192 O atoms. This cluster has eight layers of atoms in which the 

interacting sites are predominantly accumulated on the surface (Canevali et al., 1997, Degler 

et al., 2016). Following the construction of SnO2 periodic cluster, the FTO cluster was 
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obtained by introducing F dopants inside the SnO2 structure. The top and side view depictions 

of the FTO cluster are shown in Figures 5.2(c & d). The cluster contains 96 Sn, 182 O, and 

10 F atoms. The 20 Å vacuum slab thickness was built along with C-plane orientation in 

order to facilitate the periodic boundary box of the system. This slab size was selected to 

constraint the adsorbate-surface interaction and to minimize the computational cost (Mdluli 

et al., 2011). The slab is an important parameter in surface chemistry, particularly on surface-

interface interactions of the nanomaterials cluster and specific adsorbate. The periodic slabs 

are thick enough to ensure that there are no interactions between the opposite surfaces with 

the selected adsorbate molecules. Under proper vacuum conditions, the distance avoids more 

interaction within the adjacent slabs (Sun and Ceder, 2013). 

 

Fluorine (F) is well-known as one of the favourable dopants for SnO2, instead of popular 

cationic dopants such as antimony, gallium, and recently lithium (Joseph et al., 2009). The 

un-doped SnO2 exhibits extremely high electrical resistivity due to their low intrinsic carrier 

mobility and density. The conductivity of this structure is relatively weak due to the doubly 

ionized vacancies functioning as donors (Benhaoua et al., 2014). The presence of F atoms in 

FTO enables to increase the conductivity of the un-doped SnO2 structure and lowering the 

electrical resistivity. Fluorine may replace O anion atoms (O2-) due to the similar 

electronegativity nature as well as ionic radii’s (1.17 Å for F− and 1.22 Å for O2−). This atom 

acts as a donor in the cluster of SnOx : F (Moholkar et al., 2009). 
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Figure 5.2 Nanocluster of SnO2 comprising of front (a) and top (b) views and FTO comprising of 

front (c) and top (d) view depictions.  

 

5.1.1.2 Titanium dioxide 

Similarly, the intrinsic structure of TiO2 crystals were initially optimized to investigate its 

viability to be cleaved in the subsequent cluster. The purpose of this optimization was also 

to observe the proper parameters of the MM-based calculations. Upon the MM-based 

geometry optimization, the calculated results show a good agreement with the standard 

experiment as well as previous theoretical considerations (Table 5.2). The structural 
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parameters i.e. bond lengths and bond angles are depicted in Figure 5.3. The lattice 

parameters of the optimized structure show slight differences with the experimental values, 

with deviations at 0.006 Å (a and b) and 0.016 Å (c) under the experimental condition (a = 

3.782, b = 3.782, and c = 9.502). Considering other theoretical studies (Fahmi et al., 1993, 

Asahi et al., 2000, Lee et al., 2005), the calculated lattice seems to be comparable and does 

not show any significant differences. Instead, the bridging angle of the optimized structure 

was slightly overestimated upon the experimental value. The Ө of this intrinsic structure 

remains to be 158.208°, while for the experimental angle was observed as 156.300° (1.908° 

difference). It is reasonable due to bond relaxation effect within Ti and O atoms during the 

geometry optimization. Another consideration was given to the comparison of Ө prior to and 

upon the geometry optimization. The Ө was decreased upon the optimization of geometry 

due to the common impact of optimization itself. Interestingly, the Ө values between non-

optimized and experimental structures show a better agreement than after optimization. 

However, these show very slight differences in lattice constants and Ө were still considered 

as accurate and reliable results of a TiO2 anatase intrinsic structure. The capability of the 

COMPASS (Sun, 1998, Sun et al., 1998) force field used in the optimization may yield an 

accurate parameterization of the structural properties of metal oxide system. 
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Figure 5.3 Primitive cell of TiO2 (anatase) shown through CPK model of non-optimized (a) and 

optimized (b) structures by Forcite-Geometry calculations.  

 

Table 5.2 Structural parameters of primitive TiO2 cell optimized using Forcite with COMPASS force 

field and its comparison with the experiment and other previous works. 

Lattice 

parameters 

This work 

(non-

optimized 

structure) 

This work 

(optimized 

structure) 

Lee's 

worka 

Fahmi’s 

workb 

Asahi’s 

workc 
Experimentd 

a (Å) 3.776 3.776 3.845 3.763 3.692 3.782 

b (Å) 3.776 3.776 3.845 3.763 3.692 3.782 

c (Å) 9.486 9.486 9.537 9.851 9.471 9.502 

c/a 2.512 2.512 2.481 2.618 2.566 2.512 

deq (Å); Ti-O 1.930 1.923 1.960 1.939 1.893 1.932 

dap (Å); Ti-O 1.973 2.008 2.002 1.995 1.948 1.979 

Ө (o) 156.168 158.208 157.600 152.100 154.400 156.300 

 

a Lee et al. (2005) using norm-conserving pseudopotentials within LDA. 
b Fahmi et al. (1993) using pseudopotential Hartree-Fock. 
c Asahi et al. (2000) using full-potential linearized augmented plane-wave (FLAPW) method. 
d Burdett et al. (1987). 
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After the construction of TiO2 primitive cells, the larger cluster of TiO2 was constructed 

(Figure 5.4). The periodic box of TiO2 anatase cluster consists of 36 Ti and 72 O atoms 

comprising of eight perpendicular layers. Similar to FTO, the active sites were accumulated 

on the surface following the nature of surface chemistry (Canevali et al., 1997, Degler et al., 

2016). The 20 Å vacuum slab was built along with C-plane vacuum orientation, while the 

crystal thickness was set at 30.378 Å. This slab size was constructed to constrain the 

interactions within adsorbate and substrate surface as well as to minimize the computational 

cost (Mdluli et al., 2011). The crystal type of TiO2 anatase was obtained as tetragonal. Indeed, 

the anatase phase of TiO2 was selected in the simulation based on the materials used in 

experimental electrode modification. In addition, anatase structure is generally favorable 

from the solution-phase methods (Zhang et al., 1998, Zaban et al., 2000, Oskam et al., 2003) 

as compared to other phases (i.e. brookite and rutile). The results indicated that the 

calculation methods and the simulated TiO2 cell are reasonable and reliable for further 

studies. 
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Figure 5.4 Nanocluster of TiO2 anatase (101) comprising of front (a) and top (b) view depictions. 

 

5.1.1.3 Dopamine 

Dopamine (DA) is a unique small biomolecule owing to its two hydroxyl groups (-OH) on 

one side and an amine group in another side of the molecular structure which are connected 

with a benzenoid ring and C-H skeleton. This property has been widely used as an anchor 

molecule (or linker) between TiO2 nanoparticles attached to -OH side and macromolecule of 

DNA attached to amine side, for the purpose of DNA recognition and detection (Vega-

Arroyo et al., 2007, Liu et al., 2007), and also DNA sensor fabrication (Imani et al., 2014). 

The basic structure of dopamine (non-optimized) and the optimized geometry through Forcite 

codes are depicted in Figures 5.5 and 5.6(a & b), respectively. In addition, the atomistic 

structure derived from PubChem library (as reference) is given as a comparison (Figure 5.6(c 

& d) and Table 5.3). 
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Figure 5.5 Ball and stick model of native dopamine molecule comprising of front (a) and top (b) view 

depictions. 

 

Forcite code has been preferable to observe the low energy configuration (or most stable 

conformation) of dopamine molecule, along with ‘ultrafine’ quality of COMPASS (Sun, 

1998, Sun et al., 1998) force field. Herein, the structural parameter was considered upon the 

geometry optimization. The calculated result, as can be seen in Table 5.3, shows significant 

differences of the structural parameters within the native (non-optimized), optimized and 

reference (National Center for Biotechnology Information, 2004) dopamine structures. 

 

Dopamine structural analysis was carried out through the determination of important inter- 

and intramolecular geometric parameters such as bond length (dx), bridging angles, and 

dihedral/torsional angles. An assessment of the optimization method with respect to 

reproducing the accurate result compared to the reference dopamine molecule was firstly 

discussed. In this study, upon the MM-based geometry optimization, the calculated result 
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suggests that there is no significant difference with the reference parameters. The calculated 

bond lengths of dC1-N1, dC2-C3, dC5-O1, and dC6-O2 which were found to be 0.001 Å, 0.020 

Å, 0.008 Å and 0.006Å, were slightly greater than that of corresponding bond lengths in 

reference. Meanwhile, the bond lengths of dC1-C2 were (0.010 Å) smaller than the reference 

dopamine molecule. These minor differences were reasonable and corresponds to common 

over/underestimation of COMPASS force field (Sun, 1998, Sun et al., 1998, Kunzel et al., 

2009) employed in the optimization. 

 

Figure 5.6 Ball and stick model of optimized dopamine molecule comprising of front (a) and top (b) 

view depictions, and the referential dopamine derived from PubChem library (National Center for 

Biotechnology Information, 2004) comprising of front (c) and top (d) view depictions. 

 

Slight differences in values of the bridging angles of optimized dopamine (∠N1-C1-C2 and 

∠C1-C2-C3) with the reference were observed. Interestingly, the obvious difference was 

observed with the dihedral angles (∠C1-C2-C3-C4, ∠C1-C2-C3-C8, and ∠N1-C1-C2-C3) prior 

to and upon the optimization. The geometry optimization seems to relax the bond-bond 
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interaction in order to search the most stable conformation of dopamine. As compared to the 

reference molecule, the optimized structure showed no significant differences, instead of 

∠N1-C1-C2-C3 (optimized = 177.998°, reference = -178.888°) in which the positive and 

negative values are due to different orientation of the torsional angles. In addition, the total 

energy of optimized structure significantly reduces suggesting the most stable configuration 

of dopamine molecule. Generally, these results are in good agreement with reference 

molecule, indicating the usability of optimized dopamine molecule for further interaction 

studies. 

Table 5.3 Selected bond lengths (Å), bond angles (°), and dihedral angles (°) of the dopamine (Figure 

5.5) calculated by Forcite-COMPASS level of theory. 

 Parameters 
Geometry 

structure 

Un-optimized 

structure 

Optimized 

structure 

(COMPASS) 

Referencea 

Bond lengths (Å) C1-N1 1.51 1.460 1.459 

C1-C2 1.539 1.525 1.535 

C2-C3 1.539 1.511 1.491 

C5-O1 1.51 1.370 1.362 

C6-O2 1.51 1.368 1.362 

Bridging angles (°) N1-C1-C2 109.251 110.343 111.57 

C1-C2-C3 109.38 109.899 112.106 

Dihedral angles (°) N1-C1-C2-C3 179.29 177.998 -178.888 

C1-C2-C3-C4 176.247 93.379 90.002 

C1-C2-C3-C8 -3.2 -86.43 -89.953 

Total energy 

(kcal/mol) 

ns 109.05 -26.286 ns 

 

a National Center for Biotechnology Information (2004). 

Abbreviations: ns; non-specified. 

 

5.1.1.4 ss-DNA of Alzheimer’s 

Upon the construction of s-DNA using Discovery Studio (DS) software, the initial structure 

was successfully obtained as depicted in Figure 5.7(a). This structure remains linear since 

there is no folding mechanism on the structure. This unfolded structure corresponds to the 
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un-natural phenomenon as the ss-DNA is a part of human macromolecule. Therefore, the 

observation on the secondary structure of ss-DNA is important in simulation. The prediction 

of folding structure was carried out by minimization of energy using nearest neighbor energy 

parameters (Zuker, 2003). In general, there are several ways to predict the secondary 

structure. The first technique is in the examination of overall possibilities of the secondary 

structure, typically with the assistance of graphical procedure. The second corresponds to 

invoking the thermodynamics laws and trying to calculate minimum free-energy 

conformations. The third technique employs phylogeny to determine the secondary structure 

(Zuker and Sankoff, 1984). Herein, the folding mechanism was carried out using the Mfold 

web server in which the core algorithm calculates minimum free energies for the folding’s 

including any essential base pairs (Zuker, 2003). Folding of ss-DNA was undertaken through 

the conversion (by algorithm) of ss-DNA sequence into RNA and then reconvert it in final. 

This secondary structure is important due to its minimum energy (rather ‘stable’) 

conformation dealing with the natural circumstance (in physiological pH condition) of the 

biomolecules. This folded structure is depicted in Figure 5.7(b). 

 

Figure 5.7 Non-optimized structures of unfolded (a) and folded (b) ss-DNA with 5’end carboxyl.  
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The calculated results show a stable structure as depicted in Figure 5.8, while the distribution 

of the energy within native and optimized structures are shown in Table 5.4. According to 

the total energy and its energy contributors, the stability of ss-DNA upon geometry 

optimization significantly increases (lowering the energy values) as compared to the native 

structure. This suggests that the structure was successfully optimized due to the exhibited 

lowest energy configuration and thereby, confirming the most stable conformation of the 

studied oligonucleotides. In addition, the functionalization of -COOH group at the 5’end-

phosphate of oligonucleotide terminus which corresponds as the preferable position from the 

synthetic point of view, is highlighted by yellow atoms at Figure 5.8. This functionalization 

type was chosen in order to mimic the experimental study (Imani et al., 2014). The -COOH 

group could interact with the amine group of dopamine via covalent bonding (Rajh et al., 

2004). 

 

Figure 5.8 The lowest energy configuration of ss-DNA encoding amyloid peptide in Alzheimer’s. 

The yellow atoms correspond to -COOH group attached to 5’end phosphate terminus.  
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Table 5.4 Contributions to total energy of native ss-DNA (non-optimized) and its optimized 

geometry. 

Energy (kcal/mol) Native 
Optimized using 

COMPASS 

Valence energy   

Bond 24990.789 264.246 

Angle 3727.913 3198.593 

Torsion 1051.593 638.074 

Inversion 145.028 5.989 

Non-bond energy   

Hydrogen bond -31.350 -69.130 

van der Waals 15101.515 915.377 

Electrostatic 0.000 0.000 

Total energy 44985.488 4953.149 

 

5.1.2 DFT calculations 

5.1.2.1 Fluorine-doped tin oxide 

(i) Structure and energetics 

The internal coordinates and lattice parameters were fully relaxed during the DFT 

calculations. The structural parameters of the optimized primitive/intrinsic SnO2 structure are 

listed in Table 5.5. This calculation was carried out to assess the reliability of the employed 

DFT method using numerical parameters and standard Generalized Gradient Approximations 

- Perdew-Burke-Ernzerhof (GGA-PBE) functionals. Upon geometry optimization, the 

calculated lattice constants were in excellent agreement with the experimental values and 

remains better than previous calculations (Shi et al., 2013, Sun et al., 2016). In terms of the 

structural parameters, the bond lengths and dihedral angles (Ө) were slightly altered after 

optimization, due to the impact of relaxation during optimization. The electronic band gap of 

intrinsic SnO2 of 5.340 eV, is 1.780 eV above the experimental band gap (3.560 eV) (Svane 

and Antoncik, 1987). It is not surprising due to the common under/overestimation of standard 
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local or semi-local exchange-correlation functionals, also consistent with the previous first 

principle studies (Onida et al., 2002, Miglio et al., 2014, Cheng et al., 2014a). However, the 

calculated band gap is equivalent with the high optical transparency properties of SnO2-based 

transparent conducting electrodes (TCOs) having band gaps larger than 3.100 eV (Cheng et 

al., 2014a). 

 

In terms of total energy, upon the geometry optimization, the minimum energy was achieved 

indicating the accomplishment of the most stable configuration of intrinsic SnO2 structure. 

The results within prior to and upon the optimization show minor differences (Table 5.5) 

suggesting that the stability of the optimized structure is almost similar to the native 

comprising of the GGA-PBE level of theory. Herein, the total energy of native structure was 

determined using single point energy calculations. Overall, these results indicate the ability 

of the system and methods to be applied for the investigation with more complex structures. 
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Table 5.5 Structural parameters of intrinsic SnO2 structure optimized using DMol3 with GGA-PBE 

functionals and its comparison with the experiment and other works. 

Lattice 

parameters 

This work (un-

optimized 

structure) 

This work 

(optimized 

structure-

GGA-PBE) 

Sun’s worka 
Shi’s 

workb 
Experimentc 

a (Å) 4.737 4.737 4.687 4.680 4.738 

b (Å) 4.737 4.737 4.687 4.680 4.738 

c (Å) 3.186 3.186 3.157 3.154 3.187 

c/a 0.673 0.673 0.674 0.674 0.673 

Sn1-O1 (Å) 2.057 2.008 ns ns ns 

Sn1-O2 (Å) 2.052 2.083 ns ns ns 

Ө (o) 129.062 130.111 ns ns ns 

Total energy 

(Ha) 

-546.050 -546.055 ns ns ns 

HOMO-LUMO 

energy gap (eV) 

ns 5.340 ns ns 3.560 

a Sun et al. (2016) using CASTEP code within LDA by means of BFGS minimization. 
b Shi et al. (2013) using CASTEP within LDA by means of the Ceperley-Alder exchange correlation potential 

parameterized by Perdew and Zunger. 
c Liu et al. (2010) and Fröhlich et al. (1978). 

Abbreviations: ns; non-specified. 

 

For the calculation with larger clusters, the native SnO2 (200) structure was considered in 

comparison with FTO (Figure 5.2). The purpose of this calculation was to establish the 

impact of F-dopant to the properties of SnO2 (200). After the geometry optimization, the 

depiction of the relaxed structure for both clusters are shown in Figure 5.9. As can be seen, 

there is an obvious difference within the native SnO2 and FTO, particularly in their structural 

properties. The bond lengths of the optimized FTO seems to be more relaxed (Figures 5.9(c 

& d)) as compared to the native form (Figures 5.9(a & b)). The atom positions (rather 

‘lattice’) are regularly relaxed for the native structure, while the unregularly distorted lattices 

are observed for the corresponding FTO cluster. Herewith, F atoms significantly influences 

the final geometry of FTO. The bond distortion predominantly occurs in the atoms 

surrounding F-dopant (Figure 5.9(d)) i.e. Sn-F. It may be due to the defect-produced during 
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perturbations, therefore the neighbouring F-atoms have a tendency to displace themselves in 

order to discover new positions of equilibrium (Marcillo and Stashans, 2014). Furthermore, 

the impact of the F-dopant to the conductivity and electronic nature of SnO2 cluster is 

discussed in subsequent section. 

 

Figure 5.9 Optimized geometry structure at GGA-PBE level of theory of SnO2 (200) comprising of 

front (a) and top (b) view depictions, and FTO comprising of front (c) and top (d) view depictions. 

The F-dopant shown by black-dashed circle line in the part (d).  
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(ii) Electronic properties 

It is widely-known that the reliable calculation of electronic band gaps requires density 

functionals beyond standard GGA. Hybrid density functional (Heyd-Scuseria-Ernzerhof; 

HSE06) has been used to accurately predict the effective band gaps of metallic systems (i.e. 

semiconductors) compared to standard GGA functionals (Burbano et al., 2011, Ramzan et 

al., 2013). However, the computational cost of HSE06 hybrid functional is extensively higher 

than the standard GGA functionals. The use of the standard GGA functionals is reliable since 

it has been used to accurately and efficiently (rather ‘less computational cost’) calculate the 

electronic and structural parameters of the monodoping and codoping of SnO2 (Cheng et al., 

2014a). In this study, the GGA-PBE functionals was used to observe the structural and 

electronic properties of SnO2 and F-doped SnO2 (FTO) clusters. 

 

Figure 5.10 shows the band gap of SnO2 and FTO clusters calculated using the GGA-PBE 

functionals, while the high symmetry directions of the Brillouin zone used in calculations are 

shown in Figure 5.12(a). It is found that the HOMO-LUMO energy gaps of the native SnO2 

is 0.501 eV, while upon the doping of F atoms with the replacement of O anions, the energy 

gap significantly decreases to 0.172 eV. This result indicates that the increment of electrical 

conductivity nature of SnO2 while it is doped with anion dopants (i.e. F). The energy 

difference within valence band maximum (VBM) or HOMO and conduction band minimum 

(CBM) or LUMO narrows in FTO cluster suggesting the increment of electron possibility to 

excite from the ground state valence bands into the vacant conduction energy bands (Smith 

and Nie, 2010). However, the obtained band gap of SnO2 cluster from GGA-PBE functionals 

is strongly underestimated, compared with the experimental value (3.560 eV) (Fröhlich et 
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al., 1978). It is due to the common underestimation of the standard GGA functionals. The 

obtained value is consistent with the previous calculation using similar functionals (in a 

smaller size of SnO2) in which very small band gaps were observed (i.e. 0.680 eV). The band 

gap of FTO cluster previously predicted (i.e. 3.500 eV) and remained a significantly different 

in the present calculation. The difference in size and concentration of dopant may contribute 

to this variation (Xu et al., 2009). Moreover, the much larger size (288 total atoms of present 

calculations) of the cluster and relatively high dopant concentration (5.3%) were intended to 

mimic the optimal experimental conditions for FTO (Banyamin et al., 2014). 

 
Figure 5.10 HOMO-LUMO energy band gaps of SnO2 and SnO2/F (or FTO). 

 

Instead of HOMO-LUMO energy gaps, the conductivity of FTO can be further explained by 

Fermi energy (Ef) value. Fermi energy corresponds to a limiting value of a particular energy 

(Hugenholtz and van Hove, 1958). Together with density of state (DOS), Ef has been widely 

used to determine the conductivity (Campos and Braz, 1997, Chen et al., 2015a) as well as 
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reactivity (Wang et al., 2012) of the nanomaterials. Herein, the Ef of native SnO2 cluster is 

found to be -5.486 eV, while upon the doping process, the Ef is lowered to -5.502 eV. It 

suggests the change in conductivity nature in which the FTO remains to be more conductive 

than SnO2 due to the smaller Ef. This trend is in consistent with the obtained HOMO-LUMO 

energy gap explaining the well-observed calculation of electrical conductivity properties. 

 

In terms of the frontier orbital analysis, the depiction of the HOMO-LUMO plots derived 

with 0.03 au isosurface are depicted in Figure 5.11. Interestingly, HOMO contours are 

localized in the similar position with LUMO. This is due to the relatively small differences 

between HOMO and LUMO energies and thus, exhibits a narrow energy gap (0.172 eV). 

Figure 5.11(b) illustrates the HOMO-LUMO isosurfaces, mostly localized in the Sn and O 

atoms around the F-dopants, with no contribution from the bare area without F-dopant. This 

figure suggests that the reactivity site of FTO is addressed into the specific area where the 

dopants are allocated. Fluorine may extend its electrostatic states to the neighbouring atoms. 

These finding is in good agreement with the energy band gap and Ef which F atoms increase 

the electrical conductivity of the native SnO2 cluster. Nevertheless, the usability of F-dopant 

in synthesizing new SnO2-based TCO materials have been described through theoretical 

(Cheng et al., 2014a) and experimental (Kim et al., 2008, Banyamin et al., 2014, Afzaal et 

al., 2016) works and is also currently available in the market (Ginley and Bright, 2011, Das 

and Jayaraman, 2014). 
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Figure 5.11 HOMO and LUMO isosurfaces of SnO2/F (or FTO) cluster comprising of front (a) and 

top (b) view depictions. 

 

In order to further study the effects of substituting the F atoms of the FTO cluster, the partial 

density of state (p-DOS), total density of state (t-DOS), and band structures have been 

calculated and compared to the results obtained for the native SnO2 crystals. The p-DOS and 

t-DOS profiles may provide an in-depth understanding of the increment of electrical 

conductivities. The t-DOS is determined by summation over all bands obtained in the state 

density calculations. Whilst, the p-DOS represents the useful semi-qualitative analysis of 

electronic structure, p-DOS further qualifies the t-DOS by resolving the contributions of the 

orbitals in compliance with the angular momentum of the states. The main peaks generated 

by t-DOS mainly comprising of s, p, or d characters are the valuable parameters to observe. 

In the DMol3 system, p-DOS calculation is based on Mulliken population analysis, that 

allows the contribution from each energy band to a specified atomic orbital to be computed 

(BIOVIA, 2016b). Prior to DOS analysis, due to the underestimated energy gap of SnO2 and 
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FTO clusters, the scissor operator (Segall et al., 2002) was applied herein. Scissor operator 

has been widely used in DFT calculation to evaluate the common errors in standard GGA 

functional (Tian and Liu, 2006, Hossain et al., 2008, Cheng et al., 2014a). The modification 

factors for both SnO2 and FTO clusters were set as 3.050 eV and 3.328 eV, respectively, 

reflecting the actual difference between calculated and experimental band gaps. Upon the 

application of scissor operator, there is no difference in the SnO2 band gap (i.e. orbital 

pattern) since the state density is only located at the Fermi level. The FTO band gap obtained 

at 3.335 eV is in accordance to the experimental value (3.500 eV).  

 

Indeed, the scissor operator also helps to generate the clear separation within the valence and 

conduction bands as seen in Figures 5.12(b – d) (p-DOS and t-DOS) and 5.13 (band 

structure). Figure 5.12(b) shows the native SnO2 and FTO, while their t-DOS patterns are 

depicted in Figures 5.12(c & d). For the t-DOS, the spectrum of native SnO2 shifted closer 

to Ef when the F-dopant were introduced. Moreover, the upper valence bands were observed 

across the Fermi level due to F-doping. This suggests the existence of free electrons 

participating in the n-type electrical conductivity, in accordance with several experimental 

reports (Elangovan and Ramamurthi, 2005, Subba Ramaiah and Sundara Raja, 2006, Yadav 

et al., 2009, Chinnappa et al., 2011). The defect produces several local-character 

perturbations upon the valence bands of the cluster (Marcillo and Stashans, 2014). It also 

indicates the lowering of energy differences between VBM and CBM. For the lower 

conduction bands, the state densities are contributed from the d-orbitals. The obvious gap 

between the upper valence and lower conduction bands suggests the semiconducting nature 

of FTO cluster. Most importantly, this evidence describes the fundamental change of valence 

band energies of FTO after the introduction of F-dopant into the internal structure. 
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Figure 5.12 Brillouin zone sampling of SnO2/F (a), t-DOS of SnO2 and SnO2/F (b), and p-DOS of 

SnO2 (c) and SnO2/F (d) comprising of s, p, and d orbitals.  

 

In addition, the p-DOS is also considered in parallel with t-DOS. Figures 5.12(c & d) 

illustrates the orbital contributions of SnO2 and SnO2/F (or FTO) towards Fermi level which 

are predominantly due to the p orbitals from the upper valence bands. It can be seen from the 

p orbitals (shown by the blue line of Figures 5.12(c & d)) across the Fermi level. As 

compared to the native structure, the overall FTO orbitals seems to move closer to the Fermi 

level, with the major contributions from the p orbitals (O 2p, F 2p, and Sn 5p) and slight 

influences of s (Sn 5s, O 2s, F 2s) and d orbitals (Sn 4d). This implies that the main doping 

effects the shifting of orbitals position (p as the major) closer and even across the Fermi level, 

indicating the reduction of the valence and conduction energy differences. The occurrence of 

d-orbitals in the conduction band are also observed herein. It re-confirms the existence of 

free electrons donating to the n-type electrical conductivity of the FTO cluster. 
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Evidence of narrow band gap upon the F-doping into SnO2 can be further explained by band 

structures. From the Figure 5.13(a), the band structures correlate with the obvious 

differences of valence and conduction bands in accordance with the Fermi energy level of t-

DOS profiles (Figure 5.13(b)). The high-density band thickness in the valence band area 

(VBM) suggests the highly electrical conductivity of FTO structure upon 5.3% F-doping 

concentration. 

 

Figure 5.13 Comparison of band structure (a) and p-DOS (b) of SnO2/F (or FTO) upon the geometry 

optimization.  

 

The vibrational properties (i.e. infra-red (IR) and Raman spectra) of SnO2 and FTO clusters 

are not able to be calculated due to the highly computational cost of large-scale atoms and 

limitation of the computational system. 
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5.1.2.2 Titanium dioxide 

(i) Structure and energetics 

Table 5.6 shows the structural parameters of the TiO2 anatase primitive structure upon the 

geometry optimization using GGA-PBE functionals. It was carried out prior to the calculation 

of the larger clusters in order to validate the standard GGA-PBE functionals employed in 

DFT calculations. Similar to FTO, the calculated results are compared with the experimental 

values and other theoretical results. After the geometry optimization, the calculated lattice 

constants (a, b, and c) are in agreement with the experimental values (Burdett et al., 1987, 

Tang et al., 1993) and remains better than previous theoretical calculations (Fahmi et al., 

1993, Asahi et al., 2000, Lee et al., 2005). Interestingly, the c/a value is similar to the 

experimental values, while other parameters (a, b, and c) demonstrate a closer theoretical 

value. In terms of bond lengths, the Ti-O distance in equatorial (deq) and apixal (dap) positions 

are comparable with the experimental values. Remarkably, the deq and dap values prior to 

geometry optimization shows a better comparison with the experimental values than upon 

the optimization. Likewise, similar trends are also observed in the case of torsional angles 

(Ө). These evidences may be due to the tight convergence criteria employed in DFT, and 

therefore produces more relaxed Ti-O bonds. Further consideration was given to HOMO-

LUMO band gap as an effective way to describe the electronic nature. The observed result 

shows an excellent comparison due to the very slight difference within calculated (3.102 eV) 

and experimental (3.200 eV) electronic band gaps. Moreover, this energy gap value confirms 

the semiconducting nature of TiO2 as observed in Figure 4.1 (see Chapter 4; Materials and 

Methods). For the total energy calculation, the minimum energy conformation was achieved 

upon the optimization. The single point energy calculations were used to calculate the total 
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energy of the native TiO2 crystals. The result shows almost similar total energy values in 

which the optimized structure exhibits slightly lower energy than the native TiO2. It 

anticipates that the stability of optimized structure is almost similar to the native intrinsic 

TiO2, according to standard GGA functionals. These results suggest the reliability of the 

crystal structures and methods to be employed in larger structure (cluster) calculations. 

Table 5.6 Structural parameters of intrinsic TiO2 structure optimized using Forcite with GGA-PBE 

functionals and its comparison with the experiment and other previous works. 

Lattice 

parameters 

This work 

(un-

optimized 

structure) 

This work 

(optimized 

structure) 

Lee's 

worka 

Fahmi’s 

workb 

Asahi’s 

workc 
Experimentd 

a (Å) 3.776 3.776 3.845 3.763 3.692 3.782 

b (Å) 3.776 3.776 3.845 3.763 3.692 3.782 

c (Å) 9.486 9.486 9.537 9.851 9.471 9.502 

c/a 2.512 2.512 2.481 2.618 2.566 2.512 

deq (Å); Ti-O 1.930 1.959 1.960 1.939 1.893 1.932 

dap (Å); Ti-O 1.973 1.850 2.002 1.995 1.948 1.979 

Ө (o) 156.168 149.107 157.600 152.100 154.400 156.300 

Total energy 

(Ha) 

-887.211 -887.297 ns ns ns ns 

HOMO-

LUMO 

energy gaps 

(eV) 

ns 3.102 ns ns ns 3.200 

 

a Lee et al. (2005) using norm-conserving pseudopotentials within LDA. 
b Fahmi et al. (1993) using pseudopotential Hartree-Fock. 
c Asahi et al. (2000) using FLAPW method. 
d Burdett et al. (1987) and Tang et al. (1993). 

Abbreviations: ns; non-specified. 

 

Upon the validation of intrinsic crystal structure, the larger cluster of TiO2 was elucidated by 

DFT calculation. Figures 5.14(a & b) display the non-optimized structures of anatase TiO2 

(101), while the optimized structures are depicted in Figures 5.14(c & d). From the top view 

perspective (Figure 5.14(b)), it can be observed that the outer layer of the cluster’s surface 
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are comprised of Ti atoms, while the second layer consist of O atoms. This is in line with 

previous reports from Thomas and Syres (Thomas and Syres, 2012) and Johansson and co-

workers (Johansson et al., 2010). The constructed cluster contains eight layers along the 20 

Å vacuum thickness to eliminate possible interactions of the upper and lower surfaces. 

Comparing the native (non-optimized) and optimized clusters, the optimization using GGA-

PBE functionals seems to slightly contribute to the chemical bond relaxation, resulting in 

both structures being similar. The obvious differences are obtained at the lowest layer of the 

periodic system in which the bond distortion mainly occurs in O atoms. It may be due to the 

common impact of geometry optimization procedures in searching the minimum energy 

configurations (Canfield et al., 2006, Scaranto and Giorgianni, 2009).  

 

Figure 5.14 Native structure of anatase TiO2 (101) comprising of front (a) and top (b) view depictions 

and its optimized geometry structure at GGA-PBE level of theory comprising of front (c) and top (d) 

view depictions.  
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(ii) Electronic properties 

The energy gap of anatase TiO2 (101) cluster was observed using GGA-PBE exchange 

correlation functionals. Upon the energy minimization, the HOMO band energy located at -

5.725 eV, while the LUMO found at -4.582 eV and thus, the energy band gap obtained at 

1.143 eV. This band gap corresponds to semiconductor materials (Figure 4.1, see Chapter 

4; Materials and Methods). This result is in good accordance with the general nature of 

TiO2 materials which enables the electron excitations from the valence bands towards 

conduction bands. However, the calculated band gaps for larger clusters of TiO2 is 

underestimated since the experimental band gaps were observed at 3.200 eV (Tang et al., 

1993). The underestimation of band gaps observed in previous theoretical calculations (Mo 

and Ching, 1995, Masayoshi Mikami et al., 2000). This evidence might be due to the 

smearing influence, the difference in cluster’s size (i.e. number of atoms) employed in the 

calculation, discontinuity of exchange-correlation energy, or a part of typical error in GGA 

approximations (Kinga Bruska et al., 2009). 

 

Further, the depiction of HOMO-LUMO isosurfaces are presented in Figure 5.15. Herein, 

the orbitals are generated by 0.03 au in order to obtain the maximum quality of the 

isosurfaces. The orbital contours are consistent with FTO (with the use of similar level of 

theory) in which the HOMO and LUMO energy levels generate no differences in the 

isosurfaces, due to the relatively narrow energy gaps within valence and conduction bands 

(Figure 5.17). Indeed, the orbital isosurfaces are mainly delocalized at the surface of the 

cluster, specifically at Ti atoms. It follows the general rule of surface chemistry, in which the 

reactive sites are accumulated on the surface (or outer layer) of metal oxides (Canevali et al., 

1997, Degler et al., 2016). These finding suggests that the distribution probability of the 
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electrons (leads to reactive site accumulation) are predominantly found in the cluster’s 

surface, i.e. the electron is limited nearby the surface (Yang et al., 2013). 

 
Figure 5.15 HOMO and LUMO isosurfaces of anatase TiO2 (101) cluster comprising of front (a) and 

top (b) view depictions. 

 

In order to further observe the electronic properties, the p-DOS (Figures 5.16(b) and 5.17(b)) 

and band structures (Figure 5.17(a)) are considered to perceive each orbitals contribution 

upon the cluster construction and its correlation with the energy gap. Since the band gap is 

underestimated, the scissor operator (Segall et al., 2002) was accordingly used to evaluate 

the discrepancy. The scissor operator attempts to correct the TiO2 band gap via conducting 

the clear separation between valence and conduction bands (for DOS and band structures). 

For this calculation, the scissor operator was set at 2.057 eV accounting for the difference 

between experimental (3.200 eV) and the calculated band gaps (1.143 eV). Upon the 

application of scissor operator, the band gap of TiO2 cluster was 3.136 eV which is highly 

comparable with the experimental value (3.200 eV). From the t-DOS pattern, the clear 
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separation between valence and conduction bands are clearly observed. It shows the energy 

differences within the valence and conduction bands. The calculated band gaps also validate 

the semiconducting nature of the TiO2 due to electron ability to produce relatively wide band 

gaps. 

 

The p-DOS is considered to demonstrate the orbitals contribution towards the t-DOS. Figure 

5.16(a) depicts the Brillouin sampling in the state density and band structures of TiO2 (101) 

cluster. From the p-DOS profiles (Figure 5.16(b)), the p orbitals (O 2p and Ti 2p) seems to 

dominate the corresponding valence peaks across the Fermi energy. Meanwhile, the s orbital 

(Ti 2s) dominates the lower valence bands. The conduction bands show the existence of d 

orbitals with the small contributions of s and p tracks. This peak behavior is consistent with 

the previous theoretical investigation on anatase TiO2 cluster (Yang et al., 2013), and an 

experimental report using X-ray photoemission in conjunction with simulation studies 

(Scanlon et al., 2013). The electronic structure of TiO2 was further explored using band 

structures (Figure 5.17). The comparison of the band structure and p-DOS shows that the 

band gap location within the valence and conduction bands are responsible for the band 

structures. As can be seen, the thick bands at the VBM area confirms the relatively narrow 

band gaps of the TiO2 cluster (i.e. 1.143 eV) prior to the scissor operator applications. TiO2 

was used in this study to harvest the photocatalytic reaction upon ultraviolet (UV) light 

penetration. Therefore, the optical (rather ‘vibrational’) nature of TiO2 was also observed to 

discover the opto-chemistry behind the use of TiO2 anatase in the electrode construction. 
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Figure 5.16 Brillouin zone sampling of anatase TiO2 (101) (a) and p-DOS of TiO2 (101) comprising 

of s, p, and d orbitals (b). 

 

 

Figure 5.17 Comparison of band structure (a) and p-DOS (b) of TiO2 (101) cluster upon the geometry 

optimization. 

 

(iii) Vibrational properties 

For the vibrational properties observation, the IR and Raman spectra are considered. Prior to 

vibrational analysis, the parameters were defined as follows: 220 cm-1 full width at half 

maximum (FWHM), ‘ultrafine’ graph quality, 1.0 max. amplitude, and 20 number of steps 
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in file in order to generate the maximum quality of IR spectrum. Figure 5.18(a) represents 

the comparison within the reference (NIST, 2005) and the calculated IR of TiO2 cluster. From 

this depiction, the experimental spectrum shows an identical result with the two major peaks 

projected at 800-450 cm-1 and a small band at 3600-3400 cm-1. This particular behaviour is 

in accordance with calculated IR spectrum with insignificant discrepancy. The two major 

peaks are exhibited at 1200-900 cm-1, and the smaller bands found at 3600-3300 cm-1. The 

first peak of calculated IR is overestimated approximately at 450 cm-1 from the peak observed 

experimentally. This discrepancy is known as a common limitation of standard GGA-PBE 

functionals in calculating the frequencies of metal oxides (Calzolari and Nardelli, 2013). 

However, the excellent agreement obtained in the smaller bands were revealed in the 

equivalent wavelengths (3600-3400 cm-1). GGA, however, is able to calculate the vibrational 

spectra accurately (He et al., 2014). The choice of functionals affords a direct impact to the 

electrostatics energy and thus, affecting the characteristics of the vibrational response 

(Calzolari and Nardelli, 2013). Experimentally, the intense bands below 1000 cm-1 are due 

to O-Ti-O vibrations, while the peak at 3600-3100 cm-1 corresponds to -OH (Chellappa et 

al., 2015) produced from solvent. 

 

Further observations of the vibrational properties were carried out by displaying the Raman 

spectra (Figure 5.18(b)). The Raman behaviour of the calculated systems seems to be 

identical with experimental spectra (Ohsaka et al., 1978, Hanaor and Sorrell, 2011). The 

calculated Raman spectrum was generated at room temperature (298 K), incident light of 

514.5 nm, and Lorentzian smearing of 20 cm-1. Figure 5.18(b) demonstrates the comparison 

between the calculated and the experimental Raman derived from Ohsaka and co-workers 

(Ohsaka et al., 1978). According to the experiment, the three Raman bands at 639, 197, and 
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144 cm-1 were observed as major bands of TiO2 anatase. From the DFT calculations, the 

maximum Raman spectra are assigned at 684, 212, and 37 cm-1. The sharp and intense peak 

of experiment was shown at 144 cm-1, while for the calculated Raman, this peak is found at 

different wavelength (37 cm-1). Similarly, the minor peak of 639 cm-1 in experiment is also 

shifted in calculation (684 cm-1). The better agreement is made by another minor peak 

observed at relatively near wavelength (197 cm-1 for experiment and 212 cm-1 for 

calculation). The discrepancy of the Raman spectra may be due to the difference in incident 

light and environmental condition used in experiment. It also may be caused by the use of 

standard GGA-PBE functionals in DFT calculations. However, the peak of calculated Raman 

is comparable with experiment and therefore, confirm the vibrational active behaviour of the 

TiO2 cluster used in this present simulation (in accordance with vibrational behaviour of the 

experiment). 

 

Figure 5.18 Comparison of experimental and calculated IR (a) and Raman (b) spectra of TiO2 (101) 

cluster. The experimental IR and Raman data were adapted from NIST (2005) and Ohsaka et al. 

(1978), respectively. 
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5.1.2.3 Dopamine 

(i) Structure and energetics - electronic properties 

Dopamine is a small biomolecule which has been used as an anchor between TiO2 cluster 

and the macromolecule of ss-DNA. Herein, the DFT calculations of dopamine were carried 

out with the use of different level of theories with the standard GGA-PBE functionals applied 

for previous calculations (i.e. FTO and TiO2 anatase). Density functional dispersion 

correction (DFT-D) method along with B3LYP hybrid functionals were employed to produce 

a more accurate prediction of structural, electronic, and vibrational properties of a dopamine 

molecule. Relatively small size and bioorganic structure of dopamine exhibits the possibility 

of this molecule to be elucidated using a hybrid density functional (Kamachi et al., 2005, 

Pande et al., 2009, Karaman, 2011).  

 

The optimized geometry of dopamine is shown in Figures 5.19(a & b). Upon geometry 

optimization, the total energy of the system was found to be -547.276 Ha, while the native 

dopamine exhibited -547.273 Ha, calculated using single point energy. There is no significant 

difference between both values. It is due to the stable conformations of dopamine which has 

been reached in earlier geometry optimization. The initial structure of dopamine was derived 

from the stable structure of COMPASS-based MM geometry optimization applied in the 

previous subsection. 

 

For observing the electronic properties, the HOMO and LUMO isosurfaces were generated 

with respect to discovering of electron localization towards the entire structure. The HOMO 

isosurfaces (Figures 5.19(c & e)) are mostly localized at the benzenoid ring with the small 
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contribution from -OH groups, and ethyl chain. For the LUMO (Figures 5.19(d & f)), the 

majority of electron density is delocalized at the benzenoid ring, in consistent with HOMO, 

along with minor contributions from -OH groups, ethyl chain, and the amine group. It is 

likely to understand that the lowest energy configuration tends to place the benzene ring of 

the dopamine molecule, allowing equivalent interactions with any of its atoms as the function 

of electron affinity and structure. The HOMO isosurface localization, in particular, modifies 

the dopamine application, because the associated chemical potential is entirely different 

(Aliste, 2000). It is also well-known that HOMO-LUMO plots depict the electronic density 

and therefore, corresponds to the accumulation of reactive sites of molecule or cluster. 

Overall, the reactive site of dopamine is mostly accumulated at benzenoid ring due to the 

exhibition of special stability attributable to the resonance delocalization of π-electrons. It is 

in line with general nature of dopamine as well as previous theoretical investigations (Lopez 

et al., 2010). 

 

Instead, the electron localizations are also attributed from two -OH groups (shown at the 

HOMO and LUMO plots) and amine group (attributed from the LUMO plot only). It 

represents the ability of these functional groups to excite the electrons from the valence bands 

and thus, incorporate with another molecule or cluster surface. Nevertheless, this 

functionality has been widely observed previously (Lopez et al., 2010). Through this present 

theoretical investigation, it has been successfully confirmed that dopamine exhibits the active 

sites via aromatic ring, -OH groups, and the amine group. The -OH and amine groups are 

preferable in functionalization due to the possibility to generate the hydrogen (H)-bonding 

and the highly stable nature of aromatic ring.  
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Figure 5.19 Optimized geometry of dopamine structure using B3LYP level of theory comprising of 

top (a) and front (b) view depictions, its HOMO (c) and LUMO (d) isosurfaces represented from front 

view depictions, and HOMO (e) and LUMO (f) plots depicted from top view perspectives. 

 

(ii) Vibrational properties 

In terms of vibrational properties, the IR and Raman spectra of dopamine were determined 

in comparison with the experimental spectra. Figure 5.20(a) depicts the IR spectra of 

dopamine comprising of the present computational and existing experimental investigations 

(Lopez et al., 2010). In order to generate the maximum quality of IR spectrum, the vibrational 

analysis parameters were set at 20 cm-1 FWHM, ultrafine graph quality, 1.0 max. amplitude, 

and 20 number of steps file. In general, the band behaviours of the calculated and 

experimental IR spectra are fairly comparable. It can be seen through the conformity of their 

peaks. Indeed, for the experimental spectrum, a wide band was observed for dopamine at low 

energy including three significant peaks. These peaks were located at 3350 cm-1, 3205 cm-1, 

and 3034 cm-1 which were assigned to stretching vibrations of the -OH, -CN, and =NH groups 

of dopamine, respectively. Other minor peaks were detected in the range of 2778-2170 cm-1, 
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confirming the different CH vibrations of either aryl or aliphatic CH bonds. At higher energy 

levels, several important bands were monitored at 1494 cm-1 and at 1252 cm-1, encompassing 

to the bending vibration of CH and the stretching vibration of aryl oxygen, respectively. The 

peak at 1342 cm-1 was attributed to the -OH groups of the dopamine molecule (Lopez et al., 

2010). For the calculated IR, the major and minor bands are assigned at the similar 

wavelength to experiment along with the appearance of several additional bands (i.e. 3900-

3600 cm-1). The good agreement between the calculated and the experimental IR spectra may 

be due to the use of hybrid functionals (i.e. B3LYP) enabling accurate vibrational spectra 

prediction of a single and small molecule of dopamine.  

 

In order to obtain more information on the vibrational properties, the Raman spectra 

calculation was employed. The calculated Raman was compared to experimental bands 

(Pande et al., 2009) as depicted in part (b) of Figure 5.20. A direct comparison between both 

spectra exhibits a general concordance in the position of peaks as well as the intensities. As 

can be seen that three major peaks of experimental spectra were obtained at 750, 791, and 

1288 cm-1, while for the calculated Raman, the major peaks are particularly observed at 

different wavelengths i.e. 0-300 cm-1. Whilst, the other bands show similarity with the 

experimental result. The disagreement of the major band positions was also observed in the 

previous study by Pande and co-workers who discovered the direct comparison within 

experimental and theoretical calculation using a similar method (i.e. B3LYP/6-31++G (d, p)) 

(Pande et al., 2009). This discrepancy corresponds to the consequence of the anharmonicity 

and may also due to the general tendency of the quantum mechanics (QM) methods to 

overestimate the force constants at the exact equilibrium geometry (Sarkar et al., 2005a, 

Sarkar et al., 2005b). However, the vibrational frequency calculation using DFT was carried 
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out in a gas phase condition which remains different with the experiment generated in the 

solid state and under solvent influence. Hence, the experimentally observed Raman spectra 

may differ from the present calculated spectrum. Other previous studies also showed 

discrepancies, while the QM-based Raman spectra compared to the experiments (Aroca et 

al., 2000, Bolboaca et al., 2003, Peica et al., 2007, Pande et al., 2009).  

 

Figure 5.20 Experimental and calculated IR (a) and Raman (b) spectra of dopamine. The 

experimental IR and Raman data were adapted from Lopez et al. (2010) and Pande et al. (2009), 

respectively. 

 

5.1.2.4 ss-DNA of Alzheimer’s 

(i) Structure and energetics 

DFTB+ has been used to compute the energy parameters and electronic properties of ss-DNA 

since the common DFT is not capable in covering the large-scale atomic calculations. DFTB+ 

remains to be fruitful method for describing structural, electronic, and dynamics properties 

of large and complex molecules or materials with technologically relevant size, simulation 

time, and statistics demand approximate solutions (BIOVIA, 2016b). Figure 5.21(a) 
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demonstrates the native structure of ss-DNA Alzheimer’s, while the optimized geometry 

using non-SCC DFTB+ is depicted in Figure 5.21(b). Prior to optimization, the initial energy 

of the ss-DNA was calculated to be -236.871 x 104 kcal/mol, while upon the optimization, 

the energy lowered to -238.621 x 104 kcal/mol. The lowest energy function represents most 

stable conformation of ss-DNA. There is no significant difference within both structures 

instead of several relaxations of atoms and bonds function. Due to the limited literature on 

this particular nucleotide, the structure is not able to be compared with any references. 

 

Figure 5.21 Depictions of native (a) and optimized geometry (b) of ss-DNA molecule using non-

SCC DFTB+.  

 

(ii) Electronic properties 

To observe the electronic properties of ss-DNA, the HOMO and LUMO plots (Figure 5.22) 

were generated along with energy levels. The HOMO isosurface is delocalized at guanine-

guanine residues (deoxyribose guanine at 51st sequence number; DG51 and DG52), while 

the LUMO is predominantly localized at similar nucleobases (guanine-guanine; DG66 and 

DG67) with the minor electron density localizations at adenine base (DA65). Interestingly, 

both HOMO and LUMO plots show the similar electron localizations of nucleobase i.e. 
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guanine bases. These plots, in general, demonstrate the reactive sites of the studied nucleotide 

structure which may be associated with its interaction studies with the presence of substrate 

layers. These orbitals density plots, however, are very well in line with (rather ‘emphasize’) 

the general understanding of guanine role in experimental DNA damage detection. Guanine 

is well-known as the main target for a wide spectrum of genotoxic agents (e.g. resulting from 

UV irradiation) as well as  the most easily oxidized base among other nucleobases (Paleček 

and Bartošík, 2012). Therefore, guanine remains to be the reactive base for the ss-DNA 

configuration. For the orbitals energies, the HOMO and LUMO bands are located at -5.820 

eV and -2.205 eV, respectively. Therefore, the energy gap is calculated to be 3.615 eV. This 

wide band gap corresponds to insulator type which does not readily conduct electrical energy. 

The nucleotide and protein are widely known as insulator (King et al., 2014) and thus, the 

present calculation is in accordance with the general nature of ss-DNA biomolecule. 

 

Figure 5.22 Depictions of HOMO (a) and LUMO (b) isosurfaces of optimized ss-DNA Alzheimer’s. 
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5.1.3 Monte Carlo adsorption studies 

5.1.3.1 Adsorption studies of TiO2 onto FTO layer 

In this study, the adsorption locator was employed to generate the most stable configuration 

of the target molecules onto the selected electrode surface. The MC-based function searches 

the favorable configurational space of the adsorbate molecule (i.e. TiO2 molecule) towards 

the layer I containing FTO along a slowly decreasing temperature. Prior to MC simulation, 

the TiO2 adsorbate is constructed and optimized using Forcite-Geometry. The geometry 

optimization process was performed through an iterative procedure, in which the atomic 

coordinates are modified until the total energy is suitably minimized. This process represents 

a local minimum of the potential energy surface. The basis of the geometry optimization of 

the adsorbate molecule was based on decreasing the calculated forces magnitude until the 

selected values of convergence tolerances were revealed. The forces on the adsorbates atoms 

were computed from the expression of potential energy and thus, depend on the used force 

field type (Khaled and Abdel-Shafi, 2011). Herein, the adsorption behavior of four different 

concentrations of TiO2 molecule were investigated. The stable trajectories within various 

TiO2 concentration comprising of 1, 5, 10, and 50 molecules along with the distribution fields 

are depicted in Figure 5.23. From this figure, the configuration of single TiO2 molecule tends 

to be in a planar position right above the Sn atom. This position exhibits the strong interaction 

within two O atoms in TiO2 and Sn metal atoms at the uppermost of SnO2/F (200) (or FTO) 

surface. The contribution of Ti atoms may also be attributable herein to interact with O atoms 

of the FTO surface. This may correspond to ionic bondings which are formed by Coulombic 

interaction between two oppositely charged species (i.e. between metallic and O atoms of the 

substrate-adsorbate system or vice versa). Upon the increments of adsorbate concentration, 
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the distribution of TiO2 adsorbate is consistently adsorbed at the surface of FTO. 

Interestingly, from the 10 (Figure 5.23(e)) to 50 adsorbate molecules (Figure 5.23(g)), the 

TiO2 is likely adsorbed at the top of the vacuum region, instead of at the surface region, which 

corresponds to opposite surfaces of FTO substrate. These evidences have been confirmed by 

the favourability isosurfaces depicted at Figures 5.23(b, d, f, & h). Basically, the observed 

“clouds zone” (rather ‘isosurfaces’) indicates the level of distribution field of the adsorbed 

molecule location corresponding to the bare FTO surface. It is ranging from red to blue region 

which comprises of lowest to highest locations of TiO2 molecule to be distributed on the 

surface of FTO. More in thickness of this distribution field, the possibility of adsorbate 

accumulation remains higher at that corresponding location. From this depiction, it is clearly 

indicated that the adsorbate molecules are predominantly accumulated at the region closer to 

the substrate surface and the opposite surface, remaining the vacant region in between. This 

vacant region remains as an implausible area for the TiO2 adsorption. For the highest studied 

concentration (Figure 5.23(g)), the adsorbate molecules were mixed up due to intermolecular 

forces that exist amongst the TiO2 molecules. The difference of adsorbate concentrations 

plays an essential role in directing the molecular adsorption of TiO2 and this is related to the 

variation of adsorption energies which explained in Table 5.7. 
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Figure 5.23 The lowest configurations of TiO2 adsorption onto FTO surfaces comprising of 1 (a), 5 

(c), 10 (e), and 50 (g) adsorbate molecule/s and their favourability isosurfaces comprising of 1 (b), 5 

(d), 10 (f), and 50 (h) adsorbate molecule/s. The yellow atoms show the target regions during 

simulated annealing process. 

 

Using adsorption locator simulation module, the TiO2 - FTO surface configurations are 

sampled from a canonical ensemble. In this ensemble, the loading (or number) of all 

adsorbate molecules as well as the temperature, are kept fixed. The configuration probability, 

m, in the ensemble is provided by Equation 5.1 (Shi and Atrens, 2011): 

𝑃𝑚 = 𝐶𝑒−𝛽𝐸𝑚  (5.1) 

Where 𝐶 corresponds to a constant of arbitrary normalization, 𝛽 is the reciprocal temperature, 

and 𝐸𝑚 is the total energy of configuration (m). Further, the reciprocal temperature is 

specified as Equation 5.2 (BIOVIA, 2016b) below. 

𝛽 =
1

𝑘𝐵𝑇
 (5.2) 
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Where 𝐾𝑏 is the Boltzman constant and  𝑇 corresponds to the absolute temperature. The total 

energy of configuration, m, is determined as the following sum: 

𝐸𝑚 = 𝐸𝑚
𝐴𝐴 + 𝐸𝑚

𝐴𝑆 + 𝑈𝑚
𝐴  (5.3) 

Where 𝐸𝑚
𝐴𝐴, 𝐸𝑚

𝐴𝑆, and 𝑈𝑚
𝐴  are the intermolecular energy between adsorbate (i.e. TiO2) 

molecules, interaction energy between adsorbate and the substrate (i.e. FTO), and the total 

intramolecular energy of all sorbate molecules, respectively. The intramolecular energy 

within substrate is not considered since its structure is kept fixed during simulations and 

therefore, the distribution of intramolecular energy is constant (Figure 5.24).  

 

The first step of simulation involves the adsorption the specified loading of TiO2 molecule. 

This step was carried out by a random series of insertion step and equilibration phase till the 

selected loading is accomplished. For this step, only insertion steps which do not produce 

structures with intermolecular close contacts and enable to pass all adsorbates location 

constraints are allowed. The initial configuration takes numerous steps for adjusting to the 

current temperature. An adsorption location is thus, divided into equilibrium and production 

stages. The last trajectories comprising of lowest energy configuration are based on 

production stage, particularly (Khaled and El-Sherik, 2013, BIOVIA, 2016b). 

 

At the stages of equilibration and production, each step was started by choosing a step type 

by means of the selected parameters prior to simulation run. This step type corresponds to 

either rotation or translation procedure. Upon the selection of the step type, a random 

component is selected and the step type is implemented to random adsorbate of the 

corresponding component. Metropolis Monte Carlo algorithm is subsequently used to 
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determine the acceptability of the change to be accepted or rejected (Khaled and El-Sherik, 

2013, BIOVIA, 2016b). 

 

Figure 5.24 Total energy of adsorbed TiO2 depending on the substrate concentrations. The substrate 

numbers comprise of 1 (a), 5 (b), 10 (c), and 50 (d) molecules.  

 

The MC adsorption method applies four main steps for a canonical ensemble which are 

conformer, rotation, translation, and regrowth (BIOVIA, 2016b). This step is employed to a 

random adsorbate. Figure 5.24 shows the total energy contribution of all model trajectories 

comprising of total and average energies, van der Waals, electrostatic, and intramolecular 

energies. As can be seen, five cycles of iteration were recorded throughout the simulations. 

As the most important energy parameter, the average total energy (green mark of each sub-

figures) was initially decreased to reach the equilibration phase (first cycle) then continued 

with the production step till the end of simulation, which is depicted as constant curves. 

Moreover, the average energy constantly decreases by means of increasing concentrations. 
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More in adsorbate concentrations, less in average total energies (Figures 5.24(a – d) and 

Table 5.7). It indicates that the increment of adsorbate (TiO2) molecules directly affects the 

total energy and therefore, elevate the stability of energetically optimized systems. This trend 

is in line with a recent study (Mlambo et al., 2017) in which the increasing number of 

adsorbate molecules leads to the decrease of total binding energy of the ligand. Thus, a 

weaker interaction energy resulting in a charge transfer between TiO2 molecules and FTO 

surface. The weaker bond leads to a lower sharing of the bonding-orbital electrons in the 

TiO2 and FTO surface (the electronic orbitals tend to be shifted slightly towards the TiO2 

than the FTO atoms itself) and consequently weakens the localized polarizability.  

 

Figure 5.25 Adsorption energy distributions of TiO2 onto FTO surfaces depending on the adsorbate 

concentrations (a) and its diagram function (b). 

 

The adsorption energy distributions of all loading molecules are depicted in Figure 5.25(a), 

while the outputs and descriptor are shown in Table 5.7. The adsorption energy (𝐸𝑎𝑑𝑠) is the 

energy that released (or necessitated) when the optimized adsorbate molecules are adsorbed 

onto the selected substrate. This is also expressed as the sum of the rigid adsorption energy 

(𝐸𝑟𝑖𝑔) and the deformation energy (𝐸𝑑𝑒𝑓) for the components of adsorbate (Equation 5.4).  

𝐸𝑎𝑑𝑠 = 𝐸𝑟𝑖𝑔 + 𝐸𝑑𝑒𝑓 (5.4) 
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Whilst, the total energy (𝐸𝑡𝑜𝑡) corresponds to the sum of 𝐸𝑎𝑑𝑠, 𝐸𝑟𝑖𝑔, and 𝐸𝑑𝑒𝑓 (Equation 

5.5).  

𝐸𝑡𝑜𝑡 = 𝐸𝑎𝑑𝑠 + 𝐸𝑟𝑖𝑔 + 𝐸𝑑𝑒𝑓 (5.5) 

Here, the energy of the substrate is occupied as zero since the substrate is constrained during 

simulation. The 𝐸𝑟𝑖𝑔 shows the energy, in kcal/mol, released (or required) when the 

unrelaxed adsorbate molecules (i.e. prior to the geometry optimization step) are adsorbed on 

the substrate. The 𝐸𝑑𝑒𝑓 reports the energy, in kcal/mol, released when the adsorbed adsorbate 

molecules are relaxed on the substrate surface. Table 5.7 also demonstrates the dEads/dNi, 

which explains the energy in kcal/mol, of substrate-adsorbate configurations where one of 

the adsorbate molecules has been eliminated (BIOVIA, 2016b).  

 

Figure 5.25(b) confirms the trends of adsorption energy distribution (Figure 5.25(a)), 

consistent with the average total energy (Figure 5.24). For the overall adsorbate 

concentrations, the highest adsorption energy is generated by the lowest number of adsorbate 

loading i.e. 1 molecule (-3.289 kcal/mol), and constantly followed by 5, 10, and 50 molecules 

(Table 5.7). This trend emphasizes that the number of TiO2 molecules (or concentrations) 

provide a direct influence upon its adsorption capability onto the FTO surface. The increment 

of adsorbate concentrations decreases the adsorption energy (Figure 5.25(b)) and thus, 

exhibit more ability to be adsorbed onto FTO substrate surface. This evidence is further 

elucidated by Table 5.7 which contains the several energy contributions instead of adsorption 

energy of each loading molecules. 
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Table 5.7 Energy distribution (kcal/mol) of TiO2 adsorptions onto FTO surface. 

Loading 

(adsorbate 

molecule/s) 

𝑬𝒕𝒐𝒕 𝑬𝒂𝒅𝒔 𝑬𝒓𝒊𝒈 𝑬𝒅𝒆𝒇 TiO2: dEad/dNi 

1  -3.289 -3.289 -3.289 0.000189 -3.289 

5  -16.793 -16.793 -16.794 0.000881 -3.301 

10 -31.356 -31.356 -31.378 0.0213 -2.327 

50 -115.672 -115.672 -115.685 0.0136 -1.0545 

 

5.1.3.2 Adsorption of dopamine onto FTO and TiO2/FTO layer 

Upon the MC simulation using selected parameters, the trajectories containing the lowest 

energy configuration of dopamine (as adsorbate) onto layer I of FTO and layer II of 

TiO2/FTO (as substrates) are generated along with the field of distribution for the 

corresponding substrate (Figure 5.26). The layer I (Figures 5.26(a & e)) and II (Figures 

5.26(c & g)) were used to study the adsorption behaviour and energy differences towards 

electrode modification step. These two layers would be evaluated for the comparison studies 

in terms of adsorption and binding energies. On the other hands, the two types of 

concentrations (i.e. 1 and 5 adsorbate molecules) were particularly simulated to investigate 

the impact of intra/intermolecular energies on the adsorption behaviour as well as assessing 

the impact of adsorbate concentrations. For the single molecule adsorbate, the dopamine 

likely adsorbs right above the layer I surface in a planar orientation (Figure 5.26(a)), while 

the different adsorption location is observed for the layer II which dopamine adsorption tends 

to accumulated at the opposite surface of FTO in a similar planar tendency (Figure 5.26(c)). 

The planar positions of the dopamine at the two studied surfaces may be attributed due to the 

strong interactions between its benzene ring and the Sn2+ of FTO surface via ionic bonding 

i.e. Coulombic force (for layer I) and O2- of TiO2 opposite surface via non-ionic contact i.e. 
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covalent and H-bondings (for the layer II). Further, upon the increment of adsorbate 

concentration (i.e. 5 molecules), an obvious difference is shown by layer II which the 

molecular orientation of dopamine tends to move closer to the surface of TiO2 (Figure 

5.26(g)). The adsorption of layer I shows a consistent adsorption region with the lower 

adsorbate molecule. Herein, the intramolecular energy of dopamine molecules is taken into 

account and seems to force the dopamine to be adsorbed closer to the TiO2 surfaces. Indeed, 

the -OH groups of dopamine may contribute to the intermolecular interactions due to the 

relatively close distance with the surface of layer I and II (Figure 5.26(e & g)). 

 

Figure 5.26 The lowest configurations of dopamine onto layer I (FTO) surface comprising of 1 (a) 

and 5 (e) adsorbate molecule/s, dopamine onto layer II (TiO2/FTO) surface comprising of 1 (c) and 5 

(g) adsorbate molecule/s followed by their favourability comprising of 1 (b) and 5 (f) adsorbate 

molecule/s for layer I, and 1 (d) and 5 (h) adsorbate molecule/s for layer II. 
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In terms of interaction characteristic, the ionic bonding within Sn (substrate) and amine group 

and benzenoid ring of dopamine (adsorbate) may predominantly role in layer I adsorption, 

while non-ionic bonding is involved in layer II interaction along with the possible 

contribution of ionic bonding within dopamine -OH groups and Ti atoms. This evidence is 

supported by the distribution field depicted in Figures 5.26(b, d, f, and h). These figures 

clearly indicate the preference of dopamine to be adsorbed onto the surface of each substrate 

comprising of layer I and II. For the adsorption of 5 dopamine molecules (Figures 5.26(e & 

g)), the adsorbate molecules were mixed up onto substrate surface due to intermolecular 

forces amongst the dopamine molecules. The different of adsorbate concentrations also plays 

a pivotal role in directing the molecular location of dopamine on the substrate surfaces and 

this is considerably related to the variation of adsorption energies (Table 5.8). 

 

The energy contribution of the adsorption processes comprising of 1 and 5 adsorbate 

molecule/s are shown in Figures 5.27 and 5.28, respectively. These energy parameters 

consist of total and average energies, van der Waals, electrostatic, and intramolecular 

energies. The five number of cycles are clearly carried out during MC simulations. 

Consistently, the equilibration phase of both concentrations has been reached upon the first 

cycle which subsequently continued with a steady total energy of production steps (shown 

by nearly linear total energy). There is no significant fluctuation observed, suggesting the 

stability of the system during simulated annealing procedure. Interestingly, the average of 

total energy varies depending on the substrate system (layer I; FTO and layer II; TiO2/FTO). 

For the single dopamine adsorbate, the average total energy of layer I remains lower than 

layer II. Similar trend is also shown at higher concentration (5 molecules). It may be due to 

the energy contribution from TiO2 layer to increase the total energy of the layer II system. It 
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is further noted that the electrostatic energies are emerged for these particular simulations as 

the dopamine acts as bioorganic adsorbate (Figures 5.27 & 5.28), in contrast with previous 

simulation employing metal oxide adsorbate i.e., TiO2 (Figure 5.24). This evidence is 

influenced by the nature of adsorbate molecules which particularly, dopamine remains a tiny 

biomolecule containing catechol (benzene ring with a couple OH side groups at C1 and C2) 

with a hydrocarbon tail ending in an amine group. This structure can exhibit electrostatic 

interaction with O atoms of the substrate surface (the electrostatic energies fluctuate in the 

Figures 5.27 & 5.28), while for TiO2 adsorbate is likely unable to produce electrostatic 

interaction since its structure as metal oxide molecule (the electrostatic energy remains linear 

in zero value; Figure 5.24). However, more in adsorbate concentrations decreases the 

average total energy of the systems (Table 5.8) indicating that the increment of adsorbate 

(dopamine) molecules directly affects the total energy of the complex and thus, promote the 

stability of the optimized systems.  
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Figure 5.27 Total energy of adsorbed dopamine onto layer I (FTO) (a) and layer II (TiO2/FTO) (b) 

comprising of 1 adsorbate molecule. 

 

 

Figure 5.28 Total energy of adsorbed dopamine onto layer I (FTO) (a) and layer II (TiO2/ FTO) (b) 

comprising of 5 adsorbate molecules.  
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The distribution of adsorption energy of layer I and II are given in Figures 5.29(a & b), while 

the values are shown in Table 5.8. These two figures are in accordance with previous trends 

of average total energies (Figures 5.27 & 5.28). For the single dopamine molecule (Figure 

5.29(a) and Table 5.8), the adsorption energy of layer I (-34.010 kcal/mol) is less than layer 

II (-27.056 kcal/mol). Likewise, the layer I (-189.536 kcal/mol) of higher dopamine 

concentration remains lower in adsorption energy compared to layer II (-138.783 kcal/mol). 

These represent the layer I exhibits more efficient energy to attain stable adsorption sites with 

the adsorbate molecule/s. Further, the increment of dopamine adsorbate seems to elevate the 

stability of substrate-adsorbate systems. This highlights the importance of concentration to 

determine the likelihood of dopamine adsorption as well as the stability of the complex 

systems (low-lying of adsorption energy). 

 
Figure 5.29 Adsorption energy distributions of dopamine onto TiO2/FTO layer comprising of 1 (a) 

and 5 (b) adsorbate molecule/s.  
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Table 5.8 Energy distribution (kcal/mol) of dopamine adsorptions onto layer I and II surfaces. 

Structures 𝑬𝒕𝒐𝒕 𝑬𝒂𝒅𝒔 𝑬𝒓𝒊𝒈 𝑬𝒅𝒆𝒇 DA: dEad/dNi 

1 adsorbate molecule 

FTO -15.939 -34.010 -21.384 -12.626 -34.010 

TiO2/FTO -8.9854 -27.056 -14.627 -12.429 -27.056 

5 adsorbate molecules 

FTO -99.181 -189.536 -128.695 -60.842 -41.043 

TiO2/FTO -48.428 -138.783 -76.464 -62.319 -32.699 

 

5.1.3.3 Adsorption of ss-DNA onto FTO, TiO2/FTO, and DA/TiO2/FTO layers 

In this study, the complete scheme of the electrode was employed in the MC simulations with 

the ss-DNA as adsorbate. The most stable adsorption sites of the adsorbate and substrate were 

successfully elucidated and presented in Figure 5.30. The single molecule of adsorbate i.e. 

ss-DNA was particularly used herein due to the limitation on the vacuum slab region which 

is not able to simulate several large biomolecules. Upon the simulation with overall layers, 

the ss-DNA is adequately adsorbed onto the surfaces. The simulation on layer I and II 

demonstrate the planar like adsorption of ss-DNA towards each surface of the substrates. 

Meanwhile, the ss-DNA in layer III tend to be adsorbed in a slightly perpendicular position. 

The typical assembly of the surface may influence the adsorbate position upon the MC 

simulation since the upper side of layer III consist of dopamine molecules which can produce 

strong H-bond with ss-DNA biomolecules (Figure 5.30(c & f)). The ionic interactions may 

predominantly occur in the formation of stable complex of layer I and II (Figures 5.30(a & 

b)). Moreover, ss-DNA is naturally a highly negatively charged polyelectrolyte contributed 

from phosphate groups along the chain (Zhang et al., 2001). It may also contribute to the 

molecular position of ss-DNA adsorption. Since there is no intramolecular energy 

contribution within ss-DNA biomolecules, only intermolecular energy is taken into account 
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in determining the total energy contributions (Figure 5.31). The average total energy remains 

stable throughout the simulations indicating the stability and reliability of the systems. There 

are no obvious fluctuations with respect to average total energies. In general, the adsorbate 

molecule is able to well-adsorbed onto the surface of each substrates (layer I, II, and III). 

 

Figure 5.30 The lowest configurations of ss-DNA adsorption onto layer I (FTO), layer II (TiO2/FTO), 

and layer III (DA/TiO2/FTO) comprising of front views (a, b, c) and their orthographic depictions (d, 

e, f). 
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Figure 5.31 Total energy of adsorbed ss-DNA onto layer I (FTO) (a), layer II (TiO2/FTO) (b), and 

layer III (DA/TiO2/FTO) (c). The figure legend of part (c) is also used to other figures. 

 

Further, distributions of adsorption energy comprising of layer I, II, and III are shown in 

Figure 5.32. Single molecule of ss-DNA onto layer I shows the lowest adsorption energy 

among others. This is merely in consistent with the previous trends of average total energy. 

Indeed, the trend of adsorption energies is demonstrated as follows: layer I (-2.24 x 103 

kcal/mol) < layer III (-2.17 x 103 kcal/mol) < layer II (-2.16 x 103 kcal/mol). This tendency 

may be due to the energy contribution from adjoined layers i.e. TiO2 for layer II and TiO2 

and DA for layer III which decrease the 𝐸𝑎𝑑𝑠 and 𝐸𝑑𝑒𝑓 of the system (Table 5.9). Since the 

adsorption energy is the sum of 𝐸𝑟𝑖𝑔 and 𝐸𝑑𝑒𝑓 energies (see Equation 5.4), the trend of both 

directly determines the adsorption energy values. 
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Moreover, this result suggests that the layer I exhibits more efficient energy to attain stable 

adsorption sites with the substrate surface than layer III and II. Likewise, layer III requires 

less adsorption energy compared to layer II. This emphasizes the direct influence of the 

appended layer to determine the ability of ss-DNA adsorption onto the electrode surface as 

well as the stability upon the complex formation (low-lying of adsorption energy). However, 

these low energy trajectories of MC simulations (i.e. overall studies) were further used as 

input structures of subsequent MD simulations. 

 

Figure 5.32 Adsorption energy distributions of ss-DNA onto simulated electrode layers. 

 

Table 5.9 Energy distribution (kcal/mol) of ss-DNA adsorptions onto simulated electrode layers. 

Substrates 𝑬𝒕𝒐𝒕 𝑬𝒂𝒅𝒔 𝑬𝒓𝒊𝒈 𝑬𝒅𝒆𝒇 
ss-DNA: 

dEad/dNi 

FTO 8.09 x 103 -2.24 x 103 -120.967 -2.12 x 103 -2.24 x 103 

TiO2/FTO 8.18 x 103 -2.16 x 103 -25.273 -2.13 x 103 -2.16 x 103 

DA/TiO2/FTO 8.17 x 103 -2.17 x 103 -39.920 -2.13 x 103 -2.17 x 103 
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5.1.4 Molecular dynamics simulations 

5.1.4.1 MD simulations of TiO2 onto FTO layer 

To minimize the computational cost, three types of TiO2 concentrations were investigated 

for the formation of TiO2-FTO electrode complex through MD simulations. Figure 5.32 

shows the MD trajectories upon production steps of TiO2 molecules on the top of FTO 

surfaces. The number of atoms on FTO are kept constant through rigid-body constraint for 

good comparison by not allowing the FTO atoms to inconsiderably interact with TiO2. This 

treatment also permits TiO2 molecules to move along the surface under selected MD 

parameters (i.e. temperature). In this study, the temperature was set as 298 K in order to get 

an exact mimic with experiment. Since the FTO bonds were removed for eradicating the 

unphysical interaction within molecular system, the “ghost” atoms were automatically 

appeared at the top of periodic cells upon the Forcite (MM)-based geometry optimization. 

These atoms have no influence on the simulations owing to their zero-nuclear charges as well 

as zero electrons. They act as probes of the local effective magnetic field at their positions 

(Wang et al., 2013). In terms of simulation environment, the vacuum-based MD’s was chosen 

in consistent with previous studies (Mdluli et al., 2011, Sosibo et al., 2011, Chen et al., 2012, 

Chen et al., 2015a, Bahramian, 2015, Fereidoon et al., 2015). The use of gas phase MD’s 

was considerable due to several motives as follows: to minimize the computational cost due 

to employment of large number of atoms in simulations, relatively low capability of the 

software to simulate MD with solvated systems, and the ability of gas-phase simulations to 

provide accurate prediction to the molecular behaviour of the complex systems containing 

inorganic materials.  



Chapter 5: Results and Discussion 

Page | 161  
 

The MD simulations were carried out using the last (rather ‘stable’) trajectories of MC 

simulations. Interestingly, it can be assumed that equilibration stage has been reached prior 

to MD runs (Chen and Roux, 2015). However, the geometry optimization was still required 

as a priori treatment to ensure the convergence of the system during MD simulations. After 

the MD simulations were performed for all models, it was observed that TiO2 molecules were 

expanded evenly on the surface of FTO cluster. The single molecule of TiO2 likely move 

away from the surface (Figure 5.33(a)), while the evenly distributed molecules were 

captured at higher concentrations (i.e. 5 and 10 molecules of TiO2; Figures 5.33(b & c)). 

The presence of intramolecular forces which exist amongst the TiO2 molecules and 

intermolecular energy within TiO2 and FTO cluster play substantial roles in distributing the 

molecular interaction of TiO2, and this is considered as the potential factor (Mdluli et al., 

2011) that influences the growth of FTO nanocluster.  

 

Figure 5.33 MD snapshots of TiO2 interaction with FTO layer comprising of 1 (a), 5 (b), and 10 (c) 

adsorbate molecules. 

 

For the total energy during 100 ns simulation time, the trend remains steady and no 

significant energy fluctuations are observed with respect to the three concentration models 
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(Figure 5.34(a)). In general, this also can be adjudicated that the systems (comprising of 

each adsorbate molecules) are energetically stable during MD simulations. Similarly, the 

temperature profiles also behave steadily throughout the simulations (Figure 5.34(b)). Since 

the canonical ensemble (NVT) was used in equilibration and production steps, the 

temperature of the system is undergoing to fluctuate around a stable average and shows no 

obvious fluctuations lead to system’s error. Overall, these couple parameters corroborate the 

reliability of the simulated systems. The use of Andersen thermostat plays an important role 

herein. Further, the thermostat has been able to control the stability of the temperature 

specifically for nanomaterials-based simulations (Kornherr et al., 2004, Christianson and 

Schmidt, 2015, Agusta et al., 2016).  

 
Figure 5.34 Total energies (a) and temperature profiles (b) of TiO2 interactions with FTO layers. 

 

It is further important of the relative molecule-to-surface orientation for the TiO2-FTO 

complexes (at selected molecular ratio/concentrations). From Figure 5.33, the orientation of 

TiO2 is relatively perpendicular to FTO surface except for the single TiO2 molecule where 

the molecule moves away from the surface. However, this anomaly was subjected from the 

initial position prior to starting the MD simulation (i.e. preceding MC trajectory). To the best 
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of our knowledge, no computational investigation on the TiO2 molecule interaction towards 

FTO surface has been performed. A recent experimental study (Li et al., 2015) showed the 

orientation of the TiO2 nanosheets which stand perpendicularly to the surface of the FTO 

substrate, in line with the present computational MD simulations. Another study has shown 

similar results with the TiO2 nanorods grown perpendicular to the FTO substrates (Liu et al., 

2015a). The molecule-to-surface relative orientation can be tailored as a potential parameter 

of the nanomaterials growth and allows the emergence of the electrochemical performance 

(Li et al., 2015). 

 

The interaction of TiO2 molecule and the substrate surface are attributed to strong interactions 

between resembled atoms (Ti and O) in adsorbate and the substrate surface. Therefore, the 

length density profile (so-called relative concentration or concentration profile) is appropriate 

parameters to be examined. Figure 5.35 shows the relative distance of the Ti and O atoms 

towards the substrate surface. For the single TiO2 molecule, it was observed that 8.120% Ti 

atom is 0.63 Å closer on the surface of FTO cluster, whereas 6.502% O atoms (Figure 

5.35(a)). Whilst, the maximum relative concentration of O atoms (2.274%) was observed at 

9.475 Å closer than Ti atoms (for the corresponding 5 adsorbate molecules) (Figures 

5.35(b)). However, the analogous Ti peak is also observed at the exactly similar distance 

with O which showing the 2.925% concentration at the recorded distance i.e. 5.369 Å (0.650 

Å closer to the surface than O) (Figure 5.35(b)). A similar trend is also obtained when the 

TiO2 concentration was increased to 10 molecules (Ti concentration is 0.869% higher than 

O in the exactly similar distance to the surface i.e. 11.685 Å) (Figure 5.35(c)). This 

observation suggests the important role of Ti atoms in the intermolecular interaction between 
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TiO2 and FTO surface which may be triggered by strong ionic force between both substrate 

(O or F atoms) and adsorbate (Ti atoms) systems.  

 

Figure 5.35 Concentration profiles of TiO2 interactions with FTO surfaces comprising of 1 (a), 5 (b), 

and 10 (c) adsorbate molecules. 

 

The further analysis involved the total potential energy components derived from the 

trajectories of MM-Forcite calculation which responsible for the deeper insight into the 

interaction mechanism of TiO2 (as adsorbate or ligand) and FTO (as substrate or “receptor”). 

The potential energies were defined for the all three adsorbate molecules. The structure 



Chapter 5: Results and Discussion 

Page | 165  
 

coordinates combined with a UFF force field generate an energy expression describing the 

potential energy surface of a particular structure as a function of its atomic coordinates 

(Equation 5.6).  

𝐸total pot. = 𝐸val. + 𝐸cross−term + 𝐸nb (5.6) 

Whereas, 𝐸total pot. is the total potential energy, while 𝐸val. is the valence energy which is 

generally accounted from the diagonal terms of bond, angle, torsion, inversion, and Urey-

Bradley. 𝐸cross−term corresponds to the cross-term energy for such a correction factor as 

bond or angle distortions produced by nearby atoms. 𝐸nb is the non-bond energy including 

van der Waals, electrostatic, and H-bond (BIOVIA, 2016b). The energies associated with the 

formation of FTO – TiO2 complexes were derived as shown in Figure 5.36 comprising of 1 

(part a), 5 (part b), and 10 (part c) adsorbate molecules. For the overall depictions, the energy 

profiles show that the total potential energies were fluctuating around the stable average 

suggesting the satisfied stability of the system throughout simulations. The valence and van 

der Waals energies were contributing towards the total potential energies in equivalent 

quantities, therefore, the both energies were observed in the equal position or contribution 

towards FTO-TiO2 complexes (throughout overall concentrations). 
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Figure 5.36 Potential energy profiles towards 1 (a), 5 (b), and 10 (c) TiO2 adsorbate molecules onto 

FTO substrate. 

 

5.1.4.2 MD simulations of dopamine onto FTO and TiO2/FTO layers 

Figure 5.37 shows the MD trajectories (after 100 ns simulation time) of dopamine molecules 

onto the surface of FTO (layer I; Figures 5.37(a & c)) and TiO2/FTO (layer II; Figures 

5.37(b & d)). The use of TiO2/FTO cluster (at the substrate position) was intended to mimic 

the experimental electrode at the second step of modification, while FTO cluster was 

considered as a comparison. Herein, the two types of concentrations were employed to 

explore the role of intramolecular energy between dopamine in interfering their interaction 

sites and behaviour. For the overall models, the dopamine molecule/s likely interact with the 

surface except for the single dopamine molecule onto TiO2/FTO surface which preferably 

interacts with ‘ghost’ atoms of O. Since the zero-nuclear charge and -electrons of “ghost” 

atoms have, this interaction can be neglected (i.e. there will be no typical interaction within 
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these sites) or may correspond to the interaction with opposite of TiO2/FTO layer in periodic 

boundary cells. It can be assumed that single dopamine moves away from the surface due to 

the intermolecular steric hindrance occurrence. However, other models demonstrate that the 

dopamine molecule/s interacts well with the nanoparticle surface, predominantly through 

planar orientations. Interestingly, the molecular distributions of higher dopamine 

concentration (Figures 5.37(c & d)) end to move closer to each other (instead of moving 

closer to the surface). It indicates the potential role of intramolecular energy within dopamine 

molecules to their interaction with nanomaterial surfaces. This energy is considerable factor 

that influences the growth of TiO2/FTO nanocluster. 

 

Figure 5.37 MD snapshots of dopamine interactions with FTO layers comprising of 1 (a) and 5 (c) 

adsorbate molecule/s and with TiO2/FTO layers comprising of 1 (b) and 5 (d) adsorbate molecule/s. 

 

For the total energy during simulations (Figures 5.38(a & c)), the peaks show a stable 

fluctuation in average areas. There is no significant error observed in the simulations. This 

indicates that the system remains physically stable during simulations and thus, the 

trajectories are reliable for the further analysis. Interestingly, the difference between average 

total energies of single dopamine interaction comprising of both studied layers (Figure 
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5.38(a)), remains to be lesser (or narrower) than five molecules of dopamine (Figure 

5.38(c)). The role of intramolecular energy within dopamine molecules may contribute to 

total energy of the system. On the other hand, the profiles of temperature (Figures 5.38(b & 

d)) show steady fluctuation indicating the stability of the temperature during canonical 

ensemble (NVT) simulations. Since the temperature was set at 298 K to better mimic the 

experimental conditions, the Andersen thermostat seems to successfully maintain the 

temperature profile of the systems.  

 

Figure 5.38 Total energies and temperature profiles of dopamine interactions with FTO and 

TiO2/FTO layers comprising of 1 (a, b) and 5 (c, d) adsorbate molecule/s, respectively.  

 

Further analysis was carried out using relative concentration showing the abundant of 

responsible atoms or functional groups towards the surface. Dopamine has been chosen as a 

chemical linker because of several considerations as stated in the previous section (see 

Chapter 2; Literature Review). Briefly, dopamine is capable to strongly bind with metal 



Chapter 5: Results and Discussion 

Page | 169  
 

oxide surface through the two -OH groups and is easy to interact with other biomolecules, 

and forming organic-inorganic hybrid materials. Several studies have established that the 

reduced metal coordination of metal oxide surface leads to easy metal-ligand linkage (Chen 

et al., 1997, Farges et al., 1997). Due to this fact, the two -OH groups of dopamine were 

selected as the “probe” of the analysis. The concentration profile of these functional groups 

towards the FTO and TiO2/FTO surfaces are shown in Figure 5.39. For the single dopamine 

interaction, the unique “twin” peaks are observed in the FTO and TiO2/FTO surfaces in which 

both have comparable relative concentrations. Similar concentration is observed (i.e. 

4.060%) on the surface’s models in which the -OH groups of dopamine shows 0.345 Å closer 

towards FTO compared to TiO2/FTO surface (Figure 5.39(a)). In contrast, when the higher 

concentration was employed, the different trend is observed. The relative concentration of 

dopamine’s -OH groups towards TiO2/FTO surface is obtained to be 2.770% and remains 

8.388 Å closer to the surface than 2.222% of FTO (Figure 5.39(b)). This study emphasizes 

the importance of -OH groups of dopamine to interact with surface atoms mainly to metal 

site via metal coordination bonding type. Moreover, the favourability of TiO2/FTO (rather 

than FTO layer) to interact with dopamine (in higher concentration) may be attributed from 

the intramolecular energy between dopamine molecules. Whilst, the pushing away of 

dopamine molecule towards TiO2/FTO (Figure 5.37(b)) may contribute to the trend of 

“anomaly” obtained at single molecule observation of concentration profile. The presence of 

steric hindrance may cause this phenomenon.  
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Figure 5.39 Concentration profiles of dopamine interactions with FTO and TiO2/FTO layers 

comprising of 1 (a) and 5 (b) adsorbate molecule/s.  

 

The potential energy analysis showed that the total potential energies across all models 

remain steady in fluctuation during dynamics simulations. Three potential energy 

contributors were elucidated herein, i.e. electrostatic, valence, and van der Waals energies. 

The electrostatic energy was occurred, due to the organic nature (CH skeleton) of the 

adsorbate (i.e. dopamine). This is in contrast with the first layer simulations (FTO-TiO2 

complex) due to the metallic nature of the adsorbate i.e. TiO2, and thus unable to generate 

electrostatic energy. For the layer I interaction with single dopamine molecule (Figure 

5.40(a)), the dynamics of FTO - DA complex shows the stable simulations in which the van 
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der Waals energy was contributing towards the total potential energies to a greater extent, as 

compared to valence and electrostatic energies. The more visible difference is shown with 

the greater concentration of dopamine (Figure 5.40(b)). Likewise, a similar trend of potential 

energy profiles was elucidated for the layer II simulations (Figures 5.40(c & d)). This 

indicates that van der Waals energy may dominantly role in dopamine and electrode surface 

interactions suggesting the physisorption evidence. The presence of electrostatic energy (i.e. 

H-bond) may also attributed since the energy profiles were shown in negative areas 

suggesting energetically favourable interactions towards the complex systems. In addition, 

the valence energy may confirm the possible interaction within -OH functional groups of the 

dopamine and Ti atoms of the TiO2 surfaces (Syres et al., 2010). 

 

Figure 5.40 Potential energy profiles of FTO - DA complexes composing of 1 (a) and 5 (b) adsorbate 

molecule/s, and TiO2/FTO - DA complexes composing of 1 (c) and 5 (d) adsorbate molecule/s. 
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5.1.4.3 MD simulations of ss-DNA onto FTO, TiO2/FTO, and DA/TiO2/FTO layers 

At this stage, the MD simulations were required to reproduce the full scheme of layer-by-

layer electrode assembly. The shorter simulation time was particularly used in this study. 

Since the employment of large-size cluster of the substrate-adsorbate complex (up to 33120 

atoms in total of ss-DNA and DA/TiO2/FTO layer), the total simulations time were reduced 

to 10 ns in order to diminish the cost of computational simulations (i.e. time and system 

capability). Figure 5.41 depicts the stable trajectories of ss-DNA interactions with layer I, II, 

and III, respectively. Three different models were employed to observe the different binding 

energies and therefore, attributed to the favourability towards electrode constructions. From 

these depictions, the obvious alterations are occurred at the three employed models, subjected 

from their initial bodies and last MD trajectories. For the layer I (Figure 5.41(a)), the 

conformation of ss-DNA seems to be converged and planarly interacts with the surface of 

FTO. It suggests the escalating event of intermolecular interactions within ss-DNA and FTO 

surface. Unlikely, the ss-DNA conformation is changed towards more compact in the case of 

TiO2/FTO surface (Figure 5.41(b)) indicating the reducing of intermolecular interactions. 

An interesting phenomenon is obtained from the full scheme of the electrode (DA/TiO2/FTO) 

layers in which the biomolecule conformation tends to adsorb onto the third electrode layer 

containing dopamine arrays (Figure 5.41(c)). The non-bonding interactions seem to 

predominantly role herein (since the both interfaces are organic materials; DA and ss-DNA). 

In addition, the whole snapshots of the time-based trajectories of each layer are shown in 

Appendix I.  
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Figure 5.41 Comparison of MD trajectories for FTO (a), TiO2/FTO (b), and DA/TiO2/FTO (c) layers 

upon ss-DNA interactions.  

 

The stability and change in overall molecular conformation of the oligonucleotide during the 

simulations can be monitored by radius of gyration (Rg) (Junjun et al., 2009). The Rg 

diagram (Figure 5.42) suggests that ss-DNA remains in its compact form over the course of 

simulations. The overall Rg values (Å) of layer II (TiO2/FTO) remains to be the lowest 

followed by layer III (DA/TiO2/FTO), and layer I (FTO) except for the initial fluctuations 

i.e. equilibration step. The presence of dopamine molecule induces the system to be 

energetically active, as revealed at higher gyration of layer III upon layer II. However, the 
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Rg trend shown in layer II is relatively not stable enough suggesting the obvious change in 

ss-DNA conformation upon the initial fluctuations. The better (in stability) conformations 

are addressed to the layer III and I which shows more stable fluctuations during production 

step. This, in general, displays an acceptable stability and compactness profile of ss-DNA 

towards electrode layers and emphasizing the obvious change in ss-DNA conformity 

throughout simulations time. 

 

Figure 5.42 Rg of ss-DNA interactions with FTO, TiO2/FTO, and DA/TiO2/FTO layers. 

 

Considering the in-depth stability of the system, the total energy and temperature profile are 

two reliable parameters to be examined. The total energy of the model’s system is shown in 

Figure 5.43(a), while temperature profiles have been elucidated comprising of layer I 

(Figure 5.43(b)), layer II (Figure 5.43(c)), and layer III (Figure 5.43(d)). The total energy 

of overall layers remains to be physically valid i.e. there is no systematic drift in the value. 

The temperature profiles also emphasize the reliability of the system since the overall layers 
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provide relatively stable temperature in 277 K. The use of 277 K is due to the use of similar 

parameter while the ss-DNA solution were dipped overnight at 4°C temperature 

experimentally. In consistent with the previous MD’s, the profiles show fluctuations in 

average values and no significant error was recorded. The Andersen thermostat seems to 

appropriately maintain the temperature of the systems.  

 

Figure 5.43 Total energies of overall layer systems (a) and temperature profiles of ss-DNA 

interactions with FTO (b), TiO2/FTO (c), and DA/TiO2/FTO (d) layer surfaces. 

 

Since the concentration profile is one of the pivotal post-analysis upon the MD simulation of 

nanomaterials, Figure 5.44 depicts the relative concentration of -COOH functional group 

towards three different substrate models (FTO, TiO2/FTO, and DA/TiO2/FTO). According 

to the experimental methodology, the ss-DNA has been modified at 5’ end region and was 

intended to attach dopamine specifically at amine group. Therefore, this phenomenon was 

validated computationally via concentration profile analysis, capable of showing the relative 
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concentrations and distances of 5’end -COOH towards the layer surfaces including 

perpendicular dopamine as the outermost interface for layer III. The maximum relative 

concentrations of -COOH are observed as follows: DA/TiO2/FTO (80.426%, 147.807 Å) > 

TiO2/FTO (66.633%, 24.790 Å) > FTO (71.526%, 72.711 Å). While considering the distance 

towards the surface, the TiO2/FTO remains to be the lowest among others, followed by FTO 

and subsequently DA/TiO2/FTO. This trend may be due to the strength of intermolecular 

interactions in which for the FTO and TiO2/FTO, the interactions are dominated by ionic 

bonding. Whilst, the interactions towards DA/TiO2/FTO are governed by non-ionic bonding 

i.e. strong H-bond, covalent, weakly van der Waals etc. The large surface area may also be 

considered i.e. FTO and TiO2 have entirely large surface areas compared to dopamine arrays 

(at DA/TiO2/FTO). However, the highest concentration observed in DA/TiO2/FTO 

highlights the functionality of the -COOH functional group to interact with the layer III 

surface, although the distance remains to be overlooked. It is further noted that the 

contributions of other residues may also contribute to the intermolecular interactions within 

ss-DNA and corresponding substrate layer/s i.e. guanine bases as reactive sites of the ss-

DNA.  
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Figure 5.44 Concentration profiles of single ss-DNA molecule interactions with FTO (a), TiO2/FTO 

(b), and DA/TiO2/FTO (c) layers (x: (100), y: (010), z: (001) typical surfaces). 

 

The potential energy parameters of ss-DNA interactions have been elucidated to observe the 

responsible energies for the ss-DNA and substrate complex surfaces. Three energies were 

generated from the post-dynamics analysis of MD simulations i.e. total potential energies, 

valence, and van der Waals energies. Figure 5.45 shows stable fluctuations of the energy 

functions without any obvious error. The valence energy seems to contribute towards total 

potential energy to a greater extent as compared to van der Waals energy. This evidence 

suggests the chemisorption of 5’end carboxyl ss-DNA towards electrode surface. It may be 

associated with the negatively charged ss-DNA structure attributed from its sugar phosphate 

backbone. The energy contributions of layer I, II, and III remain similar, therefore difference 

in surface layers does not interfere to the potential energy profiles. The negative values 
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obtained at van der Waals energies may also contribute towards the energetically favourable 

complex interactions. 

 

Figure 5.45 Potential energy profiles of FTO - ss-DNA (a), TiO2/FTO - ss-DNA (b), and 

DA/TiO2/FTO – ss-DNA (c) complexes. The figure legend of part (c) is also used to other figures. 

 

5.1.4.4 Binding energy  

The layer-by-layer electrode assemblies have been successfully elucidated through 

computational modeling (i.e. MDs), thus the binding energies were carefully determined 

towards all models. Due to the use of large-scale substrate-adsorbate systems, i.e. the 

electrode layers along with molecule or biomolecule adsorbates comprising of organic and 

inorganic structures, it has been considerably opted to discover the total energy of each 

trajectories upon the MD simulations. The binding energies were calculated according to the 

Equation 4.1 (see Chapter 4; Materials and Methods) embracing of the current 
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tremendous computational demand. The total energies of each reactants (i.e. substrate 

structures and adsorbate molecules) and the end products (i.e. substrate-adsorbate 

complexes) were contributed towards binding energy values using classic and pragmatic 

approaches (Ashaduzzaman et al., 2017). Indeed, the total energy for each layer system is 

defined in the Equation 5.6. Table 5.10 shows the calculated binding energies for overall 

substrate-adsorbate systems. The negative eigenvalue binding scores have been computed 

throughout all models showing stable complex formations. These negative values also 

indicate the attractive or strong adsorbate and substrate interactions. For the investigation 

with FTO layer and TiO2 molecule/s as adsorbate (first step of electrode modification), it is 

clearly shown that the more of adsorbate loadings (rather concentrations), the lower binding 

energies are obtained. Thus, the binding energy values follow this trend: 1 ads. > 5 ads. > 10 

ads. It suggests the concentration plays an important role in determining the binding energies. 

The higher concentration could exhibit less binding energy values leading to higher in 

interaction strength within the complex components. This trend is, however, in line with the 

trend of adsorption energies which previously observed. Likewise, the similar trend was also 

revealed with the dopamine as adsorbate molecule/s (second step of electrode modification). 

The binding energy trend remains as follows: 1 ads. > 5 ads. for both of FTO – DA and 

TiO2/FTO – DA complexes, respectively.  

 

Another consideration is given by deliberating layer to layer electrode’s binding energies to 

investigate the interactions favourability towards electrode surfaces. This is only applicable 

to the second and the third steps of electrode modifications since only single type of electrode 

layer (i.e. FTO) was used in the first electrode modification steps. For the calculation of the 

second modification steps, two types of layer were used i.e. FTO and TiO2/FTO, while for 
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the third steps, the FTO, TiO2/FTO, and DA/TiO2/FTO layers were employed against single 

adsorbate molecule. From Table 5.10, the TiO2/FTO exhibits less binding energy (i.e. -

406.638 x 103 kcal/mol) towards dopamine than FTO (-313.147 x 103 kcal/mol). Calculation 

of higher dopamine loads (i.e. 5 ads.) also shows the similar trend. This suggests that 

TiO2/FTO layer provides stronger interaction with dopamine than FTO layer (in second 

modification step) and thus, is more favourable from the binding energies point of view. 

Likewise, the full scheme of electrode modification (i.e. mimicking the third modification 

step) shows analogous trend which DA/TiO2/FTO produces lowest binding energy amongst 

FTO and TiO2/FTO layers towards ss-DNA. The entire binding energy trend is given as 

follows: DA/TiO2/FTO (-23516.955 x 103 kcal/mol) < TiO2/FTO (-23508.874 x 103 

kcal/mol) < FTO (-15539.966 x 103 kcal/mol). This trend suggests a very strong interaction 

of DA/TiO2/FTO towards ss-DNA and gradually diminished by means of removing the last 

(rather ‘the outer’) component of the electrode (i.e. DA was removed for TiO2/FTO layer, 

while DA and TiO2 were removed for the FTO layer). Taken together, these findings have 

made an excellent agreement with the present experimentation, particularly for the modified 

electrode construction. Indeed, the computational studies have successfully validated the use 

(or rather ‘tendency’) of novel layer-by-layer strategy comprising of the full scheme ss-

DNA/DA/TiO2/FTO electrodes, for the purpose of DNA damage detection (observed in 

subsequent discussion on experimental works). 
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Table 5.10 Binding energies of overall MD trajectories. 

Substrate - adsorbate 

systems 

Binding energy (x103; kcal/mol) 

1 ads. molecule 5 ads. molecules 10 ads. molecules 

FTO - TiO2 -207.308 -207.310 -207.318 

FTO - DA -313.147 -313.211  
TiO2/FTO - DA -406.638 -406.643  
FTO - ss-DNA -15539.966   
TiO2/FTO - ss-DNA -23508.874   
DA/TiO2/FTO - ss-DNA  -23516.955   
 

 

5.2 Experimental 

5.2.2 Characterization of the mesoporous TiO2 microbeads 

5.2.2.1 X-Ray Diffraction 

The mesoporous TiO2 microbeads was successfully prepared and examined using XRD and 

SEM images. The XRD is an appropriate method to determine the mean size of crystallites 

(Holzwarth and Gibson, 2011) of mesoporous TiO2 microbeads in nanocrystalline bulk 

materials. The XRD pattern of mesoporous TiO2 microbeads is shown in Figure 5.46. The 

five strong diffraction peaks were observed which are (101), (004), (200), (105), and (211) 

positioned at 2θ = 25.3, 37.9, 48.1, 54 and 55.2, respectively in the XRD pattern. This 

observation confirms the presence of anatase phase of mesoporous TiO2 microbeads due to 

its fitted with JCPDS card number 01-073-1764. The crystallite size was calculated using 

Debye-Scherrer formula (Debye and Scherrer, 1916) as shown in Equation 5.7 below. 

𝐷 =
K λ

β cos θ
 (5.7) 
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Where 𝐷 is the crystal size (nm), K is so-called shape factor (0.94), λ is the wavelength of X-

ray source (nm), β is line broadening at half the maximum intensity or FWHM (radians), and 

θ is Bragg diffraction angle (2θ
2

⁄ ; degree). The crystallite size was found at 14 nm and was 

further confirmed by SEM analysis. From the XRD peaks, the highest peak was found at the 

(101) facet and therefore, this was chosen as the basis of the TiO2 cluster modeling (see 

Figure 5.4). Moreover, this facet is also addressed as a merit of anatase TiO2 cluster which 

has been preferably used in theoretical studies (as thoroughly discussed in Chapter 4; 

Materials and Methods). In addition, computational studies on nanoparticle surfaces of 

anatase TiO2 generally adopt (101) facet-based structure due to its lowest-energy surface 

(Gong et al., 2006). 

 

Figure 5.46 XRD pattern of mesoporous TiO2 upon solvothermal treatment (Imani et al., 2014). 
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5.2.2.2 SEM images 

Figure 5.47(a) shows the SEM images of mesoporous TiO2 microbeads comprising of 

different scaling size prepared by solvothermal method. SEM enable to analyze the 

morphology and structural size of the mesoporous TiO2 crystalline at the selected size range. 

As can be seen, the monodisperse TiO2 microbeads with diameter 600 ± 50 nm was examined 

having rough surfaces. Upon the magnification of the SEM image, pores could be discovered 

over the surface of the TiO2 beads containing approximately 14 nm nanocrystal size. This 

size is in consistent with the size obtained from XRD measurement (via Debye-Scherrer 

formula). In addition, a direct assessment of magnified mesoporous TiO2 beads along with 

the simulated cluster of anatase TiO2 (101) facet (i.e. inset figure) is illustrated in Figure 

5.47(b). The SEM image confirms the various shape and sizes of TiO2 beads and is 

judiciously well in line with previous studies (Pazoki et al., 2014a, Pazoki et al., 2014b). 

However, the pores size obtained from this observation agrees with a recent study by Chen 

and co-workers who also discovered 14 nm pore size of TiO2 microbeads (Chen et al., 2014). 

 

Figure 5.47 SEM images of mesoporous TiO2 upon the solvothermal treatment (a) and its magnified 

image (Imani et al., 2014) along the TiO2 (101) facet cluster (at inset-cross section) (b). 
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5.2.3 Electrochemical characterization of the modified electrode 

The electrochemical characterization was performed using CV towards each modification 

stage. Figure 5.48(a) demonstrates the cyclic voltammogram accomplished layer-by-layer 

construction of the electrode i.e. FTO, TiO2/FTO, DA/TiO2/FTO, and ss-

DNA/DA/TiO2/FTO. The CV analysis was scanned in the phosphate buffer at pH 7.4 

containing 1 mM Fe(CN)6 
3−/4− as redox probe. Due to the use of redox probe, the bare FTO 

exhibits a pair of well-defined observed peaks and the difference between oxidation (anodic) 

and reduction (cathodic) peak potential (ΔEp) was ~ 0.32 V with the scan rate of 50 mV/s. 

After immobilization of mesoporous TiO2 microbeads (via doctor blade method) onto FTO 

electrode, the peak current clearly decreases and the larger peak-to-peak separation (i.e. ΔEp) 

is observed as compared to bare FTO. It might be due to the electrostatic repulsion between 

the redox probe and mesoporous TiO2 microbeads having highly negative charge. This 

observation is in accordance with the electrochemical response of the redox probe to 

mesoporous TiO2 microbeads film and the bare FTO electrode. The higher in electronics 

band gap (i.e. 1.143 eV) or lower conductivity of TiO2 compared to the bare FTO (i.e. 0.172 

eV; Figure 5.10) observed in the computational study, may contribute to the decreasing event 

of redox current. Since the energy gap of FTO remains relatively smaller, the possibility of 

electron excitation from valence to conduction band is energetically more than TiO2 and 

therefore, undergo the enhancement of electron transfer. It is well-understood that the 

electron flows from valence band (i.e. HOMO) to the conduction band (i.e. LUMO) during 

reduction process (Sabela et al., 2016). This finding is, however, in line with a very recent 

study reported by Lin and co-workers with the equivalent layer-by-layer strategy (Lin et al., 

2017). When the DA/TiO2/FTO was tested, the redox peak current decreases due to the 

presence of dopamine layer on the surface of TiO2/FTO, while the ΔEp also decreases (i.e. 
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become narrower) due to the electrostatic attraction between Fe(CN)6 
3−/4− and highly 

positive charge of dopamine molecule. Afterwards, when the ss-DNA was immobilized onto 

DA/TiO2/FTO electrode, the redox current substantially decreases and the ΔEp is observed 

to increase. This obvious peak decreasing confirms that the ss-DNA were successfully bound 

to the surface of modified electrode via covalent bonding between the amine group of 

dopamine and 5’end COOH of ss-DNA. A strong electrostatic repulsion between Fe(CN)6 

3−/4− and negatively charged sugar-phosphate backbone of ss-DNA (Fritz et al., 2002) plays 

an important role herein. The presence of ss-DNA also could disturb the electron transfer 

(Lin et al., 2017). In general, the CV’s result correlates well with each modification step of 

the electrode. 

 

Figure 5.48 Cyclic voltammograms (a) (Imani et al., 2014) and Nyquist plots (inset: equivalent 

circuit used to fit the EIS data) (b) of modified electrode recorded upon each modification steps in 

the phosphate buffer at pH 7.4 containing 1 mM Fe(CN)6 3−/4−
.  

 

Furthermore, EIS was used to evaluate the interfacial changes of the electrode during the 

fabrication process. The EIS is a well-known technique for the detection of DNA damage 

(Liao et al., 2010). Figure 5.48(b) shows the Nyquist plots of each electrode modification 

step recorded in the phosphate buffer (pH 7.4) containing 1 mM Fe(CN)6 
3−/4−

. The 
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semicircles diameters of the Nyquist plots resemble the charge-transfer resistance at the 

electrode interface, while the straight sloping line is associated with the diffusion process of 

the reactive species (Wang et al., 2011). The inset in Figure 5.48(b) is the projected 

equivalent circuit and the fitting results for each electrode modification. Rs corresponds to 

the electrolyte resistance including the contact and charge transfer resistances at the counter 

electrode (or electrolyte) (Bessekhouad et al., 2012). Rct is the electron-transfer resistance. 

CPE is the constant phase element, which also characterizes the layer capacitance. Ws is the 

Warburg impedance, which is associated with the diffusion of the reactive species at the 

electrodes surface and is demonstrated by the straight line in the Nyquist plots (Zhao et al., 

2014a). The bare FTO shows a small semicircle indicating a relatively low resistance to the 

redox probe (i.e. Fe(CN)6 
3−/4−) at the interface. After the mesoporous TiO2 microbeads was 

appended to the surface of FTO (so called TiO2/FTO layer), a larger semicircle can be 

observed because TiO2 is able to disturb the transference of electrons. Upon the immersion 

of dopamine i.e. DA/TiO2/FTO layer formation, the impedance value increases due to the 

capability of dopamine to interrupt the electron transfer within TiO2/FTO surface. Indeed, 

dopamine has been computationally observed as a non-conductive molecule and is, thereby, 

unfavourable for the transmission of electrons. Lastly, the impedance value is also observed 

to increase while the ss-DNA was immobilized onto DA/TiO2/FTO electrode. The ss-DNA 

may hinder the electron transfer. 

 

5.2.4 Electrochemical detection of DNA oxidation damage  

DNA damage has been a major problem in the early stage of Alzheimer’s. Recently, 

electrochemical methods hold an important position as a reliable technique to evaluate the 

damage on the DNA upon a given specific pre-treatment (Fojta et al., 2016).  It is due to 
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satisfactory parameters of the electroanalytical techniques such as sensitivity, selectivity, 

low-cost analysis etc., and remarkably their convenience in nucleic acid research (Paleček 

and Bartošík, 2012). Among other electrochemical techniques, SWV analysis was 

particularly used to measure the DNA damage evidence because of its inherent sensitivity, 

selectivity, and resolution. The use of SWV method has been a staple in the fabrication of 

sensitive electrochemical sensors and biosensors, mainly for targeting the disease-related 

biomarkers (Chen and Shah, 2013).  

 

TiO2 and dopamine are two unique part of the constructed electrode. TiO2 could absorb light 

in the UV region and it is usually shielded with an organic molecule (i.e. dopamine) which 

capable to absorbs light in the visible region of the spectrum (O'Regan and Gratzel, 1991). 

TiO2 is, however, highly biocompatible material which therefore, ideal to be used in medical 

applications (Tengvall and Lundström, 1992). Dopamine acts as an anchor molecule within 

TiO2 to which other biomolecules i.e. 5’end carboxyl of ss-DNA. Instead, it also can facilitate 

the molecule-to-surface charge transfer between TiO2 nanoparticles and the biomolecular 

system (Rajh et al., 2004). The dopamine absorbs the incident photon producing in electron-

hole separation lead to rapid electron transfer to the TiO2 conduction band (i.e. LUMO part 

of the frontier orbitals) (Syres et al., 2010).  

 

Catechol adsorption onto TiO2 is of interest as a light harvesting molecule. Catechol is not 

able to absorb light below than 4.200 eV (300 nm). The complex of DA/TiO2 has an 

absorption with a shoulder of around 3.000 eV (420 nm). Entirely, the electron is immediately 

photoinjected from catechol into TiO2 conduction band without any contributions from 

excited states of dopamine. Dopamine introduces an occupied π-level at the lower end of the 
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TiO2 band gap giving intensification to the excitation of direct charge transfer from the 

highest occupied π-orbital (i.e. HOMO level in catechol) to the bottom of the conduction 

band (i.e. LUMO levels at Ti4+ (3d) orbital). This evidence is dominated by the significant 

contribution from Ti (3d) orbitals at the surface of the TiO2 cluster (i.e. region which close 

to the dopamine adsorption) (Persson et al., 2000). The whole localization is further defined 

as TiO2/DA + hν → e- [(Ti3+)]/DA+. 

 

In the photocatalytic study under visible light (420 nm), the similar radicals were also 

observed from the UV light. Moreover, the amount of generated reactive oxygen species 

(ROS) radicals during the photocatalytic experiment of TiO2 was found to be lower compared 

to DA/TiO2. DA/TiO2 induces the spatial separation of photo-generated charges in which the 

electron holes are positioned on dopamine and electrons are injected to TiO2 region followed 

by the occurrence of suppressing of charge recombination (Rajh et al., 2004). Instead, the 

mesoporous TiO2 microbeads appended onto FTO glass electrode was also able to generate 

ROS via the photocatalytic oxidations with water (scheme 5.1). 

 

Scheme 5.1: The photocatalytic oxidation of TiO2 of water (Nagaveni et al., 2004). 

TiO2 + hν              hVB
+ + eCB

−  

hVB
+ + H2O(ads)                OH∗ + H+  

hVB
+ + 2OH(ads)

−                 OH− + OH∗ 

eCB
− + O2                 O2

∗− 

2O2
∗− + 2H2O                2OH∗ + 2OH− + O2 
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Whereas, hVB
+  is holes produced in the valence band of TiO2 and eCB

−  is electrons transferred 

in the conducting band when TiO2 is irradiated at the 420 nm wavelength. The resulting 

hydroxyl radical (OH∗) could oxidatively damage the DNA and cleave it into the pieces. This 

phenomenon could be monitored by an electrochemical probe (i.e. hexaammineruthenium; 

[Ru(NH3)6]
3+). The negatively charged oligonucleotide would adsorb the positively charged 

[Ru(NH3)6]
3+ through electrostatic interaction. Therefore, the more ss-DNA (rather ‘its 

concentration’) were attached to the DA/TiO2/FTO via non-bond interactions with amine 

group at dopamine surface, the more [Ru(NH3)6]
3+ would interact with ss-DNA at the 

electrode surface via phosphoric skeleton of ss-DNA (Si et al., 2014). Other study assumed 

that probably Na+ at the anionic DNA backbone is also responsible herein (Yu et al., 2003). 

However, the ss-DNA was restricted into the pieces and not fixed on the surface of electrode 

(upon photocatalytic reaction) and therefore, unable to fixed on the electrode surface (due to 

the presence of OH∗) (Si et al., 2014). Consequently, a substantial decrease of [Ru(NH3)6]
3+ 

was recorded by SWV (Figure 5.49(a)). The surface densities of ss-DNA can be evaluated 

by the integration of the current for the reduction of [Ru(NH3)6]
3+ towards [Ru(NH3)6]

2+ (Yu 

et al., 2003). 

 

Figure 5.49(a) shows the intercorrelation between oxidation peak (generated from SWV) 

and irradiation time. The oxidation peak dramatically decreases with the increasing time of 

irradiation. This is consistent with the previous study that DNA can be fatally damaged by 

ROS produced in photocatalytic reaction (Guo et al., 2011). The oxidation current of 

[Ru(NH3)6]
2+ for the various illumination times is observed at -0.21 V. The peak is directly 

proportional to the residual ss-DNA present on the electrode and is considered as direct 
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measurement of DNA damage. The stronger of the damage upon the ss-DNA, the smaller 

peak current is observed.  

 

Figure 5.49 SWV curves of DNA/DA/TiO2/FTO electrode in the absence (a) and presence of 200 

μM AA (b) after the photocatalytic reactions with various irradiation times. The curves were recorded 

in phosphate buffer at pH 7.4 containing 1 mM [Ru(NH3)6] 3+ (Imani et al., 2014). 

 

The ability of ascorbic acid (AA) as antioxidant treatment in Alzheimer’s was observed 

herein to protect the damage of ss-DNA during photocatalytic reaction. Figure 5.49(b) shows 

the peak current vs irradiation time upon a given of 200 μM AA onto the electrode containing 

ss-DNA. Whilst, the peak oxidation trend vs the irradiation time with respect to the two 

different photocatalytic reactions, with and without AA treatment, is depicted at Figure 5.50. 

These results clearly show that the oxidation current in the presence of AA decreases more 

slowly than that of without (rather ‘absence’) AA treatment. DA/TiO2 is photoactive 

nanostructures and thereby, capable to produce ROS under visible light exposure and damage 

the ss-DNA. This basically represents a well-defined strategy of the DNA damage 

measurement in the extremely early stage of Alzheimer’s. In the absence of AA, the lowest 

and highest oxidation damage are measured to be 11% for 10 min and 33% for 40 min, 

respectively. However, the lower DNA oxidation damage was measured at 200 μM AA i.e. 
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merely 7% for 10 min and the highest damage was determined at approximately 22% for 40 

min (Table 5.11). In the presence of AA (as an antioxidant), the ROS were quenched by 

antioxidant prior to reaching the backbone of ss-DNA and thus, the higher oxidation current 

was monitored.  

Table 5.11 DNA damage level in the function of irradiation time. 

Irradiation time 

(min) 

Damage without AA 

(%) 

Damage with 200 μM 

AA (%) 

10 (lowest) 11  7 

40 (highest) 33 22 

 

Molecularly, ROS can react directly with plasmid DNA macromolecules in vivo to cleave 

one DNA strand and cause oxidative DNA damage in Alzheimer’s (Lü et al., 2010). Herein, 

the ROS generated from photocatalytic reactions are enable to quench with AA exhibiting 

the decrease in the DNA damage. It indicates the ability of AA to protect the DNA damage, 

regardless of the lack of its exact role in several disease preventions such as Alzheimer’s. 

Due to the highest oxidation damage, the 40 min’s irradiation time was selected as an 

optimum parameter of damage for further measurement. 
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Figure 5.50 Oxidation current vs irradiation time of the photocatalytic reaction in the absence and 

presence of 200 μM AA. The data were recorded in phosphate buffer at pH 7.4 containing 1 mM 

[Ru(NH
3
)

6
]

 3+

 (Imani et al., 2014). 

 

5.2.5 Determination of ascorbic acid activity to protect the DNA damage in the 

function of antioxidant concentrations 

Further observation was carried out towards the DNA damage measurement upon the 

treatment of different concentrations of AA using optimum irradiation time (i.e. 40 min). 

Figure 5.51(a) shows the recorded oxidation peak of DNA damage with the different AA 

concentration (i.e. 200 – 500 μM), while the trend of AA concentrations against the current 

value is demonstrated in Figure 5.51(b). The results show that the AA exhibits the significant 

impact to reduce the DNA damage levels. The more in concentration, the lesser DNA 

oxidation damage and a greater oxidation current are observed. In the absence of AA, the 

DNA oxidation damage is found at 33% and it decreases down to 17% while the 500 μM of 

AA was added. This suggests the key role of the antioxidant treatment towards protecting the 

DNA from the photocatalytic damages.  
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Figure 5.51 SWV curves of ss-DNA/DA/TiO2/FTO electrode comprising of different AA 

concentrations at the optimum irradiation time (40 min) (a) and the relationship between oxidation 

current vs AA concentration (b). The curves were recorded in phosphate buffer at pH 7.4 containing 

1 mM [Ru(NH3)6] 3+ (Imani et al., 2014). 

 

5.3 Synergies between Computational and Experimental Studies 

The experimental layer-by-layer electrode for the use of DNA damage detection was 

successfully mimicked through computational modeling studies (Figure 5.52). The electrode 

denotations were given as follows: layer I (FTO), layer II (TiO2/FTO), layer III 

(DA/TiO2/FTO), and layer IV (ss-DNA/DA/TiO2/FTO). The reasonable model was 

attributed from each step of modified electrode construction. The use of specific facet for 

cluster’s modeling (i.e. (101) facet for TiO2) was highly considered from the dominant peak 

observed in XRD analysis (Figure 5.46). Figure 5.52(c) represents the SEM image of 

mesoporous TiO2 microbeads containing anatase (101) as dominant crystal facet. 
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Figure 5.52 Schematic representation (a) and computational model (b) of the constructed electrode 

along with the SEM image of the mesoporous TiO2 microbeads (c). The layer’s type was indicated in 

part (a). 

 

Further theoretical consideration was given to the correlation between peak current behaviour 

towards layer-by-layer assembly and binding energy profiles. Instead of tailoring HOMO-

LUMO energy gaps towards CV behaviours (see subsection of 5.2.2), the binding energy 

per-electrode layer could explain the bond strength between the adsorbate and electrode 

surface (rather ‘substrate’). The bond strength indicates to what degree of specific atom’s 

bonding-orbital electrons of adsorbate are free to participate in the collective metallic (i.e. 

layer I and II), and organic electrode surfaces (layer III) with the presence of electrochemical 

redox probe (i.e. Fe(CN)6 
3−/4−). The higher binding energies (indicating strong adsorbate-

substrate interactions) may lead to smaller changes in its electrochemical polarizability which 

directly affect to the decreasing of redox peak current (i.e. attraction/repulsion phenomenon 

with the probe) and charge transfer resistance enhancement. Charge transfer resistance is 

well-known as a direct quantitative measure of the electrochemical polarizability (Kakiuchi 

and Tsujioka, 2007). From Table 5.10, the binding energy of single molecule adsorbate 
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interaction decreases gradually (or higher in interaction) comprising of each modification 

step, which correlates well with the consistent decreasing of the peak current of CV (Figure 

5.48(a)). This evidence is further confirmed by the Nyquist plots behaviour of EIS (Figure 

5.48(b)) with the larger semicircle upon layer-by-layer modification steps. The stronger 

interaction (lower in binding energy) after the new component introduced to each electrode 

surfaces, may lead to higher in electron transfer disturbance (i.e. increasing the semicircle 

diameter of Nyquist plots). These findings represent the important role of binding energy 

towards the electrochemical behaviour (i.e. cyclic voltammogram and EIS plots) during 

electrode modification steps. Instead, guanine residues were predicted using DFT as the main 

target of DNA damage upon the SWV analysis of the photocatalytic reaction. It is, however, 

in line with the general understanding provided by literature (Paleček and Bartošík, 2012). 

The presence of AA may interfere the guanine sites upon the antioxidant treatment.  

 

5.4 Conclusions 

In this work, the electrochemical DNA sensor ss-DNA/DA/TiO2/FTO was developed (Imani 

et al., 2014) which furnished an effective strategy for detecting ss-DNA damage induced by 

photocatalytic reactions. This strategy has been successfully elucidated through the supports 

of theoretical considerations. For the computational observations, the exact component of the 

modified electrode was modeled and minimized. The preliminary studies were carried out 

through re-examining the origin cell or molecule of the components. DFT calculation based 

on numerical basis set was used to characterize the structural, electronics, as well as 

considerably the vibrational properties of each of those components. The structural properties 

of FTO, TiO2, DA, and ss-DNA were justified to meet a good agreement with the previous 

studies as well as literature references and therefore, was reliable to be employed for 
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theoretical observations. Frontier orbital analysis obtained at DFT level, were helpful in the 

prediction of HOMO (i.e. valence bands) and LUMO (i.e. conduction bands) energies 

associated with the redox process in electrochemical measurement since the electrons are 

well-understood to flow from valence bands to the conduction bands. Moreover, this 

parameter accurately predicts the reactive sites of the bulks leading to possible interaction 

sites with the appended layer. The t-DOS and p-DOS were also considered, herein 

particularly for the semiconductor elements i.e. FTO and TiO2 clusters, to observe the 

semiconducting nature of these clusters as well as the change of energy gap prior to and upon 

the F-doping procedure towards FTO. The energy gaps of FTO and TiO2 were under/ 

overestimately observed from the experimental values due to the common limitation of 

standard GGA/PBE functionals employed in DFT calculations. However, the DFT 

calculations successfully established the increment of the structure’s reactivity upon the 

introducing of anionic dopant (F 2-) into the entire structure of SnO2 (the native form of FTO). 

This, basically, constructs the comprehensive logics (rather ‘chemistry’) behind the selection 

of FTO electrode and mesoporous TiO2 microbeads in the fabrication of modified electrode 

for DNA damage detection. In order to investigate the adsorption process of layer-by-layer 

electrode assembly, the interaction within substrate and adsorbates (Table 4.1) was 

elucidated using MC simulations. In general, the selected adsorbate showed stronger 

tendency to the substrate surface, confirming the ability of each electrode component in 

construction of the DNA sensor architecture. Herein, the UFF force field has been used 

throughout the simulations and was well-considered as appropriate function to calculate the 

potential energy parameters. The energy difference upon the implementation of gradual 

increasing the adsorbate loadings (i.e. TiO2 and dopamine molecules) explain the important 

role of concentration towards electrode modifications. Interestingly, the output trajectories 
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of MC simulations have been employed as initial position (rather ‘input structures’) of MD 

studies due to their lowest energy configurations.  

 

MD simulations provide valuable insight towards 3D structures and stability of layer-by-

layer electrode under experimentally-used temperature. The MD was carried out during 

proper simulation time suggesting that the stable system has been reached towards each layer 

according to the justification of total energies, temperature, and potential energy profiles. As 

one of the atomistic parameters of nanomaterials dynamics, the concentration profiles have 

been generated comprising of each responsible atoms or functional groups roles in 

intermolecular interactions. For the TiO2 molecule/s interactions against FTO surface, Ti 

atoms seem to responsible for the interactions which may be triggered by ionic force between 

Ti (adsorbate) and O or F (substrate) atoms. Mimicking the DA/TiO2/FTO electrode 

fabrication, the dynamics simulations of dopamine onto the TiO2/FTO surface were carried 

out resulting the importance of OH groups of dopamine towards the metals site of the surface 

via metal coordination bonding type. The van der Waals energy was elucidated as the most 

contributed energy towards complex formation suggesting the physisorption evidence of the 

dopamine onto the electrode surface. The electrostatic (i.e. H-bond) and valence energies 

were also taken into account due to the obtained negative energy values and possible 

interactions of -OH groups at the dopamine with Ti atoms of the TiO2 surfaces (Syres et al., 

2010), respectively. Moreover, the study has emphasized the preferability of TiO2/FTO (layer 

II) compared to FTO (layer I) layer towards dopamine interactions due to the role of 

intramolecular energy between dopamine molecules. For the interaction of ss-DNA towards 

electrode surfaces, the molecular distances of -COOH group of ss-DNA towards the surface 

were observed as follows: TiO2/FTO < FTO < DA/TiO2/FTO. Considering the relative 
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concentrations, the ss-DNA interaction towards DA/TiO2/FTO layer exhibits the highest 

value among others indicating its high functionality and may lead to the most preferable layer 

compared to FTO and TiO2/FTO layers. Due to the dominant role of valence energy, the 

chemisorption of 5’end carboxyl ss-DNA towards electrode surface was emerged herein. The 

electrostatic energy was also observed to contribute towards the complex formations of 

overall models. The further pivotal analysis deals with binding energy observations towards 

the MD trajectories of each electrode fabrication steps. The negative eigenvalues of binding 

scores show the stable complex formation of each simulations. Overall, the results 

demonstrate a well in line with the expectation and justifiably well-tailored with 

electrochemical behavior in experimentation. 

 

In the experimental studies, the electrochemical DNA detection strategy using an innovative 

electrode composing ss-DNA/DA/TiO2/FTO was successfully fabricated through a stepwise 

procedure. This electrode was illuminated under visible light exposure resulting 

photocatalytic reactions lead to DNA disruption. The procedure of electrode modification 

has been magnificently validated through the computational simulations. This experimental 

strategy remains as a relatively simple, easily adaptable for miniaturization, and less 

expensive method for the detection of DNA damage since there is no need of external ROS 

species. Moreover, the possibility of in situ analysis of generated ROS was also highlighted 

for the genotoxicity assessment. The XRD and SEM images were used to characterize the 

prepared mesoporous TiO2 microbeads. Instead, the cyclic voltammogram and EIS plots (i.e. 

Nyquist plots) were applied to evaluate the electrochemical signal upon layer-by-layer 

construction. For the CV, the peak current was observed to gradually decrease when the 

subsequent layer was introduced to the assembled electrode. These results were influenced 
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by electrostatic attraction/repulsion between the introduced molecules and redox probe 

(Fe(CN)6 
3−/4−).  

 

Another related parameter was also considered i.e. peak-to-peak separation (ΔEp) showing a 

good relationship with the peak currents. Likewise, the Nyquist plots (EIS) of bare FTO 

showed a small semicircle indicating a relatively low resistance to the redox probe. The 

semicircle diameters increase along the adjoining components towards electrode layer’s 

fabrication. This trend is strongly associated with the transference of electrons. Several 

theoretical considerations have successfully validated these phenomena i.e. HOMO-LUMO 

energy levels and binding energies resulting in a good agreement with the trend of 

electrochemical signals. Indeed, dopamine had dual functions herein; it acts as molecular 

anchor within TiO2 and 5’end carboxyl of ss-DNA and helps in harvesting visible light during 

photocatalytic reaction. Further, the detection of DNA damage was investigated using SWV 

in which the oxidation peak dramatically decreases along the increment of illumination time. 

This evidence is directly proportional to the residual ss-DNA present on the electrode 

subjected to the “direct measurement” capability of DNA damage. The ability of the 

antioxidant as a “shield” from DNA damage “attack” was observed by applying AA during 

the photocatalytic reaction. Through the electrochemical observations on the presence of AA 

shows its ability to protect the DNA from the damage via the quenching of ROS species prior 

to reaching the ss-DNA backbone and inducing the damage. The application of various AA 

concentration provides less damage in the increasing concentrations of antioxidant. Overall, 

this innovative strategy of DNA damage detection was well-developed and the ability of AA 

to protect the damage was also established. The computational studies herein have 

successfully afforded the fundamental principles behind electrode modification and its 
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electrochemical behavior during characterization studies. This promising strategy can be 

applied to screen genotoxicity in Alzheimer’s disease as well as provides an appropriate 

understanding of the antioxidant role in Alzheimer’s treatment. Moreover, the theoretical 

studies, in general, can be used as a reliable method to predict molecular characterization and 

validation of the DNA-based biosensors and bioelectronics. 
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CHAPTER 6 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

 

6.1 Concluding Remarks 

An innovative strategy for the detection of DNA damage upon a photocatalytic reaction under 

visible light was introduced (Imani et al., 2014). This strategy was evaluated via emerging 

computational techniques. The computational protocols deal with Forcite-Geometry-based 

structural analysis, density functional theory (DFT) calculations, Metropolis Monte Carlo 

(MC) adsorption studies, and molecular dynamics (MD) simulations. The modified electrode 

comprising of ss-DNA/DA/TiO2/FTO were computationally mimicked according to the 

exact component in the experiment followed by energy minimization. The structural-based 

prediction on primitive structures provides a reliable way to construct larger nanoclusters. 

DFT calculations carried out using the numerical basis set i.e. DMol3 and DFTB+ has been 

used to characterize the structural, electronics, and vibrational properties of each electrode 

components. The results show a good agreement of the calculated and experimental 

parameters. This essentially, assembles the comprehensive logics (rather ‘chemistry’) behind 

selection of the component in the electrode fabrication for the purpose of DNA damage 

detection. In order to predict the adsorption process within a layer-by-layer electrode 

assembly, the MC simulation was carried out within substrate and adsorbates (Table 4.1), 

which was further validated using MD simulations. The strong tendency of each adsorbate 

towards substrate system emphasize the ability of the adsorbate molecules to absorb onto the 

substrate surfaces. MC simulations could observe the lowest energy configuration of the 

substrate-adsorbate complexes which were beneficial for the initiating the MD simulations. 

MD simulations provide valuable insights towards 3D structures and stability of layer-by-
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layer electrode under experimentally-used temperatures. The MD simulations were carried 

out with a canonical ensemble and proper simulation time suggesting that the stable system 

have been reached towards each component. This was in accordance with the justification of 

total energies, temperature, and potential energy profiles. Particularly, potential energy 

profiles observed the responsible energy parameters involved in the complex formations. 

Further analysis has been carried out i.e. concentration profiles applied to all trajectories and 

radius of gyration, particularly for abundant ss-DNA molecule interaction showing the 

atomic density profiles as well as stability and compactness towards complex systems. 

Atomic density analysis has characterized the responsible atom or functional group 

dominating in the adsorbate-substrate interaction. Binding energy calculation were 

judiciously decided as post-important analysis of MD showing the decline of binding energy 

upon each step of electrode modification. This suggests the increment in their interaction 

strength and was very well correlated with electrochemical signals in the experimental 

characterization studies.  

 

The experimental studies were carried out using several protocols for the DNA damage 

detection as the ultimate goals. A simple, low-cost and in situ electrochemical DNA damage 

detection strategy using an innovative electrode composing of ss-DNA/DA/TiO2/FTO was 

successfully fabricated through a stepwise procedure. The computational modeling has 

validated this step-by-step procedure. The XRD and SEM images were used to characterize 

the prepared mesoporous TiO2 microbeads showing good accordance with the anatase 

reference data (i.e. JCPDS card number 01-073-1764) and the useful examining of TiO2 

microbead fine structure, respectively. Both have shown a very well in line of the crystallite 

size in which the Debye-Scherrer calculation and SEM analysis revealed similar diameter 
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size i.e. 14 nm. Instead, the cyclic voltammogram (CV) and Nyquist plots were applied to 

evaluate the electrochemical signal upon layer-by-layer construction. The CV analysis shows 

the decline of peak current along the step-by-step electrode modification. Likewise, the 

semicircle diameter increases along electrode fabrication step. These phenomena have been 

explicated using computational studies including HOMO-LUMO energy levels and binding 

energy profiles resulting in a well synergy within both. The peak-to-peak separation (ΔEp) 

was also considered, showing a good relationship with the CV peak currents. Further, the 

detection of DNA damage was investigated using square wave voltammetry in which the 

oxidation peak dramatically decreases along the increment of illumination time. The ability 

of antioxidant as a “shield” from DNA damage “attack” was observed by applying ascorbic 

acid during photocatalytic reaction attributed to the quenching of reactive oxygen species 

(ROS) before reaching the ss-DNA backbone and inducing the damage. Guanine residues 

were predicted using DFT as the reactive sites (rather ‘target’) of the ss-DNA for the 

genotoxic agents leading to the DNA strand-breaks. Taken together, this promising strategy 

can be applied to screen the genotoxicity in Alzheimer’s disease as well as providing an 

appropriate grasp of the antioxidant-based treatment. The in silico studies have successfully 

provided the fundamental principles of electrode modification as well as elucidating the 

adsorption processes. 

 

6.2 Future Perspectives 

The future works can be directed to the stability study and analysis of real biological sample 

i.e. blood plasma or cerebrospinal fluid containing matrix, therefore the sensor’s durability 

and interference study could be conducted. Instead, the biocompatible nanopolymer i.e. 
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chitosan (Putri et al., 2017) may be beneficial in order to increase the electrochemical 

performance and stability of the device towards point-of-care diagnostics for Alzheimer’s. 

Since the proper use of such device either to predict or diagnose/therapy is far from reality 

till now, the device miniaturization may be insightful towards the ready-to-use of the DNA-

based sensor. From the in silico views, the MD simulations using explicit solvent may 

provide a better insight of the interaction studies with the use of large-atomic nanomaterials 

simulations i.e. Amber or LAMMPS codes. 
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APPENDICES 

APPENDIX I: MD trajectories for FTO, TiO2/FTO, and DA/TiO2/FTO layers upon ss-DNA 

interactions (1-9 ns) 

Layer I (FTO) 
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Layer II (TiO2/FTO) 
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Layer III (DA/TiO2/FTO) 
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