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ABSTRACT

An electrochemical immunosensor employs antibodies as a capture and detection
mechanism to produce an electrical charge for the quantitative analysis of target
molecules. The current analytical methods for the separation and detection of stevia
glycosides can be tedious in terms of sample preparation and the lack of selectivity.
However, electrochemical immunosensors provide selective, sensitive and cost-

effective detection routes for these widely consumed sweeteners.

In this study, the author developed an electrochemical immunosensor for the detection
and quantification of steviol glycosides, a non-nutritive sweetener widely employed in
the food and beverage industries. Most of the artificial sweeteners are low-calorie
sweeteners recommended for health-related illnesses. The stability of these
sweeteners at even high temperatures has increased their applications in foodstuffs
widely. Constant exposure to these sweeteners is somehow associated with health
complications, as some are cancer-causing agents. Although there are no reports on
stevia glycosides as a health risk sweetener, its widespread use in the food industry

needs to be regulated.

Herein, the developed immunosensor was achieved by fabricating the platinum
electrodes with graphene oxide (GO) assimilated in Zinc Oxide nanoparticles
(ZnONPs) with multiwalled carbon nanotubes (MWCNTs) and immobilized with the
human sweet receptor subunit T1R2. The electrochemical detection of the natural
sweetening compound, Rebaudioside A (Reb A) was evaluated qualitatively and
quantitatively using cyclic and differential pulse voltammetry, respectively under
optimised conditions in pH 11 borate buffer from -0.4 V to 0.8 V vs Ag/AgCI.

The GO/MWCNT/ZnONPs nanocomposite was characterized using High-resolution
Transmission Electron microscope (HR-TEM), Thermogravimetric Analysis (TGA),
Attenuated Total Reflection Mode Fourier transform infrared (ATR-FTIR) and UV-VIS
spectroscopy characterization techniques. Also, asymmetric flow-field-flow
fractionation and centrifugal flow-field-flow fractionation equipped with a UV-vis and

multi-angle angle light scattering detectors were used to separate and characterize the



size distribution of the synthesised ZnO nanostructures. The field flow fractionation
(FFF) is one of the efficient separation techniques known, and centrifugal flow field-
flow fractionation separates different particle sized nanoparticles by density, thus
determining size variation within the synthesised batch. The results obtained using FFF
were compared and validated with the conventional characterisation techniques

described above.

Computational studies were used to supplement experimental results using docking
and adsorption methods. Adsorption studies were carried out to better understand the
mechanistic aspects between T1R2, the nanocomposite used to modify the platinum
working electrode, and the analyte Reb A. Docking studies between the T1R2 receptor
and the steviol glycosides were used to explore the interaction and mechanism of the

immunosensor detection.

The results of this study may contribute to the development of an immunosensor that

can potentially be used to quantify steviol glycosides in the food and beverage industry.

Keywords: Steviol glycosides; Rebaudioside A; Zinc Oxide Nanoparticles; Human

Sweet Taste Receptor T1LR2; Density functional theory (DFT); Molecular docking.
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CHAPTER 1: INTRODUCTION

This chapter provides details about electrochemical immunosensors and deals with
the classification of artificial sweeteners, with emphasis on non-nutritive sweeteners,
as they are now widely used in the food and beverage industry. Details on the analyte
under consideration in this study, steviol glycoside (Rebaudioside A), is presented. The

chapter presents the overall aim and objectives, followed by an outline of the thesis.

1.1 Electrochemicalimmunosensors

Biosensors are compact analytical devices that employ nucleic acids, enzymes,
antibodies, animal or plant tissues as sensitive biological elements, for converting the
protein-ligand complex electrical signals by immobilizing the recognition elements on
the surface of transducers for converting the protein-ligand complex electrical signals.
Immunosensors are a subdivision of biosensors. Immunosensors specifically use
antibodies or antibody fragments as the sensitive biological elements for the specific
analyte (antigen) to form the stable antibody-antigen complexes that are recognized

by transducers through concentration-dependent signals (Lim and Ahmed 2016).

Different types of transducers used immunosensors are classified into different types;
on that basis, electrochemical immunosensors employ the working electrode as the
transducer for measuring the current generated by the redox analyte upon application
of voltage. Electrochemical immunosensor’s principle of operation is characterized by
the three-electrode system consisting of a reference electrode, counter electrode, and

the working electrode, where the reaction of interest takes place (Felix et al. 2018).

Immunosensors find significant applications in different fields, and the food industry
has now substantially relied on the application of electrochemical immunosensors as

these have an ability to provide specificity, rapid and inexpensive determinations of

1



pathogens and other food-based electro-active speciesinfood. Researchers have paid
great attention in the modification of working electrode surfaces (transducers) of
electrochemical immunosensors in this regard, novel nanomaterials such as carbon
nanotubes, graphene and metallic nanoparticles are used to increase the sensitivity of
the developed immunosensor. This study was based on developing an electrochemical
immunosensor for the detection of Rebaudioside A in food samples by employing
P/ZnONPs/GO/MWCNTs/T1R2 nanocomposite.

1.2 Backgroundand Problem Statement

Stevia rebaudiana Bertoni is a herbaceous perennial plant of the family Asteraceae
and isindigenous to Paraguay and Brazil. The leaf extract of Stevia rebaudianais used
in Japan, Korea and South America to sweeten soft drinks, soju, soya sauce, yoghurt
and other foods, whereas in the United States it is used as a dietary supplement. The
Rebaudioside A (Reb A) is a major low-calorie diterpene steviol glycosides in the
leaves of Stevia rebaudiana (Wingard et al. 1980; Jaitak et al. 2009). Reb A is a
glycoside that contains only glucose as its monosaccharide moiety. It contains four
glucose molecules in total, with the central glucose of the triplet connected to the main
steviol structure atits hydroxyl group, and the remaining glucose at its carbonyl group
forming an ester functional bond. The leaves of Stevia rebaudiana is known to contain
more than 35 ent-kaurene-type diterpene glycosides, with these diterpene glycosides
(Reb A) together with Stevioside (Stv) are in abundance compared to other types of

stevia glycosides (Bathinapatla et al. 2016).

In the food industry it is confirmed that the detection of steviol glycosides (SGs)has
primarily been based on the chromatographic techniques such as high-performance
liquid chromatography (Woelwer-Rieck et al. 2010), high performance thin layer
chromatography, hydrophilic interaction chromatography (Liang et al. 2015), liquid
chromatography mass spectrometry (Gardana et al. 2010). Specifically, capillary
electrophoresis is used to generate charged species by using applied voltage within
the capillary, thus resulting in the separation of analytes based on different mobilities

(Bathinapatla et al. 2016). The techniques mentioned above are sensitive, but they are



subjected to high solvent consumption and less selectivity. As a result, this has

prompted studies involving electrochemical techniques.

Electrochemical techniques counteract the disadvantages of the fundamental
techniques, asitis possible to develop a sensor that is faster, less expensive, sensitive
and selective to a compound of interest. This study is aimed at developing an
electrochemical immunosensor with electrocatalytic activity and conductivity by
fabricating a nanocomposite onto a bare rotating disc platinum electrode (Pt-E).
Electrode modifications have gained widespread recognition lately. Accordingly, the
proposed immunosensor will be designed with T1R2/ZnONPs-MWCNTs/GO
nanocomposite. The MWCNTs are highly electro-conductive and characterized by a
large surface area with excellent chemical and physical stabilities (Yu et al. 2015).
They also act as good support for the preparation of nanocomposites using materials
such as GO and ZnONPs. The selectivity of the proposed immunosensor will be
achieved by converting the bare electrochemical sensor into an electrochemical
immunosensor by immobilizing the human sweet taste receptor subunit TLR2 onto the
nanocomposite coated on the surface of the bare platinum electrode. Human sweet
taste receptor (STR) is a heterodimer composed of two subunits, TIR2 and TIR3 which
belongs to class C of G-protein coupled receptor (C-GPCR) family. Sucrose, glucose,
sucralose and related sugars bind to active sites of ATD of both TIR2 and T1R3
subunits, whereas dipeptidyl sweeteners such as aspartame, neotame bind only to
ATD of T1IR2 and can be considered as an orthostatic agonist (Mayank and Jaitak
2015).

The results of this study will contribute to the development of an immunosensor that
can potentially be used to quantify steviol glycosides in the food and beverage industry.
This research will form the basis for further research and development in this area

which can lead to the design of a portable in-situ monitoring device.

Computational chemistry is utilized in this study to understand the molecular-level
behaviour of the system and to validate the experimental outcomes. Computational
studies provided a better, detailed understanding and visualization of the interaction

phenomena used to validate the experimental studies and to investigate the structural,



electronic, and vibrational properties of the molecular system, as well as the molecular
behaviour when subjected to different reaction mediums. 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.

The computational aspect ranged from construction of nanostructures used for electrode
modification in the development of the immunosensor, and Forcite-Geometry-based
structural analysis, density functional theory (DFT) calculations, molecular dynamics (MD)

simulations and Metropolis Monte Carlo (MC) adsorption studies.
1.3 Aim and objectives

This study is aimed atdeveloping a novel and selective electrochemical immunosensor
for the detection of steviol glycosides in selected food beverages experimentally and
to use computational chemistry to understand better the interactions between the
nanomaterial used for electrode fabrication and the analyte of interest (Steviol

Glycoside).
Objectives

e To hydrothermally synthesize Zinc Oxide Nanoparticles (ZnONPS).

e To characterize the newly synthesized Zinc Oxide nanoparticles using UV-Vis
spectroscopy, Transmission Electron Microscope (TEM), Attenuated Total
Reflection Mode Fourier Transform Infrared (ATR-FTIR), Thermogravimetric
Analysis (TGA), and Field Flow Fractionation (FFF) in asymmetric mode (AF4).

e To prepare nanocomposite of GO/MWCNTs/ZnONPs/T1R2 step by step and
fabricate the surface of the platinum working electrode.

e To optimize experimental parameters (such as pH, Scan rates, Deposition time
and Deposition Potential) for the immunosensor development.

e To analyse Reb A electrochemically by employing cyclic voltammetry or
gualitative determination and by employing differential pulse for quantifying
Reb.



e To perform validation of electrochemical results with computational results in
terms of adsorption and docking methods to assess the interaction between the

sweet taste receptor (T1R2) and steviol glycosides.

1.4 Thesisoutline

Following Chapter 1: Introduction, the remaining chapters of this thesis are outlined

below:

Chapter 2: In this chapter, steviol glycosides’ properties and major components are
explained in detail, with the analytical techniques used for their detection entailed. The
chapter also discusses biosensing methods used for the detection of steviol glycosides

and different methods employed for the synthesis of ZnO nanostructures.

Chapter 3: This chapter details the theoretical principles of experimental and
computational chemistry employed in this study. It isin this chapter that computational

chemistry’s interdependency to experimental work is explained.

Chapter 4. Experimental and computational methodologies are presented in this
chapter, experimentally this includes methodologies for the synthesis of zinc oxide
nanoparticles, construction of the immunosensor for the detection of Reb A in various
food samples, electrochemical characterization of the developed immunosensor and
interference studies. This chapter acquaints the reader with the computational

methodologies undertaken in this study.

Chapter 5: This chapter presents experimental and computational results, with
synergies between the two sets of results discussed and interpreted. Characterization
findings for the nanomaterial used for fabricating the immunosensor are presented and
discussed into detail in this chapter and lastly the chapter details electrochemical

behaviour of the developed immunosensor on Reb A.

Chapter 6: This chapter highlights major findings both experimentally and

computationally, with entertaining trends and synergies between experimental and



computational results, concluding remarks are proposed. The chapter also
recommends future work on the electrochemical determination of Reb A, emphasising

in the application of the developed immunosensor.

References: The references used in this thesis are enclosed.



CHAPTER 2: LITERATURE REVIEW

This chapter highlights the overview of steviol glycosides and their chemical and
physical properties with applications mostly in the food and health industries. A review
of the electrophoretic and chromatographic techniques primarily used for qualitative
and quantitative purposes of steviol glycosides is discussed. Additionally, current
trends inthe electrochemical detection of steviol glycosides, including electrochemical
immunosensor development, are presented here. This review is aimed at novel
applications of nanomaterials and antibodies used for the development of an

immunosensor.

2.1 Steviol Glycosides

Non-nutritive sweeteners are low-calorie substances used to replace sugar and other
caloric ones. Determination of these sweeteners in foods is important to ensure
consistency in product quality. These sweeteners help control the body weight and

insulin levels as they provide no or little calories (Yang and Chen 2009).

Stevia rebaudiana is a herbaceous perennial plant that has been in existence for
hundreds of years now, and Guarani Indians have been using this Paraguay and Brazil
native plant as a natural sweetener for years (Jaitak et al. 2009). Facilities have now
been put in place for farming Stevia rebaudiana in several countries such as Asia,

Canada, China, Brazil and Paraguay.

Apart from Stevia extracts having therapeutic, hypoglycaemic, and hypotensive
properties, they contain a high level of sweetening compounds, known as steviol
glycosides, contributing to the antioxidant, antimicrobial and antifungal
activities(Mayank and Jaitak 2015). Stevia consists of more than 150 species, but

amongst that, only Stevia rebaudianais wildly applied in the food industry as they are
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the only ones possessing sweetening properties. The steviol glycosides are natural
sweeteners, with organoleptic properties and consist of multiple ent-kuarene diterpene
glycosides, extracted from Stevia rebaudiana (Bertoni) which belongs to the
Asteraceae family. Stevia sweeteners are obtained from the leaves of Stevia species.
It is extracted with hot water, and the extract is passed through an adsorption resin to

trap and concentrate the steviol glycosides.

These compounds are approximately 400-600 times sweeter than sugar and are
thermally stable even at temperatures of up to 200 °C, making them suitable for the
use in cooked foods (Kroger et al. 2006). The frequently increased application of Reb

A as a sweetener requires controlled safety in foodstuffs (Zygler et al. 2009).

Out of the whole composite of the Stevia leaves, 6 to 10% is made up of Stevioside, 2
to 4% is taken up by rebaudioside A, and the other minor steviol glycosides

compensate for 1 to 2% of the total 16% SGs in stevia extracts.
2.1.1 Properties of Steviol Glycosides

Nowadays steviol glycosides are one of the researched compounds, these compounds
find application in many different fields. Steviol glycosides are readily available as they
are obtained from plants. SGs are wildly used in the food and health industry because
of their high intensity sweetening properties and the health benefits(Jaitak 2015;
Mayank and Jaitak 2015)

2.1.2 Rebaudioside A

The Joint Expert Commission for Food Additives stated that 2 to 4 mg/kg body weight
is the acceptable daily intake of steviol glycosides (Bathinapatla et al. 2016). Steviol
glycosides (SG’s) are extracted from stevia rebaudiana leaves, with Rebaudioside A
being one of the significant constituents of SG’s (Figure 2.1). Economic and Scientific’s
interests have been attracted by “Sweet Leaf’, as Reb A is famously known owing to

its non-nutritive  sweetening ability and therapeutic properties.



Figure 2-1: Showing chemical Rebaudioside A, a high potency diterpenoid glycoside
Sweetener(Carakostas et al. 2008).

Reb A’s extraction and isolation are from the stevia rebaudiana plant as it is with the
other coexisting steviol glycosides. When compared to sucrose, stevia extracts are
said to be 3 to 300 times sweeter. Hence they are the altermatives as non-nutritive

sweeteners (Prakash et al. 2015).
2.2 Separation methods for the detection of Reb A

The presence of steviol glycosides in food beverages raises a matter of concern for
the quality assurance departments as the consumption of these beverages is on the
increase, and the number of steviol glycosides consumed must be regulated. Literature
survey reveals that chromatography and capillary electrophoresis are widely used in
the determination of artificial sweeteners in food technology (Woelwer-Rieck et al.
2010; Pavicek and Tuma 2017). Liquid chromatography (LC) has been the most
popular choice for the determination of the sweeteners (Samah et al. 2013). However,



only a few are suitable for the simultaneous determination of several sweeteners.
Because the physicochemical, electrochemical, and spectral properties of the non-
nutritive sweeteners are significantly different, a method for the simultaneous
determination of the components is always restricted. Although the high-performance
liquid chromatographic methods have high separation efficiency, their sensitivity is

compromised (Yang and Chen 2009).

Steviol glycosides are a group of chemical species closely resembling each other due
to the similarities in their functional groups and chemical behaviour. Chromatography
is one of the wildly powerful techniques used for separating such species, from there
chromatographic separations of these species can provide qualitative information
about the speciesof interest and lately the separated speciescan be quantified (Skoog
et al. 2013). Chromatography is a separation technique, in which the separation of
different components of a mixture is based on their relative speeds of the components

as they are carried through a stationary phase by a gaseous or liquid mobile phase.

Steviol glycosides are mainly separated using column chromatography.
Chromatography is classified into two types, mainly column chromatography and
planar chromatography. In column chromatography, the stationary phase is stashed
and held in a very narrow tube, and for the separation of different compounds of
interest, the analyte caring mobile phase is forced through the tube by applying
pressure using gravity. On the other hand, planar chromatography also separates
components on a stationary phase supported on a flat plate or on the pores of a paper,
carried by the mobile phase where no pressure is applied, and capillary action and
gravity influence are at play. Examples of column chromatography include but not
limited to, gas chromatography (GC), liquid chromatography (LC), high-performance
liquid chromatography (HPLC) and supercritical fluid chromatography (SFS). HPLC is
found to be the most widely used technique for separating and quantifying steviol
glycosides (Reb A), where the instrument is coupled to various detectors such as
Ultravioletivisible (UV-Vis) detector (Samah et al. 2013), diode array detector (DAD)
(Liang et al. 2015), and mass spectrometric (MS) detectors (Shafii etal. 2012).
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Capillary electrophoresis is also reported as the separation technique used for
separating and quantifying steviol glycosides coupled to various types of detectors
such as diode array detector (Ayyappa et al. 2015). Electrophoresis is a macro size
separation technique that is based on the different mobilities/rates of migration that the
charged species have in an applied dc electric field. Scientists rely on the strength of
electrophoresis with its unique ability to separate charged macromolecules under
analysis. Capillary electrophoresis was introduced whereby these macromolecule
separations were performed in micro amounts of the sample in a fused silica capillary
cube, bringing in more resolution, less time for analysis and a room for automation.
Appendix A tabulates different analytical procedures for simultaneous determination of

Rebaudioside A in samples of different food products.

Clearly, the techniques mentioned above are sensitive, but they are subjected to high
solvent consumption and less selectivity, as a result, this has prompted studies
involving electrochemical techniques. Recent developments have been made in the
detection of Reb A electrochemically (Bathinapatla et al. 2016). Electrochemical
techniques counteract the disadvantages of the fundamental techniques as it is
possible to develop a sensor that is faster in response time, low cost, sensitive and
selective to that compound of interest. This study was aimed at developing an
electrochemical immunosensor with electrocatalytic activity and conductivity by
immobilizing a nanocomposite (GO/MWCNTs/ZnONPs/T1R2) onto a bare rotating disc
platinum electrode for detecting Rebaudioside A in food samples. Appendix A: Table
2-2 highlights and briefly describes methods that have been reported for the
determination of Reb A and other major steviol glycosides.
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2.3 Biosensing Methods
2.3.1 Immunosensors

The monitoring of the amount of biological (pathogenic bacteria) and chemical
contaminants in food is of high importance for both food safety and quality. In recent
developments, the analysis of such compounds is replaced with biosensors, instead of
the sophisticated hyphenated techniques (Bathinapatla et al. 2016). Biosensors are
compact analytical devices that rely on transducers for the detection and conversion
of electrical signals that are resulting from antigen-antibody complexes for processing,
recording, and displaying (Moina and Ybarra 2012).

Biosensors employ enzymes, nucleic acids, animal or vegetable tissues, and
antibodies as sensitive biological elements, immobilized on the surfaces of
transducers. The above-explained compact devices are called immunosensors when
antibodies or antibody fragments are utilized as the sensitive biological element for the
specific analyte (antigen) to form the stable antibody-antigen complexes that are
recognized by transducers (Ricci et al. 2007). Depending on the type of transducer that
is used, this can divide immunosensors into different types being electrochemical,

optical and piezoelectric immunosensors, which are briefly discussed below.

The formation of the antibody-antigen complex is the principle of operation under which
an immunosensor significantly depends on, and this period is termed incubation time.
The incorporation of nanoparticles instead of bare antibody immobilization into the
surface of the working electrode in the case of electrochemical immunosensors has
proven to decrease incubation time. This inclusion of nanomaterials consequently

improves the overall performance of the immunosensor (Cheemalapati et al. 2013).

This study developed an electrochemical immunosensor employing human sweet taste
receptor (STR) subunit TIR2 as the sensitive biological element for the detection of
Reb A where surface of the transducer (Pt electrode) was fabricated with graphene
oxide (GO), assimilated in Zinc Oxide nanoparticles (ZnONPs) with multiwalled carbon
nanotubes (MWCNTS).
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2.3.1.1 Components of an Inmunosensor

The components of the biosensor (Figure 2.2) concurrently work together in collecting,
transmitting and converting the chemical or biological information into an
understandable signal. A typical immunosensor is composed of a transducer, sensitive
biological element and signal processing unit. The transducers have to recognize and
measure the chemical changes or property changes that occur when the sensitive

selectively binds with the analyte of interest, forming stable enzyme-substrate,

antibody-antigen and stable complexes.

Electroactive
Interaction species
with a
biological Optical signal
sensitive
element

Electrochemical

. Electronic
Optical Electrical processing
signal and display

Piezoelectrical

Mass change

Figure 2-2: Schematic representation of components of a biosensor working in conjunction with each
other (Moina and Ybarra 2012).

2.3.1.2 Types of Immunosensors
() Electrochemical Immunosensors

Electrochemical immunosensors are voltammetric techniques relying on measuring
current because of varying the applied potential in a specific range; as a result, these
are known as amperometric measurements. Electrochemical immunosensors function
based on the three-electrode system consisting of the working electrode as a
transducer to measure the current resulting from the redox reactions at specific
potentials.

Amongst the three types of immunosensors discussed in this study, due to their unique

characteristics such as low-cost, robustness, fast time of response, low sample
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volumes required, easiness and sensitivity, electrochemical immunosensors have

been prominently applied more than the other discussed types (Felix et al. 2018).

(i)  Optical Immunosensors

As explained previously, the difference in transducer response from the interaction of
the target analyte with the sensitive biological element will depict which type of
immunosensor is being studied. In optical immunosensors, the transducer interprets
the response from antibody-antigen complex/interaction by form an optical signal, and
this is usually the resultant change in optical properties such as emission, refractive
index, absorbance, reflectance and optical path (Moina and Ybarra 2012). The
information gathered by the transducer is measured in terms of photons (Borisov and
Wolfbeis 2008).

(i)  Piezoelectric Immunosensors

Piezoelectric transducers incorporate quartz microbalances and microcantilevers, to
measure any mass change due to the formation of the antibody-antigen complexes.
The quartz crystal is highly precise and oscillator for measuring mass changes

occurring from immunological reactions(Ricci et al. 2007).
2.3.1.3 Cytochrome c modified nanocomposite electrochemical biosensor

According to literature studies, (Bathinapatla et al. 2016) developed an ultrasensitive
novel biosensor for the detection of Reb A in different food samples. Cytochrome C is
the sensitive biological component immobilized on platinum fabricated with graphene
oxide assimilated with gold nanoparticles decorated with multi-walled carbon
nanotubes. The developed biosensor was able to detect Reb A down to 0.075-1.25
mM.
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2.4 Nanoparticlesusedin this study
2.4.1 Zinc oxide nanoparticles

Nanotechnology has received significant attention over the past decade. Nanopatrticles
(NPs) with a smaller size ranging from 1 nm to 100 nm have unique physical and
chemical properties. Due to the presence of greater reactive sites, NPs are more
chemically active compared to their bulk counterparts (Sharma et al. 2018). The size
and morphology of the desired NPs are determined by the employed method for their
synthesis. Hence these have a direct effect on the biological properties the NPs
possess (Javed etal. 2017).

The methods employed for the synthesis of NPs for different metals are not limited to
but include polyol and solvothermal synthesis (Alves et al. 2018), wet chemical
synthesis (Samanta 2017), pyrolysis method (Saravanakkumar et al. 2018), and
hydrothermal synthesis (Saleh et al. 2017). In this study, Zinc oxide nanoparticles
(ZnONPs) are successfully synthesized by employing an electric pressure-assisted

hydrothermal synthesis on Zinc gluconate precursor (Laber etal. 2016).

Semiconductor metal oxide NPs is a subsection in nanotechnology given immense
focus due to their undesirable optoelectronics, drugs delivery, environmental
monitoring, control of chemical processes, photocatalysis, energy storage and
biomedical diagnosis properties (Ahmad et al. 2011; Kumar et al. 2015).

2.4.1.1 Basic properties of Zinc oxide nanoparticles

Zinc oxide crystallizes into three different forms, hexagonal wurtzite, sphalerite
structure and halite (assembling sodium chloride (NaCl)). ZnO crystals in wurtzite form
are favoured in terms of thermodynamic stability compared to the other forms and
possess the following lattice parameters where a = 3.2495 A and ¢ = 5.2069 A in a
hexagonal compact (hcp) structural arrangement, based on p63mc space group,

shown in Figure 2.3 below (Alves et al. 2018).
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Figure 2-3: ZnO waurtzite crystal structure (Samanta 2017).

Zinc oxide is a semiconductor known for intrinsic structural defects due to atomic
vacancies, this feature, size control, and morphology can be manipulated in ZnONPs
synthesis and used to scientific researcher's advantage (Becheri ef al. 2008). The
wurtzite ZnO structure is highly polar due to Zn?* cation surrounded by four O% anions.
Given all the above properties, chemical reactions can be employed with
thermodynamics conditions to favour certain route growths to achieve ZnONPs with
the desired shape and sizes, in tum, this understanding of controlling parameters is
utilized in this study for synthesizing ZnONPs for electrochemical sensing

applications(Alves et al. 2018).

2.41.2 Mechanical properties of Zinc oxide nanoparticles

Zinc nanoparticles are regarded as one of the nanomaterials possessing exceptional
mechanical strengths and more than singular study has confirmed a significant boost
in mechanical properties of nanosized materials compared to their bulk counterparts
(Yadav et al. 2006).
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2.4.1.3 Electrical properties of Zinc oxide nanoparticles

Zinc oxide is characterized by a bandgap of 3.37 eV, due mainly to the doping effects
near the UV region and at room temperature exhibits a high excitonic binding energy
of 60 meV (Sirelkhatim et al. 2015).

2.4.1.4 Different synthesis types of Zinc oxide nanoparticles

(i) Sol-gel Method

Sol-gel is a chemical procedure with a constant formation of a diphasic gel-like liquid
and solid phase resulting from initial colloidal (Sol) solution conversion. In this process,
sedimentation and centrifugation are used to accelerate the rate of phase separation
producing morphologies ranging from discrete to continuous polymer networks. Sol-
gel for synthesizing zinc oxide nanoparticles is not only famous for being cheap,
reliable, repeatable and simple to perform when well equipped, but produces zinc oxide
nanoparticles with good optical properties (Vafaee and Ghamsari 2007). Vafaee and
colleagues reported a sol-gel synthesis of zinc oxide for the first time in which
triethanolamine (TEA) was used as a surfactant producing particle size of 3 nm and 4

nm.
(i)  Atomic Layer Deposition Method

The atomic layer deposition method (Figure 2.4) of nanomaterial synthesis utilizes
gaseous metal precursors to produce films on substrates post-exposure to these
gaseous species, unlike vapour deposition procedure, in this method, the metal

precursors are never present in the reaction vessel at the same time.
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Figure 2-4: Schematically representation of thermal chemical vapour deposition method of
nanomaterial synthesis (Midson et al. 2017).

Instead, these are introduced individually and non-overlapping. Nano-thick zinc oxide
nanofilms were successfully coated for UV-absorption applications on silicon dioxide

and titanium dioxide nanoparticles using a fluidized bed reactor (King et al. 2008).
(iify Vapour Deposition Method

The vapour deposition method is categorized into physical vapour deposition (PVD) or
chemical vapour deposition (CVD), employed to produce high-performance and high-
quality solid materials under vacuum, with semiconductor industry using it for
production of thin films. Gas-phase synthesis of nanoparticles provides numerous
advantages compared to other methods but are least understood and employed, CVD,
in particular, provides a researcher with better control in particle morphology and
crystallinity (Polarz et al. 2005).

The easily accessible [CH3ZnOCH(CH3 )2 ]4 volatile organometallic precursor of Zinc
was employed for synthesizing zinc oxide nanoparticles with controlled morphological
and crystallinity properties, allowing a detailed gaseous view of agglomerates

formation (Polarz et al. 2005).
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(iv) Co-Precipitation Method

Wet chemical methods are cost-effective, easy to perform and easily repeatable where
the growth of the metal nanostructures is occurring at lower temperatures prone to

structural defects (Samanta 2017).

(v) Electrodeposition Method

Recently, electrodeposition methods involving electroplating have emerged as an
exciting method of application for the synthesis of nanomaterials. Electrodeposition
principle depends on the electrolysis of metals or alloys on conductive surfaces in the
presence of an electrolyte (Jayakrishnan 2012). Zinc carbonate and zinc oxide
nanoparticles were electrochemically synthesized, where parameters such as the
concentration of zinc precursor in an electrolyte solution, sweep rate of the electrolyte
and its composition during electrodeposition process, the range of the applied voltage
had a direct influence on the desired particle size deposited (Pourmortazavi et al.
2015).
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(vi)  Pulsed-Laser Deposition Method

Pulsed laser deposition (PLD) method in contrast to other deposition methods provides
numerous advantages in producing nanoscale thin films and nanoparticles. This is
attributed to the fact that the films deposit at an atomic rate and the slow film growth

allows more variable control resulting in nanofilm deposition (Zawadzka et al. 2016).
(vii) Spray Pyrolysis Method

A conventional spray pyrolysis (SP) technique for nanomaterial requires costly
equipment, and this was prone to limitations as one could only obtain thin films or
nanoscale particles if the spraying were done on glass or transparent substrate.
Saravanakkumar D and colleagues overcame the conventional spray pyrolysis
limitations when synthesizing hybrid ZnO-CuO nanocomposites powders, by spraying
the solution on a hot copper plate and later studying the antimicrobial properties of the
hybrid nano-powders, referred to as a modified spray pyrolysis (MSP)s method

(Saravanakkumar et al. 2018).

2.4.1.5 Applications of Zinc oxide nanoparticles

Zinc oxide is widely known for possessing chemical stability, non-toxicity and therefore,
many research areas such as catalysis, gas sensing technology, dye-sensitized solar
cells, ultraviolet emitting diodes, and photovoltaic devices employ zinc oxide. Cosmetic
industries employ zinc oxide nanofilms as UV-absorbers in manufactured sunscreens,
and the literature reveals a method for successfully using a fluidized reactor bed for
coating titanium and silicon dioxide nanoparticles with nanofilms of zinc oxide (King et
al. 2008). The textile industry has been in the study to enhance fabric properties where
acrylic binders were employed to immobilize zinc oxide nanoparticles onto the surface
of the fabrics. The nanoparticle functionalized fabric showed vast UV-absorbing
properties(Yadav et al. 2006). Due to nano photocatalysis properties of ZnONPs, these
structures are widely used in the cement industry as an additive to improve the setting

time of concrete materials and facilitate hydration (Nochaiya et al. 2015).

Electrochemistry researchers are currently capitalizing on developing sensitive and

selective chemically modified electrodes (CMEs) by the inclusion of nanomaterials
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such as zinc oxide nanoparticles, redox and conductive polymers for determination
electro-active compounds in different fields(Karimi-Maleh et al. 2016). Hybrid zinc
oxide-multiwalled carbon nanotube electrochemical sensors developed for food
technology applications, mainly used low-calorie artificial sweeteners, with relatively
low detection and quantification limits compared with the unmodified electrode
(Balgobind et al. 2016).

This study exploits the previously detailed properties of ZNnONPs with incorporation of
graphene oxide and human taste receptor TLIR2 anchored on multi-walled carbon
nanotubes, by developing a novel electrochemical immunosensor for the detection of
the relatively abundant steviol glycoside, Rebaudioside A (Reb A).
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2.4.2 Binding Agents

The immobilization of antibodies and enzymes onto surfaces of chemically modified
electrodes, require stabilization of these sensitive biological elements to be adsorbed
onto the surface. The treatment of a modified surface or modifying nanomaterials with

a crosslinking agent is also characterised binding agents.

Glutaraldehyde can react with several functional groups of proteins, such as amine,
thiol, phenol, and imidazole because the most reactive amino acid side-chains are
nucleophiles and because of that, the linear 5-carbon dialdehyde has found
applications as enzyme immobilisation. The achievement of stable crosslink with
proteins/enzymes significantly depends on crosslinking agent/enzyme ratio, the pH of
immobilization, and a general understanding of the mechanism followed by the
crosslinking agent to produce stable crosslinking/enzyme intermolecular crosslinking

instead of intramolecular links(Migneault et al. 2004).

Glutaraldehyde is still wildly used as the crosslinking agent; recently glutaraldehyde’s
crosslinking abilities were tested on characteristics of chitosan-based films that were
alkaline post-treated (Frick et al. 2018), whereas on another study different
concentrations of genipin and glutaraldehyde were varied in checking their crosslinking
characteristics (Liu et al. 2019). In biosensing technology, glutaraldehyde was recently
used as a crosslinking agent in biosensing detection of organophosphorus (OP)
pesticides (Pundir and Malik 2019).

In most cases, the crosslinking agents are nucleophilic and attack electron-deficient
functional groups the proteins or enzymes inducing covalent bonding; besides
glutaraldehyde, there are other organic compounds useful for the same process.
Formaldehyde has been known to crosslink proteins to proteins and proteins to DNA.
The crosslinking ability of formaldehyde is attributed to its dipole nature with
nucleophilic carbon. The compound (Formaldehyde), forms protein-DNA, protein-
protein intermediate as it readily reversely attacks functional groups (amines) in
proteins/DNA (Kaufman et al. 2000).
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Recently, to study protein-protein interactions through capillary electrophoresis, the
crosslinking capabilities of formaldehyde were compared with those of glutaraldehyde
(Ouimet et al. 2018). The small size advantage of formaldehyde and its dual
functionality permits it to crosslink macromolecules up to approximately 2 A
(Ramanathan et al. 2019). These bifunctional crosslinkers such as Glutaraldehyde
(Dialdehyde molecule) have advantages such as high specific activity and less
contamination or interference from support material as itis possible for their application

without the support material (Velasco-Lozano etal. 2016).

N-hydroxysuccinimide (NHS) esters are also widely employed organic compounds in
promoting covalent interactions with proteins and ligands in question through amine
bonding (Kalkhof and Sinz 2008). Immunosensor development solely depends on
stable immobilization of the molecular recognition elements, which is achieved by the

inclusion of cross-linking agents.
2.4.3 Antibodies

Any sensor specificity is achieved by immobilisation of a molecular recognition element
that reacts exclusively with the analyte of interest. In immunosensor development,
antibodies are the most utilized molecular recognition elements since these are
proteins with specificity towards the analyte and are immobilized on the surface of the
electrode through different techniques such as covalent attachment, polymer
entrapment, adsorption and many other. Appendix B shows A summary of antibodies

employed in electrochemistry for development of immunosensors
2.4.3.1 T1R2 G analyte coupled receptor

Receptors are chemical message carriers made up of proteins. The classification of
receptors depends on their location and on whether they relay, integrate or amplify the
chemical signal in biological systems (Huang et al. 2019). G-Protein linked hormone

receptors and ion-channel linked receptors are classified as transmembrane receptors.

Class C of G-protein coupled receptor (C-GPCR) family comprising two subunits
heterodimers T1R2 and T1R3 make up the human sweet taste receptor (STR) (Jaitak

2015). T1IR2 as one of the dominant subunits of STR uses the extracellular cysteine-
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rich domain (CRD) that is common to all classes of C-GPCR in aid of joining its large

amino-terminal domain (ATD) to a seven-transmembrane helical domain (TMD).

The large amino-terminal domain of T1R2 holds 500-600 residues together with
binding sites of different functionalities to the ligands. Food and pharmaceutical
industries are making steviol glycoside relevant for their application as sweeteners,
with dipeptidyl sweeteners covalently binding selectively to the binding sites T1R2
subunit of STR through hydrogen bonding. In this study, citing from (Jaitak 2015), the
antibody is then applied as a molecular recognition element in developing an

electrochemical immunosensor for the detection of Rebaudioside A in food samples.
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CHAPTER 3: THEORETICAL PRINCIPLES

This chapter focuses on the theoretical principles underlying the experimental and
computational methods employed in this work. A description of the broad range of
characterisation tools, including electrochemistry tools is described. In addition, the
theoretical principles underlying Field Flow Fractionation (FFF), undertaken for the first

time are discussed in this chapter.

The supporting role of computational chemistry in the construction of an electrochemical
immunosensor 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, are presented.

3.1 Experimental characterisation techniques
3.1.1 Electrochemical techniques

Electrochemical techniques rely on the measurement of potential, charge, or current
for quantitative analysis where analyte concentration is determined and for qualitative

analysis where the analyte’s chemical reactivity is investigated.

3.1.1.1 Cyclic voltammetry

Voltammetric methods are electroanalytical techniques that mainly depend on
measuring the current of the system as the applied potential. Voltammetry measures
the current of the electrochemical cell, where the rate of oxidation or reduction of the
analyte is limited by the rate of mass transfer of that analyte from the solution

(supporting electrolyte) to the surface of the working electrode.

Cyclic voltammetry (CV) is one of the most common electroanalytical techniques

seldom used in quantitative analysis but finds its wide utilization in qualitative studies
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such as oxidation/reduction reactions, the detection of reaction intermediates and
studying the properties of the products formed at electrodes (Skoog et al. 2013). In a
typical Cyclic voltammetry experiment, the current is measured while the potential is
first ramped in one direction, and then the potential is ramped in the opposite direction,
this mentioned current here is that of the working electrode which is at rest in a closed
electrochemical cell purged by the inert gas. The properties of the analyte and the
composition of the sample determines the direction of the potential scan, forward scan
is obtained when the current is ramped to more negative potentials while reverse scan
is obtained in the opposite direction, this, in turn, produces a cyclic voltammogram with
significant parameters for qualitative distinction, such as cathodic and anodic peak

potentials, and cathodic and anodic peak currents, shown in Figure 3.1.

Figure 3-1: Typical cyclic wltammogram, a plot of change in current as the potential of the systemis
being ramped in the forward and the backward scan in a three-electrode system consisting of a working
electrode, counter electrode, and a reference electrode. The parameters have their usual meanings,
where Epa is anodic peak potential, Ipa anodic peak current, with Epc being the cathodic peak potential
and Ipc being cathodic peak current.
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3.1.2 Structural and morphological techniques

This section entails theoretical principles of structural and morphological
characterisation techniques. Attenuated total reflection mode transform infrared
spectroscopy, UV-Visible spectroscopy, thermogravimetric techniques are some of the
structural characterizations while high-resolution transmission spectroscopy is

employed for morphological characterisation of nanomaterials.
3.1.2.1 Attenuated total reflection mode Fourier transform infrared (ATR-FTIR)

Internal-reflection spectroscopy is a technique for obtaining IR spectra of samples that
are difficult to deal with, such as solids of limited solubility, films, threads, pastes,
adhesives, and powders. The major advantage of ATR spectroscopy is its ability on a
wide variety of sample types with a minimum of preparation, for obtaining absorption
spectra (Skoog et al. 2017).

The principle of operation of ATR spectroscopy significantly relies on reflection as it
occurs when a beam of radiation passes through a dense medium to a less dense
medium as shown in Figure 3.2. Before the complete reflection of the radiation beam,
there is a linear relationship between the amount of reflected initial beam and the
incident angle of the beam. Scientists have long established that before reflection
occurs, the incident beam of radiation penetrates a certain distance into the less dense
medium (sample). The distance of penetration is also dependent upon the angle of the
incident beam with respect to the interface, the different wavelengths, and refraction

indexes of the more and less dense medium(Atitar et al. 2015).

Upon the correct adjustment of the incident angle, the evanescent wave is absorbed
by the less dense medium with an ATR spectrum obtained, like that of an ordinary IR

spectrum.
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Figure 3-2: ATR schematic diagram showing a solid sample of lower refractive index mounted on an
ATR intemal crystal comprising of a higher refractive index. The materials used as ATR crystals include
KRS-5, AgCl, Ge, and Si materials(Skoog et al. 2017).

3.1.2.2 High-resolution transmission electron microscopy (HR-TEM)

The transmission electron microscope is one of the most sophisticated, expensive, and
widely used instrumentation in scientific research. This microscopic technique utilizes
a beam of electrons that form a sample image after transmittance through the medium.
The advantage of TEM lies in its ability to be employed in determining the structural
and physical properties of the sample down to the atomic level. The interaction of the
sample matter with the beam of electrons results in an image that can be magnified
and focused on the imaging device. This study applied a high-resolutions transmission
electron microscope for determining the size of the synthesized nanoparticles, the
distribution, and morphology of the nanomaterials used for fabricating the platinum
electrode in immunosensor development.

3.1.2.3 UV-Visible spectroscopy

Across the face of industry UV-Vis spectroscopy, based on electromagnetic radiation
in the wavelength region of 190 to 800 nm, is applied in diverse fields such as
chemistry, biology, forensic science, clinical chemistry, and many other fields, but what
is common is its principle of operation. Spectroscopic techniques such a UV depend
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on interactions of the radiation energy with matter leading to the researcher obtaining

information about the sample of interest(Bakeev 2010).

Most liquid and gas phase UV-vis spectroscopic measurements rely on the well-known
Lambert-Beer Law with the equation which links the concentration of the measured
sample to its absorbance:

AN = ebc [Eqn 3.1]

where A is absorbance, ¢ is the molar absorption coefficient in units of L/(mol cm), b is
the path length of the measurement in units of cm, and C is the concentration in units
of mollL. The index A indicates that the Lambert-beer law is restricted to

monochromatic radiation only.

Ultraviolet and visible spectroscopy is widely used for the quantitative determination of
many inorganic, organic, and biological species, as well as for the qualitative
characterization of these mentioned compounds based on their distinct wavelengths

of maximum absorbance upon interaction with the monochromatic radiation.
3.1.3 Field flow fractionation characterization technique

Field flow fractionation (FFF) is a high-resolution separation technique for a wide range
of compounds ranging from nanomaterials to polymers, distinguished into asymmetric
field flow fractionation (AF4) and centrifugal field flow fractionation (CF4). The two
powerful aspects of FFF can separate colloids up to 1 micron and nanoparticles

ranging between 1 nm and 100 nm (Sogne et al. 2017).

In Chromatography, the separation is attributed to the partitioning of the separated
species resulting in chemical interactions between them and the stationary phase,
whereas in field flow fractionation, the separation is brought about by physical forces.
In AF4, species are separated by application of a cross-flow in a ribbon-like channel,
and in CF4 species achieve separation by application of a circular cross-flow as shown
in Figure 3.3.
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Figure 3-3: [a] Separation unit for asymmetric field flow fractionation comprising of two blocks
sandwiching aribbon-like channel held by spacer membrane [b] Separation unit for centrifugal field flow
fractionation consisting of the circular channel for species separation (Poda et al. 2011).

The FFF multi-detector (UV and Light scattering detectors) coupling allows this
technique to be a versatile tool in particle and colloidal analysis, obtaining physio-
chemical properties such as the molar mass of macromolecules and particle size for
nanoparticles of interest (Dubascoux et al. 2010). Field Flow Fractionation is employed
in zinc oxide nanoparticles size characterization for this study, which isthen applied in

electrochemical immunosensor development for food technology application.

3.1.4 Inductively-coupled Plasma mass spectrometer

Inductively coupled plasma mass spectrometry (ICP-MS) is important instrumentation
capable of measuring up to the lowest detection limits of almost every element in the
periodic table. It is one of the leading methods for bulk compositional characterization
although it has been proven to be more than efficient single-particle characterization.
Single-particle inductively coupled plasma mass spectrometry (spICP-MS) can swiftly
analyse aqueous dispersed metal nanomaterials, giving the researcher information
such size, size distribution, particle concentration (Montafio ef al. 2016). In this study,

spICP-MS is used for determining the size of hydrothermally synthesized ZnONPs.
3.1.5 Thermogravimetric characterization technique

A Differential scanning calorimeter (DSC) is the instrument designed for measuring the
energy that flows into or out of the sample. The heat flows into or out of the sample
material are observed with the DSC technique as the temperature is ramped to observe
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material transitions such as melting or recrystallization and with heat flow curves being
recorded (Charsley etal. 2019).

Thermal analysis (TA) is defined as the analysis of sample thermodynamic property
changes (mass, volume, heat, enthalpy, etc.) that are brought about by the alteration
of imposed temperature (temperature-programmed or sample-controlled), in a
controlled and programmed atmosphere. Thermogravimetric analysis (TGA) falls
under TA and refers to the measurement of the change of sample mass as a result of

subjecting itto temperature changes(Gaisford et al. 2016).

Instrumentation of an ordinary TGA equipment is comprised of an intensively sensitive
thermobalance, a furnace covering ambient temperature up to 1000 °C, a purge gas
line for providing inertness into the system or for improving reactivity of species to be
analysed, and lastly for the control of the instrument, data acquisition and processing,

the computer system is one vital component of TGA.
3.2 Computational chemistry

Computational chemistry or molecular modelling is comprised of numerous tools
employable to exhaust chemical questions outside wet chemical lab. These tools
include molecular dynamics and mechanics, semiempirical and density functional
theory, and ab initio. Depending on the application of molecular modelling, it can be
utilized to understand chemical reactivity of a system, energy of molecules and their
transition states, molecular geometry, physical properties of substances and to
understand the interaction of substrate of with the protein or enzyme of interest. This
study’s application of molecular modelling was mainly used for understanding the
ligand-protein interaction through molecular docking studies, schematically shown in
Figure 3.4.
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Figure 34 : Schematic representation of molecular modelling approaches employed in this study.

3.2.1 Density functional theory (DFT)

Density functional theory (DFT) was developed in the 1960s by Hohenberg and Kohn,
deducing that a functional of the charge density with minimal energy can be employed
to cast ground state properties of the systems. DFT modifies the Schrédinger equation,
which is used to describe the behaviour of electrons in a system, such that approximate
solutions are mimicking conditions for realistic materials(Jain et al. 2016). Hohenberg
and Kohn had theorems which suggested using initial guess of the charge density
instead of discarding all of Schrédinger’s findings. DFT has led to a paradigm change
in computational materials science, whereby theorists are not only able to help explain
and interpret the properties of materials but also have an active role in predicting
completely new materials with specific properties for different applications. DFT is a
fundamental tool used by scientists for studying electron behaviour, which inturn helps

to measure the performance of these materials in application fields.
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3.2.2 DFT-based DMOL3 code

The accuracy of DFT calculations is largely linked to the choice of functionals used.
Although up to date, no exact energy functional has not been determined, approximate
models are in place and accurately predict behaviours for many materials(Jain et al.
2016). Kohn and Sham revised the fundamental equations of DFT in aiming to obtain
the most complex electron interactions through an “exchange-correlation” functional,
where they concluded by basing approximations of this functional on gas models, but

up to date the exact form of this functional is not exactly known.
e Born-Oppenheimer approximation

This approximation separates the motion of nuclei and electrons by virtue of their
difference is mass, where electrons are much smaller and therefore move much faster,
hence the basis of the approximation is that the nuclei in a molecule are stationary with
respect to the electrons. The Born-Oppenheimer approximation, therefore, reduces the

Hamilton operator Equation (3.2) and effectively simplifying the Schrodinger equation.

e The Hartree-Fock Approximation

Hartree-Fock theory was developed to solve the Schrédinger equation, itis considered
an output determinant capable of lowering the average value of the Hamilton operator.
It is an approximation an electron wave function by using an anti-symmetrised product,
known as a Slater determinant (®sp)
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e The Hohenberg—Kohn Theorems

The first of these two theorems states that the electron density determines ground state
properties using only 3 spatial coordinates, thus determining the Hamilton operator and
enabling computation of the wave functions of all states and all material properties.
The second Hohenberg—Kohn Theorem establishes a variational principle. The
theorem states that the energy and density of the ground state correspond to a
functional delivering the lowest energy, provided that the input density is the true
ground state density. These theorems enable the calculation of molecular properties
from the electron density.

e The Kohn-Sham equation

This approach makes use of a fictitious non-interacting reference electron system in
which density is the same as that of the interacting electrons of a real system. This
reference system is built from a set of one electron functions and enables the
determination of a systems kinetic energy. The Kohn-Sham approach makes use of

orbitals to calculate the non-interacting kinetic energy using the following equation.

[Egn 3.4]
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DMoL3 is a computer modelling program that utiises DFT to simulate chemical
reactions and predicts properties of atoms, molecules, clusters, surfaces, and other

materials in all three phases of matter. Some of DMol3 capabilities include; geometry
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optimization; transition-state search and optimization, enabling geometry stabilisation
by bringing the energy of the structure to a stationary point; and molecular dynamics,
which permit the simulation of atom motion as a function of time taking account
temperature effects. DMol3 also performs numerous calculations such as; total and
single-point energy, which is generally negative and corresponding to a bound state;
elastic constants, providing mechanical properties of a substance by an elastic
constants tensor calculated from energies corresponding to an applying finite
displacement distortion; reaction kinetics, estimated from the transition state theory;
and electron transport, which enables the calculation of electron transmission or
currents.(BIOVIA Materials Studio, 2019).

3.2.3 Molecular docking

In structural molecular biology and computer-assisted drug design, molecular docking
is a widely employed tool. Experimentally, conventional characterization techniques
like X-ray crystallography and nuclear magnetic resonance (NMR) are used to predict
and determine unknown protein structures whereas drug discovery has been utilizing
molecular modelling as a tool for drug discovery. Molecular docking methodology
explores the behaviour of small molecules in the binding site of a target
protein(Pagadala et al. 2017). Molecular docking aims to predict predominant binding
mode(s) between 3-dimensional micro or molecular molecules. ligand-protein docking
methods employ a search algorithm to predict the binding mode(s) of the ligand to the
3-dimensional protein of interest, where these docking scores orderly rank dockings
with lower energy scores desirable. The search procedure evaluates the conformation

of the ligand repeatedly until the convergence to the minimum energy is reached.

Finally, an affinity scoring function, AG [U total in kcal/mol], is employed to rank the
candidate poses as the sum of the electrostatic and van der Waals energies. The
driving forces for these specific interactions in biological systems aim toward
complementarities between the shape and electrostatics of the binding site surfaces

and the ligand or substrate. In this study, molecular docking is used to determine the

35



affinity of the recognition element (T1R2) to Rebaudioside A, as the antibody (T1R2)

was used in electrode modification for immunosensor development.

3.2.4 Molecular dynamics simulation

The understanding of detailed structure and thermodynamics of biomolecular systems
have significantly dependant on molecular dynamics (MD) simulations. MD simulations
are further applicable for understanding physical behaviours of biological
macromolecules, writing off the initial rigid viewing of proteins, and taking into
consideration the internal motions and changes in conformation to later interpret the

behaviour of these systems(Karplus and McCammon 2002).

3.2.4.1 Force fields

In biomolecular simulations, for the past few decades, molecular force fields have
instrumental benefiting materials scientists. There have been recent developments in
method parameterization and representation of nonbonded interactions of all-atom,

nucleic acid, and small molecule forcefields(Nerenberg and Head-Gordon 2018).

Numerous proteins and relatively short peptides have been successfully simulated
using force fields such as AMBER ff94, CHARM22, and OPLS-AA. Small single
domain proteins with approximately 100 amino acids are feasible to be simulated in
these force fields, whereas experimental findings have indicated difficulties in
simulating intrinsically disordered molecules. In molecular modelling(MM), a force field
is defined and applied in atomic systems or coarse-grained particles for determining
potential energy of that systems by applying derivatisation forms from mathematical

models and parameter settings.

() COMPASS

Condensed-phase optimized molecular potentials for atomistic simulation studies
(COMPASS) force field’s basis of formulation was to be applied in material science,
whereas other well-known force fields such as AMBER, CHARMM, and MM3 were
also designed to study biological molecules of concern in the recent applications
(Bunte and Sun 2000). The COMPASS force field has been proven to be relatively
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faster than other ab initio methods and finds its application in predicting properties of
molecules such as molecular vibrations, structures, and conformations. The only noted
limitation for this force field is that it is not suitable to study reactions, hence, the need

to develop a reactive force field when studying reactions.

The validation of COMPASS force field parametrization is achieved by performing

molecular mechanics and dynamics calculations (Sun et al. 1998).
(i) Universal force field

Universal force field (UFF) is widely applied in unstrained and uncongested organic
molecules for predicting their structures, calculating bond lengths and angles. Other
force field types, such as MM2 and MM3 were used for validation and comparison
without varying molecules of interest (Casewit et al. 1992). Universal Force Field
employs general force field rules when deriving basic parameters depending on the

element under study, it's hybridization and connectivity (Rappe et al. 1993).
(iili)  Dreiding

DREIDING is a simple generic force field that is useful for predicting structures and

dynamics of organic, biological, and main-group inorganic molecules.

We report the parameters for a new generic force field, DREIDING, that we find useful
for predicting structures and dynamics of organic, biological, and main-group inorganic
molecules. The philosophy in DREIDING is to use general force constants and
geometry parameters based on simple hybridization considerations instead of the
individual force constants and geometric parameters that depend on the combination
of atoms involved in the bond, angle, or torsion terms. Thus, all bond distances are
derived from atomic radii, and there is only one force constant each for bonds, angles,
and inversions and only six different values for torsional barriers. Parameters are
defined for all possible combinations of atoms, and new atoms can be added to the
force field rather simply. This paper reports the parameters for the “non-metallic’ main-
group elements (B, C, N, O, F columns for the C, Si, Ge, and Sn rows) plus H and a
few metals (Na, Ca, Zn, Fe). The accuracy of the DREIDING force field is tested by

comparing with (i) 76 accurately determined crystal structures of organic compounds
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involving H,C, N, O, F, P, S, Cl, and Br, (ii) rotational barriers of a number of molecules,
and (iii) relative conformational energies and barriers of a number of molecules. (Mayo
et al. 1990).

(iv) General amber force field (GAFF)

General Amber force field (GAFF) for organic molecules. GAFF is designed to be
compatible with existing Amber force fields for proteins and nucleic acids and has
parameters for most organic and pharmaceutical molecules that are composed of H,
C, N, O, S, P, and halogens. It uses a simple, functional form and a limited number of
atom types but incorporates both empirical and heuristic models to estimate force

constants and partial atomic charges. (Wang et al. 2004a).
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CHAPTER 4: MATERIALS AND METHODS

This chapter focuses onthe experimental and computational methods employed in this
study, including the hydrothermal synthesis procedure for ZnONPs employed in the
fabrication of the developed immunosensor. The stages of the study from the bare
platinum electrode to the final T1R2 immunosensor, are discussed with their
sensitivities and optimized parameters being stated. This is followed by a series of

computational methods employed in this work.

4.1 Experimental methods
4.1.1 Instrumentation

Under this section, methodologies and experimental parameters are stated, starting
from characterization techniques for nanomaterials used for modifying platinum
working electrode to electrochemical instrumentation of obtaining redox properties of
Reb A.

4.1.1.1 Electrochemical techniques

Electrochemical experiments were measured at room temperature using the 797 VA
Computrace system supplied by Metrohm, Durban, South Africa. This system utilizes
three electrodes, reference, working, and counter/auxiliary electrode as shown in
Figure 4.1. For this study, the rotating disc platinum electrode modified with
ZNONPs/GO/MWCNTSs/T1R2 was used as the working electrode, with a graphite
electrode as the counter and Silver/Silver Chloride (Ag/AgCl reference electrode) as

the reference electrode.

797 VA Computrace permits the user to perform qualitative and quantitative

measurements. All qualitative measurements were done using cyclic voltammetry (CV)
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to study the electrochemical behaviour of the developed immunosensor thoroughly.
The quantitative methods use Differential Pulse Voltammetry (DPV)as one of the tools
for measuring analyte concentration in real samples. This included calibration curve

formation where at optimized electrochemical conditions standards were measured.

T N:Gas
Reference
Electrode(RE):
Ag/AgCl Electrode
Auxiliary Electrode (AE):
Graphite Flectrode
\
Working Electrode (WE): Supperting electrofyte:
Pt/Zn0/.GOMWCNTSTIR2 Borate buffer

Figure 4-1: Schematic representation of a three-electrode electrochemical cell system, composed of
the reference electrode, auxiliary electrode, working electrode, supporting electrolyte, and inert gas for
purging.

4.1.2 Reagents and materials

Disodium tetraborate (Na2B4O7210H20, 99.5% assay) supplied by Merck,
Rebaudioside A (C44F70023, assay 295% HPLC, MW: 967.01 g/mol) supplied by
SIGMA-ALDRICH, Germany, Hydrochloric acid (HCI, Specific gravity of 32%), Anti-
TAS1R2 (Extracellular Domain, Antibody produced in Rabbit, supplied by SIGMA-
ALDRICH, Saint Louis, United States of America), Graphene Oxide 2 mg/mL
dispersion in H20 supplied by SIGMA-ALDRICH, Saint Louis, United States of
America, Multi-Walled Carbon Nanotubes, Zinc gluconate hydrate (Ci12H22ZnexH20,
AR, 97% purity) was supplied by Alfa Aesar chemical reagent company, potassium
hydroxide (KOH, =285% Assay) was supplied by Saarchem Merck Chemicals, Gauteng,
South Africa, Methanol (CH30H, 299.9% purity for HPLC) was supplied by SIGMA -
ALDRICH chemical company, 0.2% Novachem supplied by Postnova analytics
(Germany). The Pt working electrode was supplied by Metrohm lon Analysis. All the
reagents were of analytical grade and were used without any further purification with
deionized water used for the preparation of samples, not unless stated otherwise.
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4.1

()

(ii)

(iii)

2.1 Preparation of working solutions
Preparation of borate buffer

Borate buffer with a concentration of 0.1M and a pH of 9.25 was prepared in a 100
mL volumetric flask by quantitatively transferring 3.8137 g of disodium tetraborate
salt, after dissolving, deionized water was used to calibrate to the mark. 0.3994 g
of sodium hydroxide was quantitatively weighted into 100 mL volumetric flask to
prepare 0.1 mol/L, and hydrochloric acid volume was calculated from 1.1493 g/mL
density to prepare 0.1 mL in 100 ml volumetric flask. These solutions were used to
adjust and obtain the required pH, ina pH meter (pH 211 Microprocessor pH meter
from HANNA Instruments) calibrated using pH 4 and 7 buffers. The prepared borate
buffer solution was stored in the refrigerator at 4 °C after use. Below are

calculations for the supporting electrolyte preparation:
Preparation of 1000 mg/L Reb A stock solution

A 1000 mg/L of Reb A stock solution was prepared in deionized water, using
standard dilution procedure, 100 mg/L Reb A working standards solutions were
prepared. Redox properties of Reb A were studied with the working standards on
the working electrode from the bare platinum rotating disc electrode to the modified

sensor. After use, the stock solution and working standards were kept refrigerated.

Preparation of TLR2 antibody solution

The T1R2 antibody was always kept refrigerated at -4 °C when not use. Before use,
the antibody was allowed to liquify on room temperature,20 uL of TIR2 antibody

was quantitatively drop-casted unto the platinum electrode modified with ZnONP's,
GO, and MWCNTs. The fabricated electrode was allowed to stand for 60 min at

room temperature before electrochemical measurements of Reb A were taken.
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4.1.3 Synthesis of nanostructures

In recent years nanotechnology has had major developments with researchers putting
more effort into developing new applications for nanomaterials in this field. This has
led to the reporting of numerous green and hazardous free chemical methods for
synthesizing NPs with the desired size and shape. This study based its ZnONPs
synthesis on the modified hydrothermal method (Ahmad et al. 2011; Laber et al. 2016).

4.1.3.1 Synthesis of ZnONPs by the hydrothermal method

In the following synthesis, the three factors that influence the morphology of the
synthesized flower-like nanostructures of ZnO are the temperature of the pressure
cooker, the concentration of the alkali and the delay time the nanostructures spend on
the pressure cooker (Laber et al. 2016). The synthesis was divided into two batches

as follows, with a summary of parameters presented in Table 4.1 below:
Batch 1: Pressure varying on the Pressure Cooker

Procedure: 1.1392 g of zinc gluconate and 0.1403 g in a molar ratio of 1:1 were
dissolved in 50 mL distilled water with vigorously magnetic starring at 850 rpm for 30
min. The solution remained white in colour and was stirred at room temperature. After
that, the resulting suspension was hydrothermally treated ina Russel Hobbs 6L electric
pressure cooker presented in Figure 4.2, under manual setting with a delay timer of 6

h at low pressure (temperature = 104 °C and exact pressure= 17 kPa).

The resulting white precipitate was collected by centrifugation at 2500 rpm for 30 min
using HeHich universal centrifuge (L1G3). The white precipitates were oven-dried at
60 °C for 10 h. Finally, for calcination, Scientific oven (MODEL: Series 2000) was used
at 250 °C for 3 h. The ZnO products were ready for characterization, and the above

procedure was repeated with 30 and 70 kPa in the electric pressure cooker.
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Table 4-1: The following table sums up parameters in the hydrothermal synthesis of ZNnONPs.

The pressure was then investigated variable

0.05 mol/L Zinc gluconate and
Batch 1,1 0.05 mol/L potassium
hydroxide

Low pressure: temp =104 °C
pressure approx. 17 kPa

0.05 mol/L Zinc gluconate and
Batch 1,2 0.05 mol/L potassium
hydroxide

Medium pressure: temp = 107
°C pressure approx. 30 kPa

0.05 mol/L Zinc gluconate and
Batch 1,3 0.05 mol/L potassium
hydroxide

High pressure: temp = 115
°C pressure approx. 70 kPa

Batch 2: Varying concentrations of KOH

The concentration of potassium hydroxide was investigated as a variable affecting the

morphology of ZnO flower-like nanoparticles.

In different beakers, 0.2805 g, 0.4208 g, and 0.5611 g were mixed with 1.1312 g of
zinc gluconate, and the salts were dissolved in 20 mL of distilled water with vigorously
magnetic starring at 850 rpm for 30 min. The solutions remained white in colour and
were stired at room temperature. After that, the resulting suspensions were
hydrothermally treated in a Russel Hobbs 6L electric pressure cooker (MODEL NO.
RHEP7), under manual setting with a delay timer of 6 h at low pressure (temperature

=104 °C and exact pressure= 17 kPa).

The resulting white precipitate was collected by centrifugation at 2500 rpm for 30 min
using HeHich universal centrifuge (L1G3). The white precipitates were oven-dried at
60 °C for 10 h. Finally, for calcination, Scientific oven (MODEL.: Series 2000) was used

at 250 °C for 3 h. The ZnO products were ready for characterization.
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Figure 4-2: Schematic representation for Hydrothermal synthesis of zinc oxide nanoparticles employing
an electric pressure cooker from a zinc gluconate precursor is shown.

4.1.4 Structural characterization techniques

This section entails theoretical principles of structural and morphological
characterisation techniques. Attenuated total reflection mode transform infrared
spectroscopy, UV-Visible spectroscopy, thermogravimetric techniques are some of the
structural characterizations while high-resolution transmission spectroscopy is

employed for morphological characterisation of nanomaterials.

4.1.4.1 Attenuated total reflection mode Fourier transform infrared (ATR-FTIR)

Forfunctional group characterisation, Attenuated Total reflection infrared spectroscopy
was used as the molecule absorbed IR energy because of change inits dipole moment
due to vibrations or rotations. The ATR characterization of ZnONPs was performed in
the range of 4000 to 500 cm-".
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4.1.4.2 High-resolution transmission electron microscopy (HR-TEM)

The morphological characterization of the nanocomposite used for electrode
modification was done with high-resolution transmission microscopy. A JEOL 2100
High-resolution Transmission Electron Microscope (brightfield, darkfield, diffraction
STEM, EDX) was used for optical microscopic viewing of the Biocomposites employed
in electrode fabrication, at 200 k V acceleration voltage. The samples were dissolved
in ethanol and sonicated for an hour before being placed on a carbon film, for

microscope viewing after drying at room temperature.
4.1.4.3 UV-Visible spectroscopy

Single beam UV-Visible spectroscopy (Cary 50, version 1.00) was employed for
obtaining optical properties of the synthesized zinc oxide nanoparticles, over a broad
wavelength range of 200 nm to 800 nm. In this instrument, the blank and sample
solution were separately placed in vial or cuvette, which is then inserted into the

radiation path within the instrument.

4.1.4.4 Field flow fractionation characterization technique

Field flow fractionation (FFF) is a technique with different modes that are capable of
characterising and separating large particles, polymers, colloids that are usually
suspended or dissolved. This study applied two modes of field flow fractionation,
asymmetric and centrifugal field flow fractionation, for particle size characterization of

zinc oxide nanoparticles suspended in 0.2 % NovaChem.

i. AF4

AF4 mode of field flow fractionation with the injection volume of 19,7 uL, for particle
size analysis of ZnONPs had the following dimensions: The AF4 system is furnished
with the solvent degasser (PN7520) compatible with aqueous solutions, 2 Piston HPLC
pump (PN1130) with aqueous compatibility, an autosampler (Perkin Elmer PN 5300
Autosampler), Perkin Elmer online Multi-Angle Light Scattering MALS detector (PN
3621/21 Angle Detector) and Perkin Elmer 4-channel UV/Nis detector (PN3241 DAD).
The radii of gyration of the different ZNONPs were determined by employing MALS
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detector with different (21 to be specific), angles with 90° angle being used as optimum
for radii of gyration determinations. The applied angle showed the best fit with the
sphere model. The detectors, MALS detector, were set to 20% LP, whereas that of the
UV-vis detector was set to be CH1: 280 nm, CH2: 220 nm, CH3: 254 nm, and CH4:
320 nm. The system is equipped with a 10 kDa regenerated cellulose membrane,

Aqu/Org, 10-70°C, and following size dimensions: 294 mm x30 mm, 10 PC.s

Ultrapure water was used to prepare 0.2 % Novachem eluent, which was used

throughout the experiment.
i. CF4

CF200 mode of field flow fractionation with the injection volume of 19,7 pL, for particle
size analysis of ZnONPs had the following dimensions: The CF4 system is furnished
with the solvent degasser (PN7520) compatible with aqueous solutions, 2 Piston HPLC
pump (PN1130) with aqueous compatibility, an autosampler (Perkin Elmer PN 5300
Autosampler), Perkin Elmer online Multi-Angle Light Scattering MALS detector (PN
3621/21 Angle Detector) and Perkin Elmer 4-channel UV/is detector (PN3241 DAD).
The radii of gyration of the different ZnONPs were determined by employing MALS
detector with different (21 to be specific), angles with 90° angle being used as optimum
for radii of gyration determinations. The applied angle showed the best fit with the
sphere model. The detectors, MALS detector, was set to 20% LP, whereas that of the
UV-vis detector was set to be CH1: 280 nm, CH2: 220 nm, CH3: 254 nm, and CH4:
320 nm.

Ultrapure water was used to prepare 0.2 % Novachem eluent, which was used
throughout the experiment. A summary of working parameters is shown in Table 4.2

below.
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Table 4-2: Summary of Field Flow Fractionation working parameters for the separation of ZnONPs.

AF4 CF4
Detector flow (mL/min) 0.50 Flow rate (mL/min) 0.50
Injection flow (mL/min) 0.20 Injection Volume (uL) 20
Injection time (min) 5 Injection time (min) 1.2694
Spacer (um) 350 Spacer (um) 250
Run Time (min) 55.3 Rotor speed (rpm) 1500
Crossflow (mL/min) 1 Run Time (min) 64.37
Focus pump (mL/min) 0.1 Focusing time (min)
Tip pump (mL/min) 0.10
Injection wolume (pL) 215

4.1.4.5 Inductively coupled plasma mass spectrometer

A PerkinElmer NexION Inductively coupled plasma mass spectrometry furnished with
Syngistix Nano Module was used for the single-particle analysis of the hydrothermally
synthesized ZnONPs.

4.1.4.6 Thermogravimetric characterization technique

The thermogravimetric analysis (TGA) technique was used for studying the thermal
stability of the nanomaterial used for platinum electrode modification. The weight
changes of the samples were measured as the temperature profile was ramped from
0 °Cto 1000 °C. The calibration of the TGA was obtained using Indium standards. This
TGA model was comprised of an MX1/XP1 balance type consisting of a 70 pL
aluminium sample holder. Nitrogen purge gas was used for the inertness of the system.
TGA’s compatibility various sample types were utilized in obtaining the thermal stability

of nanomaterial used in this study for electrode modification.
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415 Fabrication of sensors

4.1.5.1 Preparation and fabrication of GO/ZnONPs/T1R2/Pt-E for detection of
Reb A

Zinc oxide nanoparticles synthesized from zinc gluconate precursor hydrothermally
were homogenised with graphene oxide, multiwalled carbon nano cubes, and T1R2 as
a recognition element for electrochemical immunosensing Reb A. Zinc oxide powder
nanoparticles were dispersed in water to prepare 1 mg/ml solution. This resulting
ZnONPs dispersion was then ultrasonicated for an hour to improve monodispersity
while lowering agglomeration effects. Graphene Oxide solution was prepared
according to (Bathinapatla et al. 2016), by quantitatively measuring 1 ml of graphene
oxide into 10 ml of deionized water. The ZnONPs/GO nanocomposite was achieved
by mixing ZnONPs water dispersion and GO water dispersion in a ratio of 1:1 and
sonicating for one hour to obtain a homogenized mixture. ZNONPS/GO/MWCNTs
nanocomposite was obtained by mixing bare MWCNTs dispersed in DMF with the

previously prepared ZnONPs/GO nanocomposite.

The resulting ZnONPs/GO/MWCNTs were also homogenized by ultrasonication for 1
hour to obtain a black paste for platinum working electrode modification. TLR2 which
serves as a biological recognition element for Reb A was drop-casted on the last stage
of electrode modification, with the modified electrode left to stand at room temperature

for an hour before analysis.

Before the modification of the nanomaterial unto the surface of the platinum electrode,
cleaning to ensure removal of the chemisorbed and physiosorbed materials. This
cleaning stage was obtained by gently polishing the surface of the electrode against
alumina (< 3 um) followed by rinsing off with deionized water. The manual cleaning
was then followed by electrochemical by measuring current responses in acidified
water while the potential was ramped from -1 V to 1 V Vs Ag/AgCI. During the step by
step modification, shown in Figure 4.3, a 5 pL of the nanocomposite was carefully drop-
casted onto the surface of the platinum working electrode and oven-dried at 40 °C for

20 min.
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The step by step fabrication of the electrochemical immunosensor for studying Reb A

is shown in Figure 4.3.
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Figure 4-3: Schematic mechanism of electrode fabrication for immunosensing of Reb A

4.1.6 Electrochemical characterization
4.1.6.1 Cyclic voltammetry (CV)

Cyclic voltammetry provided qualitative electrochemical behaviour of Rebaudioside A
in 0.1 mol/L pH 11.0 borate buffer (supporting electrolyte) from a potential range of -
0.4 V to 0.8 V vs Ag/AgCl. The development of this Reb A sensor's parameters was
optimized from bare Pt electrode to ZnONPs/GO/MWCNTs/T1R2/Pt electrode, using

cyclic voltammetry.
4.1.6.2 Electrochemical measurement of Reb A

Electrochemical measurements of Reb A employed cyclic voltammetry for qualitative
studies and differential pulse for quantitative studies at room temperature in a three-
electrode system electrochemical cell. The three-electrode system consisted of
Platinum as the working electrode, graphite electrode as the counter electrode, and

silver/silver chloride as the reference electrode. For measurements, the 20 mi
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electrochemical cell was filled with 10 ml of 0.1 M pH 11.0 borate buffer, 20 uL of 100

mg/L of Rebaudioside A working standard.

4.2 Computational studies
4.2.1 Template selection

Due to the absence of a crystal structure of the human taste receptor 1 (T1R2), the
sequence obtained from (Uniprot ID: Q8TE23) was modelled by homology modelling

using the Chimera software as an interface to the Modeller Software version 9.1.

4.2.2 Molecular docking of the human T1R2-Reb A complex

The human T1R2 homolog was docked onto Reb A, retrieved from the PubChem
database using Autodock Vina. This software performs the prediction of the bound
conformation based on free energy, which was calculated on the basis of the empirical
force field and the Lamarckian Genetic Algorithm. The Grid module was used to create
a grid box of dimensions X=56, Y= 70 and Z= 56 along the centre X= 14.542, Y= -
16.714 and Z= 63.662 with a spacing of 0.375A. The efficiency of the predictions was
amplified by setting the parameters associated with the Lamarckian genetic algorithm
to the maximum efficiency values. The docked T1R2-Reb A conformation with the
highest docking score was selected for the molecular dynamics (MD) simulations. The
resulting human T1R2-Reb A complex was used for all subsequent methods

performed in this study.

4.2.3 Molecular dynamics (MD) simulations

The molecular dynamics simulations were performed on the docked complex using the
AMBER 18 molecular dynamics package (Wang et al. 2004a). The bonded and non-
bonded description of the interactions between the various atoms has been described
using the AMBER18 force fields which include the GAFF force field parameters. Due
to the lack of parameters needed for Reb A in the Cornell et al force field, the missing

parameters were created. Optimization of the Reb A was performed at the HF/6-31G*

50



level with the Gaussian 09 package. The human T1R2 homolog was energy minimized
and equilibrated via molecular dynamics simulations and discussed as follows. The
standard AMBER force field for bioorganic systems (ff03) was used to define the
topology and parameter files for the TIR2 homolog and Reb A using “GAFF” force field
parameters based on the atom types of the force field model developed by Cornell et
al. The topology and coordinate files were generated using the antechamber module
of AMBER 18, and the missing hydrogen atoms were added and saved for the T1R2
homolog using the LEaP module inside AMBER 18. Thereatfter, the docked T1R2-Reb
A complex was solvated in the octahedron box of TIP3P water model with buffering
distance of 10 A between the protein surface and the box boundary as well as the
neutralization was performed by adding Na* counterions to mimic the biological pH.
Cubic periodic boundary conditions were imposed, and the long-range electrostatic
interactions were treated with the particle-mesh Ewald method implemented in AMBER

18 with a non-bonding cut-off distance of 10 A.

Initially, a series of energy minimization steps are performed to eliminate any bad
contacts in the initially built structures while restraining the solute with 500 kcal/mol/A?2
harmonic force constant. The above system was minimized for 1000 cycles of steepest
descent followed by 2000 cycles of the conjugate gradient. The entire system was
freely minimized for 1000 iterations. Heating was performed for 50 ps from 0 to 300 K
with harmonic restraints of 5 kcal/mol A2 using a Langevin thermostat with a coupling
coefficient of 1/ps. The entire system was then equilibrated at 300 K with a 2-fs time
step inthe NPT ensemble for 500 ps and Berendsen temperature coupling was used
to maintain a constant pressure at 1 bar. The SHAKE algorithm was employed on all

atoms so as to constrain the bonds of all hydrogen atoms.

With no restraints imposed, a production run was performed for 100 ns in an isothermal
isobaric (NPT) ensemble using a Berendsen barostat with a target pressure of 1 bar
and a pressure-coupling constant of 2 ps for analysis of the energy stabilization and
RMSD values of the complex. The coordinate file was saved every 1ps and the

trajectory was analysed every 1ps using the Ptraj module implemented in AMBER 18.
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The thermodynamic property of the system was calculated. The free binding energy of
Reb A to the human T1R2 homolog active site was analysed by the Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA) method. A single trajectory
approach was used with 100000 snapshots at 100 ps interval of each simulation. From

each snapshot, free binding energy (AGbind) was computed from the following equation:

AGbind = GhT1R2-Reb A— GhT1R2 — GReb A (Egn 4.1)

Where AGpindis the free binding energy; Gntir2-Reb AiS the energy of the human T1R2-
Reb A complex; Gntirz2is the energy of the human T1R2, and Greb AiS the energy of
the Reb A. Due to the high computational cost in the entropy calculation, 100
snapshots were extracted from the last equilibrated 100 ns trajectory of the simulation

with 100 ps time intervals.

To theoretically evaluate the reliability of the calculated AG values, the standard error
(SE) of the calculated free binding energy was estimated by using equation 2, which is

related to the number (N) of snapshots chosen for the calculations (Morris et al. 1998).

SE = RMSF /N (Eqn 4.2)

Initially, a series of energy minimization steps are performed to eliminate any bad
contacts in the initially built structures. The above system was minimized for 1000
cycles of steepest descent, followed by 2000 cycles of the conjugate gradient. Initial
energy minimization, with a restraint potential of 500 kcal/mol A2 applied to the solute,
was carried out with the aid of the SANDER module of the AMBER 18 program using
the steepest descent method in AMBER 18 for 1000 steps followed by conjugate
gradient protocol for 2000 steps.

After the energy minimization, the system was slowly heated up to 300 K in 40 ps MD
using 1 fs integration time step, while restraining the solute with 500 kcal/mol/A2

harmonic force constant.
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Initially, the neutralized system was energetically minimized using the steepest
descent, and the conjugate gradient algorithms with a convergence criterion of 0.005
kcal/mol and the restraints were applied to the structure of the ligands before the

equilibration phase.

The entire system was freely minimized for 1000 iterations. Heating was performed for
50 ps from 0 to 300 K with harmonic restraints of 5 kcal/mol A2 using a Langevin
thermostat with a coupling coefficient of 1/ps. The entire system was then equilibrated
at 300 K with a 2 fs time step in the NPT ensemble for 500 ps, and Berendsen
temperature coupling (Berendsen et al. 1984) was used to maintain a constant
pressure at 1 bar. The SHAKE algorithm (Ryckaert et al. 1977) was employed on alll

atoms to constrain the bonds of all hydrogen atoms.

The obtained docked complexes were subjected to MD simulations using the PMEMD
module in AMBER 18 modelling package The GAFF force field parameters for the
T1R2-Reb A complex was calculated using the antechamber module of AMBER 18.
Hydrogen atoms of the proteins were added using the Leap module in AMBER 18
(Case et al. 2005). The docked T1R2 Reb A complex was solvated in an octahedron
box of TIP3P water with a buffering distance of 10 A between the protein surface and
the box boundary (Jorgensen et al. 1983). Neutralization was performed by adding

(Na*) counter-ions to mimic the biological environment more closely.

Cubic periodic boundary conditions were imposed, and the long-range electrostatic
interactions were treated with the particle-mesh Ewald method implemented in AMBER

18 with a non-bonding cut-off distance of 10 A.

The partial atomic charges for Reb A was obtained using “antechamber” (Jakalian et
al. 2000) module of AMBER 18.

Initial energy minimization, with a restraint potential of 500 kcal/mol A2 applied to the
solute, was carried out with the aid of the SANDER module of the AMBER 18 program
using the steepest descent method in AMBER 18 for 1000 steps followed by conjugate
gradient protocol for 2000 steps.
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Due to the lack of parameters needed for the ligand in the Cornell et al. force field
(Cornell 1995), the missing parameters were created. Optimization of the ligands is
first performed at the HF/6-31G* level with the Gaussian 03 package(Frisch MJ et al.
2004). The standard AMBER force field for bioorganic systems (ff03) (Duan et al. 2003)
was used to define the topology and parameter files for the protein and Reb A using
“‘gaff’” (Wang et al. 2004b) based on the atom types of the force field model developed
by Cornell etal. (Cornell et al. 1996).

4.2.3 Nanomaterials modelling

All nanoclusters were built using Materials Studio (MS) BIOVIA (Ulicny and Kozar
2018). Geometry optimization of the nanomaterials were performed with the Forcite
module(Sun 1998) as implemented in the MS software. Forcite in the MS software is
a classical molecular mechanics tool, designed to perform a range of tasks including
fast energy calculations and geometry optimizations for single molecules as well as
periodic systems. Detailed knowledge of surface interactions plays a key role in the
design of many materials and processes. An important first step in such a study is the
preparation of a model of molecules adsorbed onto the surface with optimized
geometry (that is, energy minimized). Among the different steps involved in the
modelling approach is the construction of the surface from the pure crystal, the addition
of the molecules near to the surface, the definition of the potentials (by the forcefield)
to study the nanomaterial interaction, followed by the geometry optimization

calculation.

4.2.3.1 Adsorption Studies

Here, the Adsorption Locator (AL) module as implemented in the MS software can be
used as a preparatory and screening tool with the forcefield method to obtain a ranking
of the energies for each generated configuration, thereby indicating the preferred
adsorption sites. Since the adsorbate can be adsorbed at different locations of choice
on the GO surface, the AL module was used to deduce the best adsorption site on the

surface. The AL applies Monte Carlo simulations within a lattice dynamics approach to
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obtain the best configuration. Modelling and visualization were carried out with VMD
(Humphrey etal. 1996) and Gauss View, and MS.

A 3-D model of the GO surface comprising of a pristine graphite structure, conforming
to the standard structural database in the MS software was built with oxygen atoms
manually added. A 3-D model of ZnONPs was built to conform to the standard
structural database in MS. A supercell structure (6x6x1) of ZnO was built and the
symmetry was set to have a non-periodic boundary. The unit cell of the bulk ZnO (110)
was geometry optimized using the Forcite module, with an 8 x 8 x 8 Monkhorst-Pack
mesh k-points and a kinetic energy cut-off of 4.5A. The unit cell was then relaxed using
the conjugate gradient method until the total forces acting on each atom were 8.401e-
04 kcal/mol/A. The ZnO (110) surface was geometry optimized by solving the Kohn-
Sham equation self-consistently under spin-unrestricted conditions. The double-
layered MWCNT (n=10, m=10) was built using the Build option in the MS software. To
observe the feasibility of all structures, their primitive structures were optimized by
Forcite module with fine-COMPASS force field. The convergence criteria for the
maximum values of energy alteration, force, stress, and displacement were set at 2 x
105 kcal/mol, 0.001 kcal/mol/A, 0.001 GPa, and 10> A respectively. Frequency
calculations were carried out to determine if the compounds are at the lowest surface

energy and to deduce physical interaction energies i.e. adsorption.

The adsorption energies were calculated using the following equation:

Eads = Eadsorbate + Esurface — E adsorbate/surface (Eq n 4.3)

Where Eadsorbateisthe energy of the adsorbate energy without the surface, Esurfaceisthe
surface energy of the ZnO nanoparticles and E adsorbate/surface IS the total energy of the
surface and the adsorbate. In this case, if Eads < 0; the adsorption energy implies
stability and the chemical process is exothermic, with a more negative value implying

stronger adsorption energy.
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CHAPTER 5: RESULTS AND DISCUSSION

Experimental and computational results are presented in this chapter. The
experimental results discuussed are, but not limitted to, characterization results of the
hydrothermally synthesized ZnONPs and nanomaterial employed in electrode surface
modification. Electrochemical behaviour of Reb A is entailed in this chapter using the
developed immunosensing electrode. On the other hand, molecular modelling were
employed for an in-depth understanding of molecular properties of the nanomaterial
employed for electrode modification and the recognition element. The synergies

between experimental and computational results are detailed in this chapter.

5.1 Experimental

Under this section, results are discussed, starting from the characterization techniques
for studying the compositions and properties of nanomaterials used for modifying the

platinum working electrode to the electrochemical redox properties of Reb A.

5.1.1 Characterization of bare ZnONPs

Prior application of any desired nanomaterial in any field of nanotechnology, itis very
crucial to study properties of these materials, such as size, stability, surface
composition, shape, and purity, as these traits significantly contribute to their
performances. Below is the discussion of the techniques employed in this study for

nanomaterial characterization.
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5.1.1.1 Structural, morphological and optical evaluation

(i) Attenuated total reflection mode Fourier transform infrared (ATR-FTIR)

analysis

The ATR-FTIR spectrum of precursor salt of zinc gluconate used for ZnONPs
hydrothermal synthesis, and that of the newly synthesized ZnONPs is presented in
Figure 5.1. All the FTIR analysis was carried out on an Agilent Cary 630 FTIR
employing microLab software from the spectrum range of 4000 cm! to 650 cmL. The
ZnO absorption spectra at 1392 cm! in figure 5.1 were also observed by Reddy and
colleagues (Gnanasangeetha and SaralaThambavani 2013). The absorption peak at
3247 cm is characteristic of the -OH stretching vibration, whereas the -C=0 stretching
vibration is characterized by the peak at 2949 cm, and at 1574 cm™ the -C-H

stretching vibration is evident (Becheri et al. 2008).
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Figure 5-1: [a] Infra-red spectrum overlay of Zinc Gluconate in red and ZnONPs in blue. [b] Attenuated
total reflectance Infra-red spectrum of ZnONPs with its characteristic absorption peak at 1372cm-!

(i)  High-resolution transmission electron microscopy (HR-TEM) analysis

TEM images of the hydrothermally synthesized ZnONPs are shown in Figure 5.2, and
there is moderate monodispersity in the ZnONPs dispersed in ethanol before TEM
analysis. There is an evident aggregation of nanoparticles which contribute to large

diametrical sizes. The conditions under which the nanomaterials are synthesized
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significantly affect properties such as size and morphology. In one of the ZnONPs
synthesis review, it was deduced that the aggregation is at its optimum under the
aqueous synthesis of ZnONPs (Becheri et al. 2008). The rectangle highlighted area

was analysed using ImageJ software for particle size.
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Figure 5-2: High-resolution transmission electron microscope image of hydrothermally synthesized
ZnONPs \iewed and calibrated by ImageJ.

(iii) UV-Visible spectroscopy analysis

The optical properties of the newly synthesized ZnONPs were studied using UV-Vis
spectroscopy from the wavelength range of 200 to 800 nm. It is reported that the
maximum light absorption of bare ZnONPs is expected from around 300 to 395 nm
(Song et al. 2016). The experimental band gap of the synthesized ZnONPs was

deduced by linear extrapolation from the absorption peak in the UV Spectrum to be
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3.22 eV, which is in good agreement with the ZnONPs energy band gaps previously
reported by literature and by (Javed et al. 2017). Figure 5.3 displays the linear
extrapolation to obtain the energy band gap of ZnONPs.
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Figure 5-3: Uwsible absorption spectrum of hydrothermally synthesized ZnONPs from 200 to 800 nm
was used to obtain the optical energy band gap to be 3.22 eV.

() Thermogravimetric characterization analysis

Thermogravimetric profiles of hydrothermally synthesized ZnONPs through employing
a pressure cooker together with nanomaterials (GO,MWCNTs) used for electrode
modification are presented in Figure 5.4 [a] and [b], respectively. The thermal stability
and behaviour of ZnONPs and nanomaterial used for electrode modification were
studied by thermogravimetric analysis. The TG curve ascends from the temperature
onset until it reaches 172 °C. The TG profile illustrates three weight loss intermediates
upon obtaining the pure phases of ZnONPs. Theoretically, there is an expected 22%
weight loss attributed to the physically adsorbed water from the temperature range of
50 to 135 OC (Zak et al. 2011). The resulting weight loss amounting to 2.10% is
attributed to chemically bound functional groups, the TG profile then levels up to
around 540 °C.
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Figure 5-4: [a]: TGA analysis of ZNONPs synthesized by electric pressure cooker assisted hydrothermal
method. [b]: TGA analysis of ZnONPs synthesized by electric pressure cooker assisted hydrothermal
method, bare MWCNTs, ZnONPs/GO nanocomposite, and ZnONPs/GO/MWCNTs nanocomposite
used in Pt-E modification for Reb A detection.

(i)  Field flow fractionation characterization analysis

Field flow fraction’s subsection asymmetric field flow fractionation (AF4) was employed
for hydrodynamic diameter characterization of ZnONPs. Prior analysis of the
synthesized ZnONPs samples, the separation efficiency of the instrument and coupled
detectors (UV detector and MALS detector) was tested via a mixture of Latex particle
calibration. All fractograms were recorded using both UV and MALS detector ina 0.2
% Novachem100 as the dispersion surfactant and the high separation ability for AF4
is presented as overlay fractograms of Latex particle mixture in Figure 5.6 [a]. The
linear calibration of Latex particles versus Retention Times is presented in Figure 5.6
[b], with an R? value of 0.9861.
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Calibration of MALS detector with latex standards:

[a] [b]

Figure 5-5: [a]: Owerlay of triplicate FFF(AF4)-UV and MALs fractograms of Latex calibration standards
with 60 nm, 125 nm, and 350 nm particle sizes. AF4 separation conditions were 1.0 mL/min channel
flow and 1.0 ml/min crossflow. [b]: linear regression calibration function using 60, 125, and 350 nm
Latex Standards showing retention times related to particle sizes obtained from UV detector at 280 nm
wavelength in 0.2% NovaChem100 surfactant.

The experimental radius of gyration (Rg)values for the different sized Latex mixtures
were obtained after integrating the different regions of interest, fitting a sphere
calibration curve. Table 5.1 displays the theoretical and experimental Rg values of the

different sized (60, 125, 350 nm Latex standards.
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defined ROIs. [c] and [d]: Results sheet, showing results tab for the performed analysis in the elution

mode.
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Table 5-1 : Latex calibration standards of 60, 125, and 350 nm different particle sizes summarized.

Latex Hydrodynamic Hydrodynamic Radius of Rg (exp) (hm)
diameter (nm) radius (nm) gyration (nm)

L60 60 30 23.3 19.3

L125 125 62.5 48.4 43.1

L350 350 175 135.6 143.9

In this case, the measured size of ZnONPs is slightly higher in AF4 compared with
ZnONPs ICP-MS, discussed shortly after this sub-heading. The difference in sizes is
attributed to the technique measuring hydrodynamic diameter as opposed to the
particle diameter(Poda et al. 2011). Figure 5.10 shows an AF4-UV detector fractogram
of hydrothermally synthesized ZnONPs After integration of the region of interest in a
random coil fitting calculation type curve, the experimental radius of gyration was found

to be 46 nm and diameter of gyration equalling to 118 nm.

Figure 5-7 : AF4 UV fractogram of hydrothermally synthesized ZnONPs, the separation conditions were
1.0 ml/min Crossflow and 1.30 ml/min Focus pump flow.
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(iii)  Inductively Coupled Plasma analysis

Inductively coupled plasma was used for the size characterization of ZnONPs. ICP-MS
size distribution histograms for the calibration using ZnONPs dissolved standard and
for hydrothermally synthesized ZnONPs are seen in the Figures, 5.8 and 5.9,
respectively. The 70 nm ZnONPs standard used for calibration was diluted in aratio of
1: 100000, whereas the synthesized ZnONPs were diluted in a 1: 10000, using ultra-
pure water (Donovan et al. 2016). For calibration, the size stated by the manufacture
for ZNONPs standard was 70 nm, and after sonication to reduce aggregation, and the
most frequent and mean size of 71 nm and 74.45 nm. For the synthesized NPs, the
most frequent and mean size obtained by ICP-MS were 93 nm and 90.88 nm,

respectively.

In Sigle-particle ICP-MS analysis, the major difficulty faced by researchers is the
inability to measure nanomaterials less than 20 nm in size. This is not the case with
PerkinElmer's NexlON® 2000 ICP-MS, as it is equipped Syngistix™ Nano Application
Software Module, with a distinguished RF generator, being able to measure

nanoparticles less than 10 nm even when in mixtures.

Most Freq. Mean Size
Sample Analyte Size (nm) (nm)
Zn 70 nm STD Zn 65.926 71 74.45179

65



[a]

16
144
12-
104

Frequency

-Freguenczl

20 40 60 80 100 120 140 160

Diameter {(nm)

[b]

50 —T——
= Intensity (Counts)
Linear Fit of Intensity (Counts) |
__ 40+ 1
2 7
5 30 -
3\ 20 /-’ .
7] " y=43.0668x - 0.2920 |
c A~ 2
[ R* =0.9976
£ 10- // ;
0 S
00 02 04 06 08 1.0

Concentration (pgi/L)

Figure 5-8 : [a]Size distribution histogram for ZnONPs dispersion Type A-Nonionic 70 nm standard
using dissolve calibration with the most frequent and mean sizes of 71 nm and 74.45 nm, respectively .

[b] particle calibration for 70 nm ZnONPs STD.

Most Freq. Mean Size
Sample Analyte Size (nm) (nm)
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Figure 5-9: [a]: Size distribution histogram for the synthesized ZnONPs with the most frequent and
mean sizes of 93 nm and 90.88 nm using dissolved calibration. [b]: Particle calibration of the
synthesized ZnONPs.
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5.1.2 Electrochemical characterization behaviour of ZnONPs

The main aim of this study was to develop an electrochemical sensor for detection
Rebaudioside A. Cyclic voltammograms of 100 mg/L Reb A are presented in Figure
5.10, at bare Pt electrode against the ZNONPs/MWCNTs/GO/T1R2 modified Pt-E pH
11.0 in aqueous 0.1 M borate buffer. Redox properties of Reb A were studied by
applying the bare and modified Pt-Es. In Figure 5.10, itis evident from current-potential
responses, that there are low oxidation and reduction peak currents when sensing Reb
A, using bare Pt-E compared to when the working electrode is modified with the
ZnONPs/MWCNTs/GO/T1R2 nanocomposite.

Figure 5-10 : Cyclic wltammogram of 100 mg/L Reb Ain pH 11.0 0.1 M borate buffer solution at a bare
Pt electrode and T1R2/ZnONPs/MWCNTs/GO/Pt-E.

i. Characterization of GO/ZnONPs/T1R2/Pt-E

Comparative cyclic voltammograms of different electrodes under this study, showing
oxidation peak currents of Reb A are displayed in Figure 5.11. The analytical peak of
Reb Ain Figure 5.11 is evident at 0.2 V vs Ag/AgClI with the bare Pt electrode and a
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slight shift to more negative potentials vs Ag/AgCl The bare Pt electrode showed a
broad and weak peak intensity of Reb A response compared to the well distinct
analytical peaks of the modified electrodes. According to literature (Bathinapatla et al.
2016) the analytical peak attributed to the reverse reduction of the carboxyl group was
observed at -0.1 V vs Ag/AgCI. The difference insurface areas of the bare and modified
platinum electrode was studied using 100 mg/L Reb A solution at pH 11.0 in the
presence of 1 M Kz[Fe(CN)s] as the redox mediator solution. The ferro/ferricyanide
redox couple is amongst the most studied in electrochemistry and is identifiable by on

heterogeneous electron transfer with n =1 (Bathinapatla et al. 2016).

The electro-active surface of the modified electrode can be estimated by using the
K3[Fe(CN)s] probe solution employing and following Randles-Servick equation (Kaur
et al. 2013) :

I, =2.69x10°x AX D2 xn32 xv'/2 x C (Eqn 5.1)

Where symbols have their usual meanings, with Ip referring to the peak current, n being
the number of electrons transferred in the reaction, A is the electroactive area (cm?),
D is the diffusion coefficient of the bulk concentration of the redox probe (cm?/s), v is
the scan rate (V/s) and C is the concentration of the probe molecule inthe bulk solution

(mol/cm3s).

The cyclic voltammetry analysis of Reb A in the scan rate from 0.01 V/s to 0.2 V/s,
linearly increased anodic and cathodic peak heights, whereas the anodic peak
potentials were shifted to the right. The concentrations of the electroactive species (I)
were deduced from the slope of the plot of anodic and cathodic currents versus the

scan rates, according to the following equation:
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; _ M*XF*XAXTxv (Eqn 5.2)
P 4XRXT

Where I represents peak current, n is the number of electrons that are partaking in
the reaction, with F being the Faraday’s constant, A is the geometric surface area of
the working electrode (cm?), I' (mol/cm?) refers to the surface coverage, v is the scan
rate (V/s), R is gas law constant (Lxatm/molxK) and the temperature at K. The
concentration of the electroactive species at the surface of the modified working

electrode is determined from the slope of the anodic current versus scan rate.

Figure 5-11 : Current-potential responses of Reb A at the different modified Pt-E’s.

1. Effects of pH and scan rate at peak current and position

Cyclic voltammetry is a powerful technique for qualitative analysis of electroactive
compounds. In this study, prior to quantification of Reb A with the developed
electrochemical sensor under DPV mode, cyclic voltammetry is employed in

determining optimum parameters such as pH and scan rates for effective of Reb A.
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A 0.1 M borate buffer supporting electrolyte in a pH range of 4.0 to 11.0 was used to
study the changes on the peak current and peak potential of Reb A on the modified
working electrode. There is a gradual increase in peak current as the pH of the
electrolyte is increased, with pH 11.0 of 0.1 M borate buffer being the optimum pH for
further analysis. The lower concentration of hydronium ions in more basic medium
resulted in less interference with the carboxylic reduction peak. This motivated the
study to be carried out in pH 11 borate buffer due to high electron transfer and less
interference. The pH of the supporting electrolyte also has a direct effect on the peak
potential of the electroactive species to be analysed, this was evident on this study, as
the anodic peak potential shifted to the right and cathodic peak shifted to the left when
the supporting electrolyte pH was ramped from lower to higher values. Figure 5.12
graphically represents the pH effect on peak current and potential of Reb A against the
modified electrode. The changes in the peak current and the potential of Reb A are
attributed to the reduction abilities of the carboxylic group within the structure. The
reduction capacity of carboxyl group is highly pH dependent, hence there is a shift in
peak potentials with the change in pH of the supporting electrolyte (Bathinapatla ef al.
2016).

Current (uA)

b L LJ L) L hd
04 0.2 0.0 0.2 04 0.6 0.8
Potential (V)
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|ii] Effects of varying pH on Peak Curents and Potential Reb A in Pt electrode
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Figure 5-12: [i]: Cyclic wltammograms of Reb A recorded at different pH values of 0.1 M borate buffer
with 100 mg/L Reb A standard on recorded at platinum electrode modified with
T1IR2/ZnONPs/MWCNTs/GO/Pt-E  nanomaterial. [ii]: Graphical representation of the dependence of
oxidation peak current of Reb A on T1IR2/ZnONPs/MWCNTs/GO/Pt-E immunosensor.

The effect of the scan rate on the peak current and potential of Reb A was investigated
using 100 mg/L Reb A in 0.1 M borate buffer at 11.0. Figure 5.13 shows cyclic
voltammograms of 100 mg/L at Pt/GO/T1R2 working electrode displaying scan rates
ranging from 0.01 V/s to 0.2 V/s. As the scan rate is increased, the oxidation and
reduction peak current increase linearly as the scan rates are ramped from 0.01 V/s to
0.2 V/s. The shifts in anodic peak potential to the more positive potentials and in
cathodic peak potentials to the fewer negative potentials were observed as the sweep
rate was increased from 001 V/s to 0.2 V/s. This linear relationship between the scan
rate and the oxidation peak current of Reb A is indicating that the electrochemical
behaviour of Reb A at the modified surface is adsorption controlled. This direct
proportionality is confirmed by the regression coefficient (R2) equalling to 0.99317 with

the regression equation of y = 12.807x + 0.25343.
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[i] [ii]

Figure 5-13 : [i] Cyclic wltammograms of Rebaudioside A at pH 11.0 borate buffer from 0.01 V/s to
0.02 V/s scan rates [ii] Graphical representation of the dependence of oxidation peak current and
potential of Reb A on different scan rates (0.01 V/s to 0.2 V/s) of Pt/GO/MWCNTs/T1R2 immunosensor.

ii. Electrochemical behaviour of GO/T1R2/Pt on Reb A

The electrochemical and catalytic behaviour of reduced graphene oxide with
immobilized T1R2 was investigated by measuring current responses of Reb A as the
result of applied potential. The three-electrode system comprised of Ag/AgCl as the
reference electrode, counter electrode as graphite and the platinum working electrode
was modified with hydrophobic reduced graphene oxide and multi-walled carbon
nanotubes. The catalytic capabilities of the nanocomposite were investigated through
qualitative and quantitative electrochemical techniques, that is cyclic voltammetry and

differential pulse voltammetry, respectively.

5.1.3 Quantification of Rebaudioside A

Differential pulse voltammetry (DPV) is an analytical tool comprising of advantages
such as short pulse time and sensitivity for both quantitative analysis and
understanding chemical reaction kinetics, thermodynamics, and mechanisms. In this
study, because of its sensitivity, DPV was used to accurately quantify Reb A at
GO/T1R2/Pt and under optimized electrochemical parameters (pH 11.0, scan rate:
0.09 V/s, and deposition time: 40 s)
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The DPV measured current responses as a result of applied potential in 0.1 M borate
buffer at pH 11 for different concentrations of Reb A at the modified working electrode.
Figure 5.14 displays anodic peak currents of concentrations from 0.1996 mg/L to
1.5748 mg/L at 0.2 V vs Ag/AgCl with a linear relationship between anodic currents
and the change in Reb A concentration, with a linear regression equation of lpa = -
0.9913x + 7.1462 and RZ value of 0.9729. The LOD and LOQ for this developed
method were found to be 0.6346 mg/L and 1.923 mg/L indicating the ability and
effectiveness of the developed method for electrochemical sensing of Reb A. When
indirect quantification of the analyte of interest is employed, the anodic/cathodic peak

current is noted to decrease with the increase in analyte concentration.
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Figure 5-14: [a]: DPV of Reb A at pH 11.0 borate buffer using Pt/GO/T1R2 immunosensor. [b]:

Graphical representation of the linear relation between the concentration of Reb A and Oxidation peak
current.

Figure 5.15 illustrates step by step fabrication of the bare Pt-E into the fully modified
electrochemical immunosensor for the detection of Reb A. The top view of the
schematic representation details mechanism of detection undergone by Reb A through

the unstable carbonyl system of the structure.
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Figure 5-15: Bare Pt-E modification with nanocomposite with the mechanism illustrating
electrochemical behaviour of Reb A.

5.1.3.1 The linearity and sensitivity of electrochemical immunosensor

The developed electrochemical immunosensor was exposed in different
concentrations of Reb A ranging from 0.1996 to 1.5748 ppm. The increase in
concentration of Reb A resulted in inverse proportionality in current as depicted in
figure 5.16 [b]. Differential pulse voltammetry method was used for quantifying Reb A.
The measure current response as potential is applied potential linearly decreased with
R2 of 0.9687.
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Figure 5-16: [a]: DPV of Reb A at pH 11.0 borate buffer using PtYGO/MWCNTs/T1R2 immunosensor,
[b]: Graphical representation of the linear relationship between the concentration of Reb A and
Oxidation peak current, with fairly low limits of detection and quantification
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5.2 Computational modellingand Simulation
5.2.1 Homology Modelling

The human sweet taste receptor generated is represented as a 3-D structure as shown
in Figure 5.17 [a], the 3-D structure of T1R2 was further subjected to optimization tools
for energy minimization and the active sites were determined and validated using Site-
Hound web programme (Xie and Hwang 2015). Thereafter, the stereo-chemical
qualities of the predicted structures were assessed using the Ramachandran plots in
Maestro Schrodinger suite, affirming the validation of the homolog as shown in Figure
5.17 [b].
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Figure 5-17: [a]: Homology model of the Human Taste Receptor 1 (T1R2) containing 839 amino acid
residues. [b]: The Ramachandran Plot of the Human Taste Receptor 1 homolog.

Closest active sites were selected and used for further modelling studies. The
MolProbity structure validation tool was employed to validate the model (Guex and
Peitsch 1997), showing that 86.7 % (i.e. 726 out of 827 residues) were in the favoured
regions while 94.9 % (i.e. 794 out of 837 residues). were in the allowed region, which
left a list of 5 % outliers (i.e. 43 out of 837 residues). None of the employed active sites
for modelling in this study are part of the mentioned outliers, thus providing solid

evidence that the predicted 3D structure of the human T1R2 is of a good quality.
5.2.2 Molecular Docking

Molecular Docking studies were based on Protein-Ligand docking using Auto-dock to
predict predominant molecular binding sites between protein (T1R2) and ligand (Reb
A). Auto-dock uses the “search and score” grid-base method where T1R2 was held
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RIGID while Reb A was allowed to be flexible around the ligand. Figure 5.18 below

shows protein-ligand complex for molecular docking through Autodock.

Binding Affinity = -8.7 kcal/mol
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Figure 5-18 : Protein-Ligand model by Auto-dock.

In our docking simulation, The human T1R2 homolog was docked onto Reb A,
retieved from the ZINC database (National Center for Biotechnology Information
2019), and docked into the predicted binding site of the human T1R2 homolog-using
Autodock Vina (Trott and Olson 2010). This software performs the prediction of the
bound conformation based on free energy, which was calculated on the basis of the

empirical force field and the Lamarckian Genetic Algorithm (Morris et al. 2009).

Docking studies performed between Reb A and human T1R2 Homolog indicated the
strong binding affinity displaying a mutual host-guest relationship with a binding affinity
of -8.7 kcal/mol as shown in Figure 5.18. Reb A also showed strong binding affinity
human T1R2 when docked against both Homolog models of T1R2 and T1R2 subunits
of human sweet taste receptors (Mayank and Jaitak 2015). This is how molecular

modelling was used to substantiate the use of T1IR2 human sweet taste receptor as
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the biological recognition element immobilized on the surface for the working electrode

for electrochemical immunosensing of Reb A.

5.2.3 Molecular Dynamic (MD) simulations
5.2.3.1 Simulation preparation and optimization

All atom molecular dynamics simulations have been performed on the docked
complexes using AMBER 18 molecular dynamics package (Cornell et al. 1996; Case
et al. 2005). The bonded and non-bonded description of the interactions between the
various atoms has been described using the AMBER 18 force fields, which include the
GAFF (Nerenberg and Head-Gordon 2018) force field parameters. Due to the lack of
parameters needed for the ligand (Reb A) inthe Cornell et al. force field (Cornell 1995),
the missing parameters were created. Optimization of the Reb A was performed at the
HF/6-31G* level with the Gaussian 03 package (Frisch MJ et al. 2004). The standard
AMBER force field for bioorganic systems (ff03) (Duan et al. 2003) was used to define
the topology and parameter files for the protein and Reb A using “GAFF” (Wang et al.
2004b) force field parameters based on the atom types of the force field model
developed by Cornell et al. (Cornell et al. 1996). The topology and coordinate files were
generated using the antechamber module of AMBER 18, and the missing hydrogen
atoms were added and saved for the protein using the LeaP module inside AMBER
18. Thereatfter, the docked T1R2-Reb A complex was solvated in the octahedron box
of the TIP3P water model (59), as well as the neutralization, which was performed by
adding the counterions to mimic the biological environment more closely. Cubic
periodic boundary conditions were imposed, and the long-range electrostatic
interactions were treated with the particle-mesh Ewald method implemented in AMBER

18 with a non-bonding cut-off distance of 10 A.

The system stability and overall convergence of simulations were monitored in terms
of Root Mean-Square Deviation (RMSD) and potential energy of the protein backbone
atoms. The RMSD and potential energy enabled us to verify that equilibration was
achieved as illustrated in Figure 5.19.
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Figure 5-19:[a] Root Mean Square Deviation (RMSD) and [b] Root mean Square Fluctuation (RMSF)
plots of the TIR2-Reb-A complex.

Here, the system was well equilibrated where the RMSD value of the system did not
all exceed 1A after stabilising at approximately 15000 ps. The Root Mean Square
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Fluctuations (RMSF) of the average structure from the trajectory reports the residue
and atomic fluctuations to check if the simulation results are in accordance with the
crystal structure. The RMSF plot shows the temperature profiles of each amino acid

residue.

The interaction of biomolecules and nanostructures employed in the layer-by-layer
fabrication of the proposed immunosensor for Reb A were understood at a molecular
level by calculating adsorption energies. The most stable system being GO/MWCNTSs
whereas the least stable system was GO/ZnONPs with the corresponding adsorption
energies of -170.45 kcal/mol and -13.85 kcal/mol, respectively (Table 5.2). The
GO/Reb A system was relatively stable with an adsorption energy of -47.94 kcal/mol,
whereas the system stability was lowered by the introduction of ZnONPs (-44.57
kcal/mol).

Table 5-2: Layer-by-layer fabrication in the development of the GO/MWCNTs/ZnO/T1R2/Reb A with
corresponding adsorption energies in kcal/mol

System AG (Adsorption energy) kcal/mol
GO/Analyte -47.940
GO/MWCNTs -170.447
GO/ZnO (1 Np) -116.161
GO/ZnO (10 Nps) -13.852
GO/MWCNTs/ZnO(10Nps) -76.642
GO/ZnO/Reb A -44.568
GO/MWCNTs/ZnO/Reb A -63.539
GO/Antibody/Analyte -38.3258
GO/MWCNTs/ZnO/T1R2/Reb A -44.286

The following Figures 5.20 to 5.26 are 3D representations of the systems viewed in
various representations, using Material Studio along with their corresponding
adsorption energies in kcal/mol. This was aimed at mimicking the layer-by-layer

electrode fabrication stages employed in this study.
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GO/Reb A system AG (Adsorption
energy) kcal/mol

Rebaudioside A

-47.,940 kcal/mol

Figure 5-20: Representation of GO/Reb A system comprising of GO in stick model while Reb A is in the
ball and stick model with calculated adsorption energy (AG) of -47,940 kcal/mol at 3 nm scale.

MWCNTs/GO system AG (Adsorption
energy) kcal/mol
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Figure 5-21: Representation of MWCNTs/GO system comprising of MWCNTs in stick model while GO
is in the ball and stick model with calculated adsorption energy (AG) of -170.447 kcal at 3 nm scale.
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Figure 5-22: Representation of ZnONPs/GO system comprising of GO in stick model while ZnONPs is
in the ball and stick model with calculated adsorption energy (AG) of -13.852 kcal/mol at 2 nm scale.
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ZnONPs/GO/Reb A system AG (Adsorption
energy) kcal/mol

Rebaudioside A

-44 568 kcal/mol

Figure 5-23: Computational modelling representation of ZnONPs/GO/Reb A system comprising of CPK
model graphene oxide, ball and stick model ZnONPs and stick format Reb A. The adsorption energy of
the system was calculated to be -44.568 kcal/mol.

ZnONPs/GO/MWCNTs/RebA system AG (Adsorption
energy) kcal/mol

-63.539 kcal/mol

I Multi-walled carbon nanotubes I

f T T T T 1

Figure 5-24: Computational modelling representation of ZnONPs/GO/MWCNTs/RebA system
comprising of the ball and stick model GO, ball and stick model ZnONPs, ball and stick model MWCNTSs
and stick format Reb A. The adsorption energy of the system was calculated to be -63.539 kcal/mol.
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Figure 5-25: Computational modelling representation of ZnONPs/GO/T1R2/Reb A system comprising
of stick model GO, ball and stick model ZnONPs, ball and stick model TIR2 and line format Reb A. The
system was solvated in water and adsorption energy was calculated to be -38.3258 kcal/mol.
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ZnONPs/GO/MWCNTs/T1R2/Reb A AG (Adsorption
energy) kcal/mol

-44 286 kcal/mol

Figure 5-26: Computational modelling representation of ZnONPs/GO/MWCNTs/T1R2/Reb A system
comprising of CPK model GO, ZnONPs and MWCNTs, ball and stick model TIR2 and line format Reb
A. The system was solvated in water and adsorption energy was calculated to be -44.286 kcal/mol.

Experimentally, the similar trend was observed when electrochemically studying Reb
A with different modifications at the surface of the Pt-E as previously presented in
Figure 5.11. The aim of computational chemistry was to get deeper molecular level
understanding of the immunosensor components and correlate these results to

experimental findings.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

This study presents insights into the development of a novel human sweet taste
receptor nanocomposite modified electrochemical immunosensing device for the
detection of Reb A. In Addition, the interaction between the biomolecules at the

nanostructure interface were explored using computational methods.

The electrochemical immunosensor for detecting Reb A was successfully developed,
using a step-by-step electrode fabrication strategy, followed by a series of
characterization tools. The role played by the morphology and size characterization of
nanoparticles in signal amplification was studied through HR-TEM, showing that the
ZnONPs were evenly anchored around the walls of the MWCNTs. On the other hand,
the hydrodynamic diameter obtained through asymmetric field flow fractionation (AF4)
was slightly greater than that of ICP-MS, being 118 nm and 93 nm, respectively. This
discrepancy is due mainly to the inherent theoretical principles involved in the

respective techniques.

The electrochemical behaviour of the developed immunosensor was evaluated
gualitatively and quantitatively, by employing cyclic and differential pulse voltammetry
respectively. In this work, the GO/MWCNTSs/T1R2/Pt was represented as sufficient tool
for detecting Reb A, with the nanocomposite displaying adequate catalytic efficiency
in contrast to the bare electrode. Under optimized conditions, the developed
immunosensor had a linear range of detection from 0.1996 mg/L to 1.5748 mg/L and
with a limit of detection of 0.6346 mg/L for Reb A.

This study also utilized molecular docking to better understand the ligand-protein
interaction. For this purpose, the Reb A was docked against the rigid TLR2 human
sweet taste receptor with a binding affinity of -8,7 kcal/mol and the free binding energy
of -60.445 kcal/mol. The adsorption energies of the different modification stages were

also deduced from density functional theory calculations.

The synergies between the experimental and computational methods employed in this
study, can be attributed to a positive correlation of the results obtained for the

electrochemical layer-by-layer electrode surface modification with the calculated
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results obtained for the corresponding layer-by-layer adsorption energies employed for
the electrode modification steps. An increase in the oxidation current of the Reb A in
the presence of MWCNTs showed higher adsorption capabilities as opposed to the
unmodified MWCNTs systems. A major finding of this study is the inclusion of
MWCNTs showed a better adsorption energy (AG = -76.64 kcal/mol), in contrast to a
nanocomposite in the absence of the MWCNT’s (AG = -13.85 kcal/mol).

The results of this study may contribute to the development of an immunosensor that

can potentially be used to quantify steviol glycosides inthe food and beverage industry.
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APPENDIX A :TABLE : ANALYTICAL PROCEDURES FOR SIMULTANEOUS
DETERMINATION OF REBAUDIOSIDE A IN SAMPLES OF DIFFERENT FOOD PRODUCTS

Analyte Sample Technique Mobile Column/Capillary/ [Analyte] Ref.

Phase/Electrolyte Electrode/Detector/Nanocomposite

Rebaudioside A Different Electrochemical pH 11.0 ina 0.1 M Cytochrome c/AuNPs- The biosensor exhibited (Bathinapatla
food biosensor y borate buffer GO/MWCNTs a 10-fold enhancement of et al. 2016)
samples nanocomposite the signal with Limit of

detection (LOD) ranging
from 0.001-0.05 mM

Rebaudioside A Real stevia Capillary 1 M and 0.1 M 30-mM heptakis-(2,3,6-tri- LODRreba=2.017x10° M  (Ayyappa et
and Stevioside samples Electrophoresis (CE) Sodium Hydroxide, o-methyl beta- LODstv= 7.386x105 M al. 2015)
phosphate  buffer cyclodextrin) as a
and deionized separating agent, fused
water silica capillary with 50 Im

inner diameter and 363 Im
outer diameter, and a
diode array detector (DAD)

at
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Rebaudioside

and Steviolbioside

Stevioside

Stevioside and

Rebaudioside A

Rebaudioside A

A Stevia

rebaudiana

leaves

Rebaudiana
Plant

Stevia
Rebaudiana

leaves

Stevia
rebaudiana

leaves

Capillary

electrophoresis (CE),
High-performance liquid
chromatography, Mass
spectrometry.

Reversed-phase HPLC

Soxhlet extraction

method via HPLC.

Isocratic HPLC

20 mM
tetraborate buffer,
pH 8.3, and 30 mM

sodium

sodium

dodecyl
sulphate.

Methanol and 0.1%
orthophosphoric
acid (v'v) (70:30)

Acetonitrile:  water

(80 :20, Wv)

Water/Acetonitrile
(65: 35, WV)
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The fused-silica capillary
was 56 cm (50 cm to the
detector) X 50 pm ID,
with a 3D
light

equipped
extended path
(bubble cell) from Hewlett-
Packard, equipped with

diode array detector (DAD)

Model G1316A thermostat

column and UV array
detector
Waters  XBridge C18

column ((150 mm x 4.6 mm
I.D., UV detector
range, 205-215 nm.

5um),

PurospherO STAR RP-18
endcapped 3 Im HibarO
RT 250-4.6 column at 50
°C, UV spectrophotometer

detector at 210 nm.

Under these conditions,
the detector response for
each  glycoside was
linear over the range 0.2-
5 mg/mL (0.4-20 ng

injected)

LOD=0.02ug/mL

LOQ=0.05ug/mL

This was a qualitative
study, Retention times of
4.23 and 4.28 min for Stv
and Reb A respectively.

LOD =0.0004 mg /mL

LOQ =0.0038 mg/mL.

(Mauri et al.
1996)

(Jadhao et al.

2011)

(Samah et al.

2013)

(Bergs et al.

2012)



Stevioside

rebaudioside A

Stevioside

rebaudioside A

Stevioside

rebaudioside A

Stevioside

and

and

and

Dried
leaves of
Stevia

rebaudiana

Stevia

plants

Stevia
rebaudiana

leaves

Food

bewverages

Solvent extraction

followed by HPLC

Water extraction, solid
phase extraction

reversed-phase HPLC

Super critical  fluid

extraction HPLC

Liquid

chromatography/tandem
mass
(LC-MS/MS)

chromatography

Acetonitrile/water

(80:20,

a

Ay

[Acetonitrile/

water (85:15 V)]

b [Acetonitrile/water
(75:25 V)]

Water/Acetonitrile
(20: 80)

Gradient elution of

10 mM
acetate
and

ammon

in meth

ammonium
in  water
10 mM
ium acetate

anol
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NH2 column (250 x 4.6
mm), UV detection in 210

nm

a [Luna HILIC (250 9 4.6

mm) column]

b [Luna NH2 100 A column
(250 9 4.6 mm)]

5NH2-M S
column (4.6mmx150mm),
UV detector

Cosmosil®

Phenomenex Luna
PhenylHexyl (5 mm, 4.6
mm x 150 mm) column, AB
SCIEX QTRAP 4000 triple
qguadrupole tandem mass

spectrometer.

3.78 and 9.75% content
of Stevioside, and 1.62
and 7.27%
Rebaudioside A (weight)

content of

The concentration for Stv
and Reb A were 7.90 g
0.29 and 4.93 g + 0.44
per 100 g

LODstv= 1.19 pg/mL
LOQstv= 3.98 pg/mL
LODReb A= 1.98 pg/mL

LOQReba= 3.98 pg/mL

LOQstv= 0.1 pg/kg

(Kolb et al.
2001)

(Woelwer-
Rieck et al.

2010)

(Erkucuk et
al. 2009)

(Chang and

Yeh 2014)



Rebaudioside A

and Stevia
Rebaudioside A

Oligosaccharides,
nucleic acid bases,

and nucleosides

Rebaudioside

and Stevioside leaves and

LC and time-of-flight MS
(LC-TOF-MS)

Ultrahigh
liquid chromatography—

performance
tandem mass
spectrometry (UHPLC-

MS)

Hydrophilic  interaction
liquid

(HILIC) mode, and FTIR

chromatography

Ultra-high-performance

liquid chromatography

Gradient elution of
formic acid in the
water and solvent B

was acetonitrile.

Isocratic elution of
50 % 10 mMm
aqueous

ammonium acetate
and 50 %

Acetonitrile

Mobile phase
H20O/ACN at 50/50
(V).

isocratic with 5

mmol/L ammonium
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Asahipak NH2P-50 2D
column (150 x 2.1 mm
inner  diameter),
TOF 5600 system (AB
Sciex, Framingham, MA,

USA)

Triple

3200
(AB/Sciex)
equipped with  SIL-HTc

QTRAP

spectrometer

mass

column oven

Rebaudioside A
immobilized on  silica
surface through “thiol-ene”
click chemistry (Click TE-
Reb A) Column, Waters
2998 diode array detector

(DAD)

A 1.8 ym HSS C18 column
(100mmx2.1mm, Waters),

This was a qualitative
characterization study of
seweral SGs in soft drinks
were Reb A extracts

abundant.

LODstv=5.7 ng/mL
LOQstv=19.1 ng/mL
LODRreb A= 5.0 ng/mL

LOQRreba= 16.8 ng/mL

This was a qualitative

study, deweloped and
Reb A

stationary phase showed

characterized

selectivity and efficient

RT for polar compounds.

LODReb A= 0.1-10 pg/mL

LODstv=0.05-10 pg/mL

(Kakigi et al.

(Shafii et al.

(Liang et al.

(Gardana et



Stevioside,
rebaudioside A
and rebaudioside

C

Stevioside,
Steviolbioside and
Rebaudioside A

Stevioside and

Rebaudioside A

commercial

sweetener.

S.
rebaudiana

leaves

S.
rebaudiana

leaves

Stevia
rebaudiana
Bertoni

leaves

coupled with
electrospray ionization
mass spectrometry
(UHPLC-MS)
Near-infrared
reflectance
spectroscopy  (NIRS),
usingg HPLC as a

reference method

a [HPLC] and

b[LC-MS-ESI|

HPLC

acetate pH 6:
CH3CN (45:55, vv)

Isocratic elution
using
acetonitrile/water

(80/20, W)

a & b [Isocratic

elution using of
acetonitrile:  water

3:2)]

Isocratic elution in
Acetonitrile and
Water (8: 2) and
Gradient elution

with many ramps.
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Zorbax NH2 column (5
mm, 250 mm x4.6 mm),

multiple UV  wawelength

detectors

a [Cig column of size
25x4.6 mm]

b [C18 Column (SGE,

25X1.6mm), Waters 2696
photodiode array detector
(DAD)]

Dewelosil ODSHG 140 A
(250 mm x4.6 mmx i.d., 5
Im) and Luna HILIC (150
mm x 4.6 mm id., 5 Im)

columns, DAD detector,

Total combined

concentration for the
three main SGs ranged

from 4.3-11.1% (wiw)

The content of
Steviolbioside was
6.48% and

Rebaudioside-A was

0.099% on a dry weight
basis in ex vitro and in
vitro leaves.
LODstv=1.07 mg/L
LOQstv= 3.55 mg/L

LODReb A= 1.07 mg/L

LOQRebA= 3.56 mg/L

(Hearn  and

Subedi 2009)

(Rajasekaran

et al. 2008)

(Lorenzo et
al. 2014)



Rebaudioside A Food
and stevioside products
Major Steviol Plants of
Glycosides Stevia
(Stevioside and rebaudiana
Rebaudioside A) (Bertoni)
Stevioside Food
samples

Electrospray ionisation
liquid chromatography -

mass spectrometry

High-performance thin-
layer chromatography
(HPTLC) analysis

High-performance liquid

chromatography (HPLC)

coupled with

Gradient elution
with mobile phase
A consisted of
10mM NH4O0Ac in
water/ACN  (50/50
v/v), and mobile
phase B consisted
of 10mM NH40Ac
in water/ACN (5/95

AY)

Ethyl acetate-
ethanol-water

(80:20:12, viviv)

A buffer

was prepared by

solution

dissolving 0.8 mL of
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was set at 210, 256, 330,
360 and 450 nm.

Restek (Bellefonte, PA,
USA) Pinnacle I Amino
column with guard
(100mmx2.1mmx3 mm,
110A°), MS detector

Precoated silica gel

HPTLC 60 F254 (20x10
cm) plate of 0.20 mm layer

thickness.

The spherical analytical

column was packed with 5

The method had a limit of
detection of 0.01-0.34
Hg/g and repeatability at
the limit of quantitation of
2%—-15%

standard dewiation.

relative

This was a qualitative

study that led to the
cloning of seven genes of
SGs biosynthesis
pathway and analysed a
total of fifteen genes in

relation to SGs in stevia.

The correlation
coefficient of the
calibration curve was

(Shah et al.
2012)

(Jaitak et al.
2009; Kumar
et al. 2012)

(Yang and

Chen 2009)



Stevioside

Stevia
rebaudiana

Bertoni

electrospray
mass
detection (ESI-MS)

Thin-layer
chromatography,
performance
chromatography,
proton NMR

ionization

spectrometric

high-
liquid

and

formic acid and 1.5

pm Cis silica (250 mm x

mL of triethylamine 4.5 mmi.d.)

inlLof water. The
HPLC

phase A was

mobile

prepared by mixing
methanol with
buffer solution and
(69:24:7,
VIVIV), whereas the
HPLC

acetone

mobile
phase B was
prepared by mixing
methanol with
buffer solution and
acetone (11:82:7,

VIVIV).

Gradient elution
was performed
using the mobile
phase was a
mixture of

deionized water,
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Luna NH2 column
(250%4.6 mm, 5 mm), the
UV detector was tuned to

210 nm.

better than 0.998 (n) 6),
in the range of 0.50 to

15.0

stevioside.

pg/mL

LOD< 0.10 pg/mL

LOQ= 0.30 pg/mL

for

The lower concentration

limit for

detection in the samples

was 0.1 ¢/l

(Kedik et al.

stevioside 2003)



Rebaudioside A

Diterpene

glycosides

Stevia
Rebaudiana
Bertoni
crude

extracts.

Stevia

leaves

Macro-porous
adsorption resin (MAR)
and high-performance
liquid
(HPLC)

chromatography

Desorption electrospray
ionization (DESI) mass

spectrometry.

pH 55 (A) and

acetonitrile (B).

Acetonitrile (A)-
70% and potassium
dihydrogen

phosphate (10 mM)
(B)-30% was used
as the  mobile

phase.

The solvent used in
this  study
MeOH: H20 (1: 1).

was

MAR mixed bed of
HPD750-LSA40-LSA30—
DS40. NH2 column (AT
LICHROM, 150 x 4.6 mm,
5 Im), with 210 nm DAD

detector wavelength.

A 3 mL sample (stevia) of
the commercial sample (1
mg/mL made up in MeOH:
H20 (1: 1); 3 mg absolute
amount) was spotted onto

a porous Teflon substrate.

Under the

conditions, the

optimal

separation degree for RA
(DAS) increased from
0.771 to 1.54. The study
also improved the purity
of the extracted Reb A
from 60 % to 97 %.

The

observed

compounds

included:
steviolbioside/rubusoside
(isomers), m/z 641 (M-H)"

and 677 (M+Cl);

Dulcoside, A m/z

787 (M-H);
stevioside/rebaudioside

B (isomers), m/z 803 (M-
H and 839 (M+Cl);
rebaudioside C, m/z 949

(M-H) 985  (M+CI);

(Li et
2012)

(Jackson
al. 2009)

al.

et
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rebaudioside AlE
(isomers), m/z 965 (M-H)"
and 1001 (M+ClIy-.
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APPENDIX B : TABLE : A SUMMARY OF ANTIBODIES EMPLOYED IN
ELECTROCHEMISTRY FOR DEVELOPMENT OF IMMUNOSENSORS

Target analyte

Molecular recognition element (Antibody)

Detection and Quantification limit

[Ref]

four umami ligands (sodium glutamate

(MSG), disodium inosinate
disodium guanylate (GMP),

disodium succinate (SUC))

goat anti-biotin IgG

anti-tTG antibody

ochratoxin A (OTA)

(IMP),

and

human umami receptor hT1R1

anti-biotin 1gG

tissue transglutaminase (tTG)

anti-OTA monoclonal antibody

113

The sensing ability towards umami ligands
was in the order: GMP > MSG > IMP > SUC

The detection range of this immunosensing

scheme is between 0.1 and 30 pg/mL

The detection limit was 0.5 ng/mL

The detection limits were 0.05-2.5 and 0.1-7.5

ug/L, for direct and indirect immunoassay

formats.

(Huang et al. 2019)

(Kwon et al. 2006)

(Habtamu et al. 2015)

(Alarcon et al. 2006)



prostate protein antigen (PSA), a glucose oxidase (GOx) The deweloped method had a detection limit (Li etal. 2014)

biomarker of prostatic cancer of 0.0012 ng/mL

thyroid stimulating hormone (TSH). thyroid stimulating hormone antibody (anti- The determination had a detection limit of 0.1 (Beitollahi et al. 2018)
TSH) o + 0.02 ng/mL.

mycotoxin anti-OTA-McAb The immunosensor had a LOD of 2.04 fg/ml  (Hou et al. 2019)

ochratoxin A
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APPENDIX C: TABLE: BITTERNESS TESTING OF DIFFERENT SGS AGAINST TASTE
RECEPTOR (T1R2) IN HUMAN
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Steviol Glycosides

Dock score of Chemicalstructure of Steviol Glycoside
T1R2
(D1)/(kcal/mol)

Rebaudioside A

Molecular formula & molar mass: Ca4H70023 and
967,01g/mol.

Solubility: high solubility in water
Appearance: white powder

Application: Reb A has a high-intensity sweetener and
because of its high solubility in water, finds its widespread

application in food science.

-12.334

OH
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Rebaudioside E

Molecular formula & molar mass:
Solubility:

Appearance:

-10.658
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Rebaudioside D -9.764
Molecular formula & molar mass: CsoHsoO2s &
Solubility: Poor solubility in water

Appearance: powder in physical appearance

Rebaudioside B -9.100

Molecular formula & molar mass: CssHeoO1s & 804.87
g/mol

Solubility:

Appearance: powder
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Stevioside 9.711

Molecular formula & molar mass: C3sHs0018 & 804.87
g/mol

Solubility: high solubility in water
Appearance: white powder

Application: Stevioside is the most abundant SG from
stevia, although it has limited application in food due to its
bitter aftertaste. High doses of Stevioside are used in the
treatment of hypertension and type 2 diabetes.

Steviolbioside -8.096

Molecular formula & molar mass: Cs2Hs0013 & 642.73
g/mol

Solubility:

Appearance:
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Dulcoside A -6.910

Molecular formula & molar mass:C3ssHs00O17 & 788.87
g/mol

Solubility:

Appearance:

Isosteviol -4.198

Molecular formula & molar mass:C20H2003 & 318.45
g/mol

Solubility:

Appearance: White to faint beige powder to crystals
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Steviol -3.426

Molecular formula & molar mass: C20H3003 & 318.46
g/mol.

Solubility:

Appearance:
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