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Abstract

This study involves the development of a sensitive electrochemical biosensor for the
determination of capsaicin extracted from chilli pepper fruit, based on a novel signal
amplification strategy. The study therefore, seeks to provide a sensitive electro-
analytical technique to be used for the determination of capsaicin in food and spicy
products. Electrochemical measurements using cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) modes were utilized in order to understand the
redox mechanism of capsaicin and to test the performance of the developed
biosensor supported with computational techniques. In this work two different
enzymes, Phenylalanine ammonia lyase (PAL) and Glucose oxidase (GOx) were
used for electrode modifications respectively.

For this purpose three different types of working electrodes namely: glassy carbon
electrode (GCE), platinum electrode (Pt-E) and gold electrode (Au-E) were used and
their performances were compared.

For the first time, the three electrodes were modified with PAL and GOx enzymes on
multiwalled carbon nanotubes used in this study and characterized by attenuated total
reflectance infrared spectroscopy, transmittance electron microscopy and thermo-
gravimetric analysis supported by computational methods. The comparison of the
results obtained from the bare and modified platinum electrodes revealed the
sensitivity of the developed biosensor with modified electrode having high
sensitivity of 0.1863 pg.L™ and electron transfer rate constant (ks) of 3.02 s*. To
understand the redox mechanism completely, adsorption and ligand-enzyme docking
simulations were carried out. Docking studies revealed that capsaicin formed
hydrogen bonds with Glutamates (GLU355, GLU541, GLU586), Arginine (ARG)
and other amino acids of the hydrophobic channel of the binding sites which
facilitated the redox reaction for detection of capsaicin. These results confirm that the
PAL enzyme facilitated the electron transfer from the capsaicin ligand, hence
improving the biosensing response. Our results suggest potential applications of this

methodology for the determination of capsaicin in the food industry.
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Definitions

Capsaicinoids: is a class of compounds found present in members of the capsicum
family of plants.

Capsaicin:  is the major and active component of chilli peppers, which belong to
genus capsicum.

Voltammetry:is a category of electro-analytical methods used in analytical
chemistry, where information about an analyte is obtained by measuring current (1)
as the potential (V) is varied.

Biosensor: is an analytical device used for detection of an analyte that combines a
biological component with physicochemical detector.

Enzymes: are biological molecules (proteins) that act as catalysts and help
complex reactions occur everywhere in life.

Phenylalanine ammonia lyase (PAL): is an enzyme that catalysis a reaction
converting L- phenylalanine to ammonia and trans-cinnamon acid.

Glucose Oxidase (GOXx): is an oxido-reductase enzyme that catalyses the oxidation
of glucose to hydrogen peroxide and D-glucono lactone.

Nanotechnology: is the study about the manipulation of matter on an atomic and
molecular scale.

Nafion: Is a sulfonated tetra-fluoroethylene based fluoropolymer which can be used
as a membrane in biosensor development.
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Chapter 1: Introduction

CHAPTER 1

INTRODUCTION

This chapter provides a brief overview of food additives with particular emphasis on
the determination of capsaicin in chilli peppers according to the food industry

standards. The aims and objectives of the thesis work are also presented here.

1.1 Food Additives

Food additives are substances added to food in order to enhance its taste and
appearance or to preserve its flavour. Other food additives are used to provide
nutrition and also for making food appealing to the consumer. Most human beings
use these additives when preparing food, for example; spices are added for good
flavour. Chilli pepper fruits are used in spices when preparing food or used to
prepare other spices which are more or less pungent. Chilli pepper fruits are also
used in the production of curry powder, chilli sauces and many other food stuffs of

different pungency degree.

Chilli peppers have been widely used around the world for many centuries as food
additives and spices. Its origin is believed to be as old as 7000 B.C, Mexicans are
known for having grown and cultivated chillies as early as 3500 B.C (Bosland,
1996). Christopher Columbus was among the first Europeans to encounter chilli
peppers and was instrumental in introducing it in Europe and other parts of the world

(http://en.wikipedia.org/wiki/chili_pepper, 2012). Chilli peppers are mainly

consumed because of their hotness or pungent flavour, and capsaicinoids are the
main component for the pungency flavour of hot chilli peppers (Kachoosangi et al.
2008). Capsaicinoids are also known for their medicinal properties that they possess
and also for pain relief properties; this compound has also been used in
manufacturing of pepper sprays. Capsaicin was chosen as an analyte of interest in
this study in order to help design and manufacture an electrochemical biosensor that
will be used in the spice and food industry.
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Literature studies revealed that different methods have been used to measure or
determine the hotness or pungency of chilli peppers, the oldest method being the
Scoville Organoleptic test (Kachoosangi et al. 2008). Other methods included
sophisticated laboratory instruments such as “High performance liquid
chromatography with electrochemical detection (HPLC-ED),” a reliable but costly
method (Supalkova et al. 2007). Another analytical method worth mentioning
involved solid phase microextraction-gas chromatography-mass spectrometry for the
detection of capsaicin in peppers and chilli sauces (Pefia-Alvarez et al. 2009). The
Scoville method, along with other techniques for the determination of capsaicin are

discussed in detail in Chapter 2.

1.2 Problem statement

Previous studies on the determination of capsaicin revealed that the Scoville
organoleptic test is subjective, as it is based on human palate which differ from
person to person. Other methods are expensive to use, hence the employment of an
electro-analytical method using modified electrodes is used in this study.
Modification of the bare electrodes (GCE, Pt-E or Au-E) with multi walled carbon
nanotubes and later with an enzyme would enhance the electrode sensitivity.

1.3 Aims and Objectives
Aim:

This study was aimed at the determination of capsaicin in ripe chilli pepper fruit,
using electrochemical methods supported by computational techniques.

Objectives:

e To develop an electrochemical biosensor from bare electrodes (Glassy
carbon, Platinum and Gold) by immobilizing carbon nanotubes on the
surface of the electrode disk immobilized with a biological component
(enzyme) on the MWCNTs modified electrode to form biosensors.

e To test the performance and sensitivity of the developed sensors by
electrochemical characterisation techniques using capsaicin extracted from

chilli pepper as an analyte of interest for the quantification.
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Chapter 1: Introduction

e To identify the best performing biosensor for the determination of capsaicin

e To evaluate the performance of (Glassy carbon, Platinum, and Gold)
electrodes modified with MWCNTSs decorated with PAL and GOx

respectively.

e To compare the activities of the modified electrodes against unmodified
electrodes in order to measure the contribution of MWCNTs and the

enzymes for the improvement of electrochemical detection of capsaicin.

e To contribute towards the manufacturing of highly sensitive electrochemical

biosensors, to be used in the spice manufacturing industries.

This study involved the determination of capsaicin, belonging to a group of
capsaicinoids using electrochemical biosensing devices. In this work obsolete and
expensive methods are replaced with a less expensive, but highly sensitive electro-
analytical method using a normal bare rotating disk electrode modified with
MWCNTS) and an enzyme in order to convert an electrochemical sensor into a

biosensor.

1.4 Thesis Outline
After providing an overview of capsaicin and its role in the food industry in this

chapter, the further chapters in this thesis are organized as follows:

Chapter 2 deals with the literature review discussing capsaicinoids applications and
their properties, electrochemical biosensors, nanotechnology and electroanalytical
techniques.

Chapter 3 outlines the experimental and computational methodology employed in
this study including instrumentation, reagents and its preparation, electrode

modification, computational and real sample preparation.
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Chapter 1: Introduction

Chapter 4 covers experimental results obtained using different electrodes (GC-E, Pt-
E and Au-E) modified with MWCNTSs and enzymes, including molecular docking

studies as part of the computational work.
Chapter 5 outlines the conclusions of this study.

Chapter 6 provides a list of References used in this dissertation.
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Chapter 2: Literature Review

CHAPTER 2

LITERATURE REVIEW

This chapter provides an overview of capsaicinoids mainly aimed at the
determination of capsaicin using the various analytical techniques. A review on

electrochemical biosensors in relation to applied nanotechnology is also presented.

2.1 Capsaicinoids

Capsaicinoids are a group of pungent chemical compounds found in hot peppers
(capsicum annum and capsicum frutescens) (Reilly et al. 2001). The burning taste of
pepper is induced by six chemically related compounds derived from
phenylalkylamide alkaloid (capsaicinoids) group. Capsaicin and its derivative
dihydrocapsaicin have the strongest burning effects and it is assumed that capsaicin
was evolved as a plant protection against herbivores (Supalkova et al. 2007).
Capsaicin and dihydrocapsaicin are the main components of capsaicinoids and are
responsible for about 90% or more of the total capsaicinoids, the other 10% or less
are nordihydrocapsaicin, homocapsaicin and homodihydrocapsaicin (Laskaridou-
Monnerville, 1999).

There are five naturally occurring capsaicinoids, the most abundant and potent
analogues in peppers (and consequently pepper extracts) are capsaicin and
dihydrocapsaicin. The other three are also present, but generally contribute little to
the total capsaicinoids concentration and pungency of pepper. The sixth capsaicinoid
is nonivamide, which is a “synthetic” capsaicin and it exhibits the same pungency as
capsaicin, but has not been conclusively identified as a natural product (Reilly et al.
2001). Capsaicinoids possess some biological properties that can be beneficial for
human health, they have high antioxidant power (Henderson et al. 1999) in addition
to anti-tumoral (Sanchez et al. 2006), anti-bacterial (Satya Narayana, 2006) and anti-

carcinogenic properties (Huynh and Teel, 2005).
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Chapter 2: Literature Review

The level of heat in peppers and hot sauces has previously been measured by a
classical method known as Scoville Organoleptic Test, which was created by an
American chemist, Wilbur Scoville in 1912. In this method pungency was detected
by tasting a solution of pepper extract diluted in a solution of sugar water until the
heat or pungency is no longer detectable to the tongues of a panel of specially trained
tasters. The level of dilution of the extract using sugar water solution then gives the
Scoville unit which is a measure of the “hotness” of a chilli pepper. The greater the
number of Scoville units, the higher the levels of hotness. But this method suffers
from imprecision as it is subjective, hence the development of new methods
(Kachoosangi et al. 2008). Table 2.1 shows different types of capsaicinoid

compositions, their structures and properties.

Table 2.1: Chemical properties and structures of different capsaicinoids

Name Relative ~ Formula Molar  Scoville  Chemical Structure
Amount mass heat units
(Da)
Capsaicin 69 % CigH,sNO; 30541  16x10°

HO

]@\/H

~o NM
Dihydro- 22 % CigHxNO;  307.43  15x10°

(0]
HO
capsaicin ‘\O:@\/HM
O
Nordihydro- 7% CiH»NO; 29341  9.1x10° HO
capsaicin - :@\/

H
N
(o] \[(\/\/Y
o]
Homodihydro 1% CiHxNO; 321.46  8.6x10° HO
-capsaicin :@VH
~ N
0 Y\/\W
(0]
Homo- 1% CigHxoNO; 319.43  8.6x10°  HO
capsaicin \O:O\/HM
o
Nonivamide Ci7H;NO; 29341 9.2x10° HO
H

0O

2.1.1 Capsaicin
Capsaicin (8-methyl-N-vanillyl-6-nonenamide) shown in Figure 2.1 is the major

alkaloid responsible for the mucosal irritant properties of plant species from the
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Genus capsicum (Buck and Burks, 1985). Capsaicin has a molecular weight of
305.41 Da, and its molecular formula is C1gH27NO3. Capsaicin is soluble in ethanol,
acetone and fatty oils, but is insoluble in cold water (Barceloux, 2009). It is an
irritant for mammals including humans and produces a sensation of burning in any

tissue with which it comes into contact.

CH3

OY\/\A\)\CHS

NH

OCH;

OH

Figure 2.1: Chemical structure of Capsaicin (8-methyl-N-vanillyl-6-nonenamide)

Capsaicin has been used for different applications in the past. It is used in spices and
chilli sauces. It has also been used as pain-inducing defensive pepper sprays
(Pershing et al. 2006). Exposure to pepper sprays elicits an intense physiological
response that includes nociception, temporary blindness, lacrimation, disorientation,
shortness of breath, and choking (Hyder, 1996). Capsaicin-containing creams are
mainly used for the treatment of painful conditions, such as psoriasis, rheumatoid
arthritis, diabetic neuropathy, cluster headache and reflex sympathetic dystrophy
(Hautkappe et al. 1998).

Capsaicin content increases with the maturity of the pepper fruit (Balbaa et al.
1968), the medical effects of capsaicin results from the initial period of intense
excitation of the primary afferent sensory nerves followed by a prolonged period of
relative resistance to nociceptive chemical stimuli. Physiologically, capsaicin reduces
vasodilation and heat pain thresholds, leading to increased pain sensitivity
(Barceloux, 2009). Repeated exposure to capsaicin causes desensitization of the

stimulatory effects on the sensory nerves (Carpenter and Lynn, 1981).
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Over the years, different methods for the detection of capsaicinoids have been used
including the Scoville organoleptic test as described in Section 2.1. In the next page,
Table 2.2 shows the comparison of previous studies for the determination of

capsaicin followed by a brief discussion of each analytical technique.
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2.1.2 Liquid Chromatography with Electrochemical detection

In this method, high performance liquid chromatography with electrochemical
detection (HPLC-ED) system which consists of a solvent delivery pump, a guard
cell, a chromatographic column and an electrochemical detector was used. This
method has a comparable detection limit and can be used for characterisation of
pepper cultivars with respect to capsaicin content (Supalkova et al. 2007) as shown
in Table 2.2. Other workers also used HPLC method for the purification of
glucosides of capsaicin and dihydrocapsaicin, where these glucosides were detected
in various pungent cultivars of C. annuum, Capsicum frutescens, and Capsicum
chinense by liquid chromatography—mass spectrometry. However, they were not
detected in nonpungent cultivars of C. annuum (Higashiguchi et al. 2006). Supalkova
et al. concluded that HPLC-ED method has a comparable detection limit and can be

used for the characterization of pepper cultivars with respect to capsaicin content.

2.1.3 UV-Vis spectrophotometry

According to Abdullah Al Othman and co-workers, for quantitative measurements,
the UV detection wavelength is normally set at 222 nm, because this wavelength
corresponds to the maximum absorbance for both capsaicin and dihydrocapsaicin
(Othman et al. 2011). Therefore there is no differentiation between the two
capsaicinoids when using UV, but the HPLC chromatograms show a complete
separation between the two capsaicinoids, thus making it difficult to quantify

different types of capsaicinoids using UV method.

2.1.4 Thin layer Chromatography (TLC)

Thin layer chromatography method involves the use of glass plates coated with thin
layer absorbent material, with finely divided particles like silica gel as its stationary
phase. Capsaicinoid sample is placed on the edge of the plate and placed into the
mobile phase (developing solvent), where it is separated as the developing solvent
transverses across the length of the plate. Spanyar and Blazovich wrote that the best
capsaicin sample preparation was achieved using chloroform-ethanol (99+1) solvent
system (Spanyar and Blazovich, 1969). This method gives an indication of sample
migration, but is not as accurate as HPLC and voltammetry techniques. (Pankar and

Magar, 1977) used a multi band thin layer chromatography for the determination of

Page | 10



Chapter 2: Literature Review

capsaicin. Andre and Mile in 1975 developed a simple and sensitive TLC method for
the determination of capsaicin at levels as low as 0.1 pg of capsaicin per spot, this
method helped in distinguishing paprika variations according to their degree of

pungency (De, 2004).

2.1.5 Adsorptive stripping voltammetry (AdsSV)

Capsaicin was determined using AdsSV at a multiwalled carbon nanotube modified
basal plane pyrolytic graphite electrode (MWCNTs-BPPGE). The aim of this method
is to determine the quantity of capsaicin where measuring the concentration of
capsaicin is an indicator of how hot the chilli is. Kachoosangi and co-workers further
developed this method by using a multiwalled carbon nanotube screen-printed
electrode (MWCNTSs-SPE) in order to demonstrate the proof that this approach can
easily be incorporated into a sensing device. This method offers advantages such as
precision and objectivity over potentially subjective Scoville method, and is facile
and inexpensive compared to HPLC method (Kachoosangi et al. 2008). Kachoosangi
and co-workers also found that when using MWCNTSs-BPPGE capsaicin exhibited a
linear dynamic range from 0.5 to 15 yuM as shown in Table 2.2, whereas when using
the disposable MWCNT-SPE the standard additions of capsaicin showed a linear
range between 0.5 and 35 uM (Mpanza et al.2014).
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2.2 Electrochemical biosensors

A biosensor is an analytical device used for the detection of an analyte, which
combines a biological component with a physicochemical detector. According to
Turner it can be defined as a “compact analytical device or unit incorporating a
biological or biologically derived sensitive ‘recognition’ element integrated or
associated with a physico-chemical transducer” (Turner, 2000).

An IUPAC definition of a biosensor states “It is an integrated receptor-transducer
device, which is capable of providing selective quantitative or semi-quantitative
analytical information using a biological recognition element” (Theavenot et al.
1999). The sensitive biological component/ element might include: microorganisms,
biological tissues, enzymes, nucleic acids and many others. Some of the transducers
used in conjunction with these biological elements in the fabrication of biosensors
are: Electrochemical, amperometric, potentiometric, ion selective, conductometric
and many others. In this study enzymes are used for the fabrication of biosensors. A

biosensor consists mainly of three parts, which includes:

e Sensitive biological element (e.g. microorganisms, enzymes, antibodies,
nucleic acids, cell receptors etc.)

e Transducer or detector element, that transforms signal resulting from the
interaction of the analyte with the biological element into another signal that
can be more easily measured or quantified.

e Associated electronics that are primarily responsible for the display of the
results (Hierlemann et al. 2003).

Biosensor can be used in a variety of areas of interest. In the medical field, for
example glucose biosensor are used for monitoring glucose in diabetic patients (Yoo
and Lee, 2010). In environmental analysis biosensors are used to detect pesticides,
heavy metals that can be found in river streams which are detrimental to humans,
livestock and the environment (Haron and Ray, 2006). Biosensors are also used in
food analysis; especially for the detection of allergenic components, pathogens and

food toxins (Murugaboopathi et al. 2013).
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2.2.1 Enzymes

Enzymes are large, proteinaceous biological molecules responsible for thousands of
metabolic processes that sustain life (Smith, 1997); (Grisham and Garret, 1999).
Enzymes are highly selective catalysts, greatly accelerating both the rate and
specificity of metabolic reactions, from digestion of food to the synthesis of DNA
(Sarmah and Mahanta, 2014). Like all catalysts, enzymes work by lowering the

activation energy for a reaction, thus dramatically increasing the rate of reaction.

As much as they work as catalysts, their activity can be affected by other molecules
(inhibitors) by decreasing enzyme activity. Enzymes used in this study were
established by looking at enzymes that will interact with phenols and amides. Two
enzymes were chosen based on their interaction with capsaicinoids. Other factors
affecting enzyme activity are: temperature, pressure, chemical environment like pH
and concentration of the substrate. The two enzymes used in this project were

Phenylalanine ammonia lyase (PAL) and Glucose oxidase (GOX).

2.2.2 Phenylalanine ammonia lyase (PAL)

PAL is found widely in plants as well as some yeast and fungi, with isoenzymes
existing within many different species. It has a molecular mass in the range of 270-
330 kDa (Camm and Tower, 1973); (Watanabe et al. 1992). PAL is an enzyme that
catalyses a reaction converting L-phenylalanine to ammonia and trans-cinnamic acid
(Figure 2.3). Previously PAL was designated EC 4.3.1.5, but later redesignated as
EC 4.3.1.24. Other names in common use include: tyrase, phenylalanine deaminase,
tyrosine ammonia-lyase, L-tyrosine ammonia-lyase, phenylalanine ammonium-lyase,

PAL, and L-phenylalanine ammonia-lyase.

PAL is the first step in the phenylpropanoid pathway and is therefore involved in the
biosynthesis of the polyphenol compounds such as phenylpropanoids, flavonoids and
lignin in plants. This enzyme is the member of the ammonia lyase family, which
cleaves carbon-nitrogen bonds. Like other lyases, phenylalanine requires only one
substrate for the forward reaction and two for the reverse reaction. It is thought to be
mechanistically similar to the related enzymes, histidine ammonia lyase (EC: 4.3.1.3,

HAL) (Schwede et al. 1999). Its activity is induced dramatically in response to
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various stimuli such as tissue wounding, pathogenic attack, light, low temperatures,
and hormones (Camm and Towers, 1973; Hahlbrock and Grisebach, 1979). A decade
ago it was reported that PAL has possible therapeutic benefits in humans afflicted
with phenylketonuria (Sarkissian and Gamez, 2005). 3D Image of Phenylalanine

ammonia lyase enzyme is shown in Figure 2.2 below.

Figure 2.2: Image of Phenylalanine ammonia-lyase enzyme determined by high resolution
X-ray crystallography (PDB, IDCODE: 1Y2M) (Gamez et al. 2007).

The first recorded observation of PAL and its catalysed reaction was reported by
Koukol and Conn in 1961. In their work, PAL was isolated from Hordeum vulgare
and initially given the name phenylalanine deaminase (Koukol and Conn, 1961).
Phenylalanine ammonia lyase catalyses the nonoxidative deamination of L-
phenylalanine to form trans-cinnamic acid and a free ammonium ion (Figure 2.3),
(Koukol and Conn, 1961). The conversion of the amino acid phenylalanine to trans-
cinnamic acid is the entry step for the channelling of carbon from primary
metabolism into phenylpropanoid secondary metabolism in plants (\WWoo Hyun et al.
2011). PAL has been extensively studied because of its role in plant development
and its response to a wide variety of environmental stimuli. The importance of PAL
in plant metabolism is demonstrated by the huge diversity and large quantities of
phenylpropanoid products found in plant materials (Jones, 1984). Protein sequence

for PAL enzyme is shown in Appendix 1a.

Page | 14



Chapter 2: Literature Review

X
I +NH;
H
L- Phenylalanine Cinnamic acid Ammonia

Figure 2.3: Deamination of L-Phenylalanine by PAL (Woo Hyun et al. 2011)

2.2.3 Glucose Oxidase (GOx)

Glucose oxidase (GOx) (EC 1.1.3.4) is a large, dimeric protein consisting of two
equal subunits with a formula weight of 160 kDa. It catalyses the oxidation of B-D-
glucose to hydrogen peroxide and &-D-gluconolactone, as shown in (Figure 2.4)
below. Glucose oxidase contains one tightly-bound flavin adenine dinucleotide
(FAD) unit per monomer. These redox-active groups are not covalently bound and
may be released from the protein during denaturation (Lyons and Keeley, 2008;

Bergmeyer, 1983).

oH OH
° o
GOx
HO OH +0, ___ " o 1o o +H,0,
HO OH HO oH
B-D-Glucose §-D-Gluconolactone Hydrogen
peroxide

Figure 2.4: Catalysis of the oxidation of D-glucose by Glucose oxidase enzyme (\Wong et al.
2008)

There are different types of Glucose oxidase enzymes from Aspergillus Niger,
namely: Type X-S, lyophilized powder 100 000 — 250 000 units.g™ (solid); Type II, >
15000 units.g™ (solid); Type V11 =100 000 units.g™* lyophilized powder (Xu et al.
2012). The type of GOx used in this work is Glucose Oxidase Type VII extracted
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from Aspergillus niger. GOX is extracted from Aspergillus niger by reversed micelles
from mixtures of commercial enzymes and homogenates at 25°C, GOx recovery is
then obtained by performing forward and backward extractions, for forward
extraction isooctane is used as a solvent and hexanol and butanol as co-solvents at a
ratio of 76/6/18 at pH 7.0, for backward extraction 0.2 M Cetyl trimethylammoniun
bromide as a cationic surfactant was used, product will then be centrifuged and dried
(Ferreira et al. 2005). Glucose oxidase can be utilised for the enzymatic
determination of D-glucose in solution. This enzyme is a glycoprotein containing
approximately 16% neutral sugar and 2% amino sugar (Tsuge et al, 1975). The
enzyme also contains 3 cysteine residues and 8 potential sites for N-linked

glycosylation (Frederick et al, 1990).

(@ (b)

Figure 2.5: Images of Glucose Oxidase enzyme, (a) Image obtained from Protein data bank
(PDB), and (b) Image created with RasMol (Goodsell, 2006)

A closer inspection of GOXx structure on the right hand side, shows multiple binding
sites represented by yellowish oval balls. Flavin adenine dinucleotide (FAD)
cofactors which are bound deep inside the enzyme shown in pink; the oxidation
reaction is performed by these FAD cofactors. The most active site where glucose
binds is just above the FAD shown with a yellow star. GOXx protein sequence and its

protein properties are presented in Appendices 1b and 1c respectively.
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2.3 Nanotechnology and Electroanalytical Techniques

Nanotechnology involves the manipulation of matter on an atomic and molecular
scale. This concept earlier referred to the particular technological goal of precisely
manipulating atoms and molecules for fabrication of macro-scale products (Drexler,
1986). Nanotechnology is naturally very broad, including fields of science as diverse
as surface science, organic chemistry, molecular biology, semi-conductor physics,
micro fabrication and many others. Research associated with nanotechnology
extends to several approaches, like developing new materials with dimensions on the
nanoscale. The evolution of technology and instrumentation, as well as its related
scientific areas such as physics and chemistry are making the research on

nanotechnology very attractive for many other areas (Lopez, 2009).

Taniguchi was the first to use the term “nanotechnology” when he presented his
paper titled, “On the Basic Concept of ‘nanotechnology” in 1974, where he described
the manufacturing of products with tolerances of less than 1 um (Taniguchi, 1974).
Nanotechnology is considered the most advanced manufacturing technology because
of the theoretical limit of accuracy which is the size of a molecule or an atom (King,
2007). The progress in nanotechnology has been enhanced by the discovery of
atomically precise nanoscale materials such as fullerenes in 1980s and carbon
nanotubes (CNTSs) in 1991 (Meyyappan, 2005). The CNTs possesses outstanding
properties which have over the years opened a new interesting research area in

nanoscience and nanotechnology (Meyyappan, 2005); (Martin, 2006).

2.3.1 Nanomaterials

Nanomaterials are classified into two categories: Fullerenes and inorganic
nanoparticles. Fullerenes are a class of allotropes of carbon, which conceptually are
graphene sheets rolled into tubes or spheres; these include CNTs and are of interest
because of their mechanical strength and electrical properties. Nanomaterials (gold,
carbon, metals, meta oxides and alloys) as shown in Figure 2.6, have a variety of
shapes like gold-nanoparticles, Buckminster fullerenes, titanium nanoflower and
many others. Nanoparticles or nanocrystals have been used as quantum dots and as
chemical catalysts such as nanomaterial-based catalysts (Ameta et al. 2014).

Nanomaterials are usually considered to be materials with at least one external
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dimension that measures 100 nanometres or less. They may be in the form of
particles, tubes, rods, or fibres (Europa/health/scientific committees/nanomaterials,
2012).

(b)

Carbon Nanomaterials Boron Nitride Nanomaterials

CNT

Graphene

.‘...‘.‘.‘.‘.‘
O3 I T B

GNR BNNR

Figure 2.6: (2) and (b), Images of different structures of Nanomaterials (Grunwald et al.
2006; and http://nanotechweb.org/cws/article/tech/46378, 2011)

2.3.2 Carbon Nanotubes (CNTS)

Carbon nanotubes have received considerable attention in the field of
electrochemical sensing, due to their unique structural, electronic and chemical
properties. CNTs have unique tubular nanostructure, excellent conductivity, large
surface area, good biocompatibility and many more (Chengguo and Shengshui,
2009). CNTs are widely used in electronic, biomedical, pharmaceutical, energy,
catalytic, analytical and material fields. Special nanostructure properties make CNTs
have some overwhelming advantages in fabricating electrochemical sensors. Carbon
nanotube is one of many allotropes of carbon, others are: diamond, graphite,
fullerenes and many others. There are two main types of CNTSs: single-walled carbon
nanotubes (SWCNTSs) and multi-walled carbon nanotubes (MWCNTS). Structures of
SWCNT and MWCNT are shown in Figures 2.7 (a) and (b) respectively (Pillay,
2012).
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Figure. 2.7: (a) structure of SWCNT, (b) Structure of MWCNT (Pillay, 2012)

The name nanotubes are derived from their size, the diameter of a nanotube is about
a few nanometers, (approximately 50 000 times smaller than the width of a human
hair. CNTs possess a hollow core suitable for storing guest molecules and have the
largest elastic modulus of any known material (Davis et al. 2003). The unique
chemical and physical properties of CNT have paved the way to new and improved
sensing devices, CNT-based electrochemical transducers offer substantial
improvements in the performance of amperometric enzyme electrodes,
immunosensors and biosensors (Wang, 2004), It is for this reason that they have
become the subject of intense investigation for potential technological applications
(Rao et al. 2001).

Properties of Carbon nanotubes

(a) Mechanical: The small diameter of CNTs has an important effect on the
mechanical properties, compared with traditional micron-size graphitic fibres
(Dresselhaus et al. 1988). One of the most important effect is the opportunity to
associate high flexibility and high strength with high stiffness, a property which is
absent in graphite fibres (Salvetat at al. 1999).

(b) Electrical: CNTs can be highly conductive and hence can be metallic. Their
conductivity is shown as a function of their chirality, the degree of twist as well as
their diameter (Lyons and Keeley, 2008). CNTs can be either metallic or semi-
conducting in the electrical behaviour (Foley, 2006).

(c) Chemical: CNTs have high specific surface area and o-7t hybridization facilitate

molecular adsorption, doping and charge transfer on nanotubes, which in turn
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modulates electronic properties (Lopez, 2009). CNTs are polymers of pure
carbon and possess all carbon versatility, including the ability to form countless
combinations and derivatives. In addition the geometry of a nanotube allows for
the formation of novel synthetic structures not possible with other carbon
structures (http://www.cnanotech.com, 2013). CNT derivatives can be both
covalently and non-covalently bonded. Sidewalls of CNT are electrically
polarizable, polar molecules can easily adhere to their surfaces; CNTs can make

sensitive chemical sensors (Snow et al. 2006).

(d) Thermal: A study by the University of Pennsylvania indicates that, CNTs may
be the best heat conducting material man has ever known. They display very high
thermal conductivity comparable to diamond crystal and in-plane graphite sheet
(Che et al. 2000), it is therefore expected that nanotube reinforcements in
polymeric materials may also improve significantly the thermal and thermo-
mechanical properties of these composites (Foley, 2006).

Production of Carbon Nanotubes

There are numerous methods used for the production or synthesis of CNTs and
fullerenes. The first method to be used was by applying an electric current across two
carbonaceous materials, particularly graphite (Wilson et al. 2002). The most
commonly used methods for the production of CNTSs includes Carbon Arc discharge

method, Laser method, Chemical VVapour deposition and Ball Milling method.

Carbon Arc Method

This method was initially used for the production of C60 fullerenes, and is the most
common and perhaps the easiest way to produce CNTs. In general this method
usually produces a crude complex mixture of components, which requires further
purification to separate CNTs (Wilson et al. 2002). During the process carbon atoms
are generated through an electric arc discharge at temperature >3000°C between two
electrodes. Nanotubes are formed in the presence of suitable catalyst metal particles
(Fe, Co or Ni), (Lopez, 2009). In Ando and Zhao’s review of this method, they
focused on the synthesis of multi-walled and single-walled carbon nanotubes

respectively. They found out that MWCNTS were obtained in the cathode deposit of
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the dc arc discharge of pure graphite rods, ambient gas played an important role but
pure hydrogen gas was the best gas for obtaining high-crystallinity MWCNTS. In the
case of SWCNTs by the same method, the incorporation of catalytic metal particles
in a graphite anode was necessary, and SWCNTs were obtained as soot in an

evaporation chamber (Ando and Zhao, 2006).

[\Cathode Anode

DC Power

Figure 2.8: Schematic diagram of apparatus for Arc discharge method (Jahanshahi and
Kiadehi, 2013)

Laser Method

This method was first discovered by Smalley and co-workers in 1995 (Rafique and
Igbal, 2011). Laser abrasion process synthesizes CNT by irradiating a pulsed laser on
a graphite rod containing catalysts heated to 1000°C or higher (Lopez, 2009).
Material produced by this method looks like a mat of ropes, 10-20nm in diameter and
up to 100um in length (Wilson et al. 2002). Further improvements in this method
were done by (Thess et al. 1996 and Rao et al. 1997) where they used a double beam
laser. Nanotubes produced by laser ablation method have higher purity of up to about
90% pure and their structure is better graphitized than those produced by the arc

process (Rafique and Igbal, 2011).
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Cooling
e
Buffer Gas (Ar)

Figure 2.9: Schematic diagram of laser apparatus (Jahanshahi and Kiadehi, 2013)

Chemical Vapour Deposition (CVD) Method

In this method decomposition of a gaseous hydrocarbon source (ethylene or
acetylene) is catalysed by metal nanoparticles (Co or Fe) at high temperatures (500 —
1000) °C. Carbon has a low solubility in these metals at high temperatures and thus
the carbon will precipitate to form carbon nanotubes (Lopez, 2009). Chemical vapour
deposition process seems to offer the best chance to obtain a controllable process for
the selective production of nanotubes with predefined properties (Sinnott and
Andrews, 2001). However there was no evidence that this technique could be used to

synthesize carbon nanotubes until (Yacaman et al. 1993) succeeded.

furnace

2 \

Sample holder su.bstralc

CHy, CoHy

Figure 2.10: Schematic diagram of the setup used for CNT growth by CVD in its simplest
form (Jahanshahi and Kiadehi, 2013).
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Applications of Carbon Nanotubes

Carbon nanotubes have extraordinary electrical, thermal conductivity and mechanical
properties. Therefore have a wide range of applications in materials, science,
electronics, chemical processing, energy management, and many other fields have
been reported in the literature (Lopez, 2009). CNTs have in recent years been widely
used in modification of electrochemical and biosensors in order to enhance their
electro-activity and sensitivity. CNTs are used in electronic devices and they have
emerged as a promising class of electronic materials due to their nanoscale
dimensions and outstanding properties, such as ballistic electronic conduction. CNTs
are also used in energy applications as preferred alternative electrode material

because of their unique electrical and electronic properties (Endo et al. 2008)

Mechanical and structural applications of CNTs have the ability to be the biggest
large-scale application for the material. CNTs are considered to be the ideal form of
fibres with superior mechanical properties compared to the best carbon fibres
(Baughman et al. 2002). Carbon fibres have been used as reinforcements in high
strength, light weight, high performance composites, like in spacecraft and aircraft
body parts to expensive tennis rackets, and ideally, CNTs should perform far better
than these fibres in mechanical applications (Endo et al. 2008). CNTs have been
effective as sensing elements utilizing their electrical, electrochemical and optical
properties. SWCNTs have been highlighted as promising gas-sensing elements,
detecting low concentration of toxic gases which is important for environmental
purposes and chemical safety. SWCNTSs have advantages over conventional metal-
oxide-based sensors in terms of power consumption, sensitivity, miniaturization and
reliable mass production (Qi et al. 2003). They can also be used in field emission and
lighting, field emitters due to their low threshold voltage, good emission stability and
longer emitter lifetime (Saito and Uemura, 2000). These characteristics also make
them useful in the fabrication of cathode-ray lighting elements and flat panel
displays. The cathode ray tube lighting elements using arc derived MWCNTSs as cold
electron sources exhibit a stable electron emission, adequate luminance and long life
of the emitters (Saito et al. 1998). DWCNTs and MWCNTSs have been examined as
the best field emitting materials because they show low threshold voltage compared
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to SWCNTs and also a better structural stability compared to SWCNTs (Son et al.
2005; Jorio et al. 2007). CNTs are also important for biological applications; their
optical properties impart promising advantages to their use in imaging applications

within live cells and tissues (Heller et al. 2006).

Carbon nanotubes in electrochemical sensors and biosensors

Carbon nanotubes have been widely used in structure of different types of sensors.
Various advantages of CNTSs as sensor materials have been shown for the analysis of
diversified chemicals of food quality, clinical and environmental interest. High
thermal conductivity, remarkable mechanical properties, chemically stability and
high surface to volume ratio of CNTs is very appealing for sensing applications.
Electrochemical sensors (ECS) have been proven as an inexpensive and simple
analytical method with remarkable detection sensitivity, reproducibility, and ease of
miniaturization rather than other instrumental analysis methods. CNTs possess
interesting electrochemical properties, which can be used for construction of
electrochemical sensors. CNT-ECS exhibit low detection limit, high sensitivity and
fast response due to the signal enhancement provided by high surface area, low
overvoltage and rapid electrode Kinetics (Mazloum-Ardakani and Sheikh-Mohseni,
2011).

Modification of Electrode surfaces

CNTs have been used to modify surfaces of bare electrodes, be it glassy carbon
electrode (GCE), platinum or gold electrodes. Prior to modification the electrode is
polished with alumina in water slurry using a polishing cloth and rinsed with
deionised water. The immobilizing solution of MWCNTS is prepared by introducing
5 mg of MWCNTSs into 5 ml of DMF. Since CNTSs are insoluble in most solvents,
ultra-sonication is required during preparation in order to effectively disperse the
tubes (Balasubramanian and Burghard, 2006). In the report by Zare and co-workers,
the modification was done by placing 10 pl of DMF-MWCNTSs solution onto the
bare electrode surface and dried at 50°C to form a MWCNTSs film on the electrode
surface as illustrated in Figure 2.11 below. After drying the surface was rinsed with

deionised water (Zare and Nasirizadeh, 2011).
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Figure 2.11: Schematic representation of Bare GCE modified with MWCNTSs

Other methods use different solvents to disperse CNTs, Nafion (sulfonated tetra
fluoro-ethylene) have been used extensively for the construction of amperometric
biosensors owing to their unique ion-exchange, discriminative and biocompatibility
properties. The ability of Nafion to solubilise CNTs provides a useful avenue for
preparing CNTs-based electrode transducers for a wide range of sensing application
(Wang at al. 2003).

The other method for modifying the electrode is the carbon paste method, (Figure
2.12) where a paste of (about 0.5 g) made of 70% graphite or CNTs powder and 30%
mineral oil is housed in a Teflon body having a 2.5 mm-diameter disk surface. Prior
to measurements, the electrode surface is renewed by polishing with a soft filter

paper. Then, the surface is ready for measurement (Supalkova et al. 2007).

Carbon paste Carbon paste Spatula

eIectrode\ N /

MG

Figure 2.12: Schematic representation of preparation of carbon paste electrode
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Electrochemical Sensors applications

Electrochemical sensors has become a very interesting and most attractive device for
monitoring and measuring different types of substances, for quality control, and in
medicinal and environmental chemistry. The importance of CNTs for sensors
applications has led to wide research activities. One of the advantages of these
sensors is that they can be used once and can be disposed-off after usage (Lopez,
2009). These electrochemical sensors can be used for detection of gases because of
their potential applications in environmental pollution monitoring, flammable and
toxic gas detection and food quality control. The most important problem in gas
sensors is their selectivity, i.e. the capability to provide different responses when they

are exposed to different gaseous species (Sayago et al. 2007).

Toxic metals are also detected by these sensitive electrochemical sensors especially
when using sensitive electro-analytical techniques like voltammetry for trace metal
analysis (Baldo et al. 2004). Most biomolecules are detected using CNTs modified
electrodes; to it a biological element like (protein, enzyme, tissue etc.) is attached.
Several analytes have been studied using biosensors, ranging from haemoglobin to
glucose and many others. The remarkable properties of CNTSs also suggest their use
in developing (bio) sensing systems where nanoparticles have been involved. CNTs
can be decorated with nanoparticles (Au, Ag, Ni, etc.) to enhance electrode’s electro-
activity and sensitivity. In recent years, several studies have aroused great interest in
modifying electrode surfaces on the molecular scale with novel nanomaterials for the

direct electron transfer of redox enzymes and retention of bioactivity (Liu et al. 2005).

2.3.3 Nanoparticles

A nanoparticle is the most fundamental component in the fabrication of a
nanostructure; and is far smaller than everyday objects that are described by
Newton’s laws of motion, but bigger than an atom (Horikoshi and Serpone, 2013). In
general, the size of a nanoparticle spans the range between 1 and 100 nm. It is
interesting to note that metallic nanoparticles may exhibit size related properties that
differ significantly from those observed in fine particles or bulk materials (Buzea et
al. 2007). Nanoparticles often possess unexpected optical properties as they are small

enough to confine their electrons and produce quantum effects (Hewakuruppu et al.
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2013), for example, gold nanoparticles appear deep-red to black in solution. There
are different types of metal nanoparticles for example, gold, silver, copper, zinc and
many others, in this study gold nanoparticles were used. Gold nanoparticles melt at
much lower temperature (approximately 300°C for a 2.5 nm size) than gold slabs
which melt at 1064°C (Buffat and Borel, 1976). There are different types of
techniques that can be used for characterization of nanoparticles, for example
electron microscopy (TEM and SEM), XRD, NMR and many others.

2.3.4 Voltammetry

Voltammetry is a category of electro-analytical methods used in analytical chemistry
and various industrial processes, according to Kounaves this technique’s
development is based on the discovery of polarography in 1922 by the Czech chemist
Jaroslav Heyrovsky, for which he received the 1959 Nobel Prize in chemistry
(Kounaves, 1997). In this electrochemical technique, information about an analyte is
obtained by measuring the current as the potential is varied (Kissinger and
Heineman, 1996; Zoski, 2001). Voltammetry setup with three electrode system is

shown in Figure 2.13 below.

N, Purge Line

>

N >

I 3 I
\_7—) Electrolyte

Figure 2.13: Voltammetric cell with three electrode setup: (1) Working electrode; (2)
Auxiliary/counter electrode; (3) Reference electrode

\

The working electrode is the electrode in an electrochemical system on which the

reaction of interest is occurring, types of working electrodes include, Rotating disk
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electrode (RDE), hanging mercury drop electrode (HMDE) etc. Auxiliary electrode,
also known as counter electrode, is an electrode used in a three electrode
electrochemical cell for voltammetric analysis in which an electrical current is
expected to flow. These electrodes are made out of electrochemically inert materials

such as gold, platinum or carbon.

A reference electrode possesses a stable and well-known electrode potential,
common types are: standard hydrogen electrode (SHE), saturated calomel electrode
(SCE), silver chloride electrode and many others. Some of the analytical advantages
of voltammetric techniques include excellent sensitivity with a wide linear
concentration range for both organic and inorganic species (10" to 10 M). Figure
2.14 shows images of 797 VA computrace instrument used for electrochemical

analyses in this study.

()

Figure 2.14: Images of 797 VA Computrace by Metrohm, (a) In a closed and rested state,
(b) Open state ready to be used showing nitrogen pipes and electrodes connections.

2.3.4.1 Common applications
e Determination of metal ion concentration in water to parts-per-billion (ppb)

levels
e Quantitative determination of pharmaceutical compounds
e Determination of redox potentials

e Detection of eluted analytes in HPLC and flow injection analysis

Page | 28



Chapter 2: Literature Review

e Kinetic studies of reactions

e Determination of number of electrons in redox reactions.

Voltammetric techniques

There are different types of voltammetric techniques namely: Staircase voltammetry
(SCV), Linear sweep voltammetry (LSV), Square wave voltammetry (SWV), Anodic
stripping voltammetry (ASV), Cyclic voltammetry (CV), Cathodic stripping
voltammetry (CSV), Adsorptive stripping voltammetry (AdSV), Normal pulse
voltammetry (NPV) and Differential pulse voltammetry (DPV). Voltammetric

techniques used in this study involve cyclic voltammetry (CV) and differential pulse
voltammetry (DPV).

Cyclic voltammetry

Cyclic voltammetry is an important and widely used electro-analytical technique in
many areas of chemistry. This technique is widely used for the study of redox
processes. CV is mainly utilized for acquiring qualitative information about
electrochemical reactions; it offers a rapid location of redox potentials of the
electroactive species (Andrienko, 2008). In CV the voltage is swept between two
values V1 (Ep1) and V; (Ep) at a fixed rate, when the voltage reaches V; the scan is
reversed and the voltage is swept back to V4, like in the voltammogram shown below
in Figure 2.15 below.

Oxidation peak

Current (nA)

Reduction

Epi Potential (V) Ep2

Figure 2.15: Schematic diagram of a cyclic voltammogram
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The most important parameters in a cyclic voltammogram are the peaks potentials
(Epc, Epa) and peak currents (ipc, ipa) Of the cathodic and anodic peaks, respectively.
CV is carried out in a quiescent solution to ensure diffusion control. CV operation is
based on varying the applied potential at a working electrode in both forward and
reverse directions while monitoring current (Kounaves, 1997). Cyclic voltammetry
can be used to study qualitative information about electrochemical processes under
various conditions, such as the presence of intermediates in oxidation-reduction
reactions. CV can also be used for the determination of the electron stoichiometry of
a system, the diffusion coefficient of an analyte, and the formal reduction potential of
an analyte, which can be used as an identification tool (Carriedo, 1988).

From Nernst equation: E = Eq + RT/nF In [Ox] / [red.] where:
E is the potential of the cell (Volts)
T is the temperature in Kelvin (K)

Eo is the standard potential

n is the number of electrons

F is the Faraday constant (96500 Coulombs/ mole)
R is the gas constant (8.31 J.K™-.mol™)

For CV half-cell reactions the equation becomes E® = Ey, +Ep /2 Where Ep, and Epe
are anodic and cathodic peak potentials respectively.

Differential pulse voltammetry (DPV)

This technique can be compared to normal pulse voltammetry (NPV), in that the
potential is also scanned with a series of pulses. However it differs from NPV
because each potential pulse is fixed, of small amplitude (10 to 100 mV). Current is
measured at two points for each pulse, the first point before the application of the
pulse and the second at the end of the pulse as indicated in Figure 2.16. The
difference between current measurements at these points for each pulse is determined

and plotted against the base potential (Kounaves, 1997).
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Potential (V)

Quiet -
Time 1
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Figure 2.16: A typical DPV measurement process where current is measured before and
after each pulse time.

In DPV, the occurrence of a signal peak at a particular potential gives an indication
of the type of substance present, while the peak height (or peak area) gives a
quantitative measure of the concentration of the analyte. The peak potential (Ep)
occurs near the voltammetric half-wave potential and can be used to identify the
species. The potential is applied as a ramped square wave, and the current is sampled
just before and near the end of each pulse, and the data is recorded as a differential so
that the concentration is represented by peak area or peak height.

Differential pulse voltammetry has the following characteristics:

e Reversible reactions show symmetrical peaks, and irreversible reactions show
asymmetrical peaks.

e The peak potential is equal to Ey,"-AE in reversible reactions, and the peak
current is proportional to the concentration.

e The detection limit as low as 10 M.
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Figure 2.17: Typical current vs. potential curves for a capsaicin DPV measurement

The voltammogram in Figure 2.17 show two peaks at about 0.4V and 0.61V for
capsaicin determination
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CHAPTER 3

METHODOLOGY

The experimental techniques involving voltammetry and computational modelling
are presented in this chapter. The computational methodology used in this study is

outlined including optimization of the parameters.

3.1 Instrumentation

Voltammetric measurements were carried out using a 797 VA Computrace
instrument from Metrohm (Herisau, Switzerland). Voltammograms were recorded at
room temperature using a three electrode system in a polarographic cell, consisting
of a 3mm diameter disc working electrode (GCE, Pt. and Au); Ag/AgCl (saturated
AgCl, 3 M KCI) was used as a reference electrode, and the platinum wire as a
counter electrode. A 781 pH/ion meter coupled with an 801 stirrer (Metrohm,
Herisau, Switzerland) was used to adjust the pH of the buffer solutions. All working
solutions including the buffer were prepared with deionized water from a water
purification system, Aqua MaxTM Basic 360 (Trilab, SA). Buffer solutions, standard
solutions and samples were refrigerated at 4 °C and all analytical measurements were
performed at room temperature. Since carbon nanotubes are insoluble in most
solvents, sonication during preparation of MWCNTSs in DMF was employed in order
to effectively disperse the tubes prior to immobilisation on electrode surface, this
sonication was achieved using an Ultra-sonic 50194, Labcon, SA bath, and the
Scientific oven Series 2000 was used to evaporate DMF.

3.2 Reagents and Chemicals

All chemicals were of analytical grade and were used as received without any further
purification. Capsaicin-360376-1G (cas no. 404-86-4), PAL- Rhodotorula glutinis
P1016-2UN enzyme and 20-30 % Carbon nanotubes MWCNTS basis, O.D. x L 7-12
nm x 0.5-10 pum (cas number 308068-56-6) were purchased from Sigma Aldrich
(Durban, SA). N, N- dimethylformamide (cas no. 68-12-2), Glacial acetic acid (cas
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no. 64-19-7) and Sodium Acetate anhydrous was supplied by Associated Chemical
Enterprises (Johannesburg, SA). Nitrogen (99.9 % purity) was obtained from
AFROX (Durban, SA). Ethanol (absolute, 99.9 %) used for extraction of samples
and Nafion (cas no. 31175-20-9), 5 wt. % in lower aliphatic alcohols and water
containing 15-20 % water were supplied by Capital Lab Supplies (Durban, SA).
Glucose Oxidase Type VII from Aspergillus Niger EC 1.1.3.4, product number:
G2133 and CAS# 9001-37-0 was purchased from Sigma, St Louis, Missouri 63103
USA.

3.3 Methods

3.3.1 Preparation of supporting electrolyte

Sodium acetate buffer solution was prepared by making 0.1 M sodium acetate
solution and 0.1 M acetic acid solution; both solutions were mixed at a ratio of 85 %
acetic acid to 15 % sodium acetate and adjusted to form 0.1M sodium acetate buffer
solution of pH 4.01. This solution was then stored at 4 °C until used. To vary and
increase the electrolyte pH values as presented in section 4.1.1, sodium acetate was

quantitatively added.

3.3.2 Preparation of Capsaicin standard

Capsaicin standard solution was prepared by dissolving 10 mg capsaicin standard
powder in 100 mL of absolute ethanol 99.9 % pure to produce 100 mg.L™ (ppm)
standard solution. The capsaicin standard solution was also kept in the refrigerator at

4 °C until ready to use.

3.3.3 Electrode Modification

Working electrodes (GCE, Pt and Au) were mechanically polished for surface
preparation prior to casting nanotube solution. A small portion of 0.05 um alumina
polish was placed on a polishing pad; a drop of deionised water was added to the
powder to make a paste. The electrode was moved in a figure-of-eight motion when
polishing to ensure uniform polishing. Once the polishing had been completed the
electrode surface was thoroughly rinsed with deionised water to remove all traces of
polishing material. After that the electrode was sonicated in deionised water for few

minutes to ensure complete removal of alumina particles. Multiwalled carbon
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nanotube was dispersed in N, N-Dimethylformamide (5 mg in 1 mL). This mixture
was then sonicated in ultrasonic bath for 5 min (Wang et al. 2002), after which 10 puL
aliquot was cast or immobilized onto the surface of the inverted electrode and oven-
dried at 50 °C for about 15 min.

3.3.4 Preparation of PAL enzyme solution

Phenylalanine ammonia lyase (PAL) solution was prepared by adding 10 pL of PAL
to 90 pL of 67 mM Phosphate buffer solution pH 7.4. About 10 pL of this solution
was cast or immobilized on an electrode modified with MWCNTSs allowed to dry at
room temperature for a period of about 2 hours. After that a drop of Nafion solution
(5 % nafion in ethanol) was cast on the electrode and allowed to dry at room
temperature, this formed a film which covered the top of the electrode. The modified
electrode (MWCNT/PAL/Nafion) was then rinsed with buffer solution before

transferred to the electrochemical cell.

3.3.5 Preparation of Glucose Oxidase (GOx) enzyme solution

Solution of Glucose Oxidase was prepared by adding 3 mg of GOx into 1mL of 67
mM phosphate buffer solution (pH 7.4). The enzyme was physically adsorbed on the
electrode surface modified with MWCNTs by dropping 10 pL of the enzyme
solution on it; the solvent was allowed to dry at room temperature for a period of
about 2 hours. Later 5 % Nafion solution was cast on electrode to form a film over
the enzyme. The modified MWCNTs/GOx/Nafion electrode was then rinsed with the
buffer solution prior to electrochemical determinations (Lyons and Keeley, 2008).

3.3.6 Real sample preparation

Capsaicin was extracted from ripe chilli pepper fruit as follows: Ripe chilli pepper
fruit was crushed and blended, and 100 g was transferred into a 500 mL round
bottom flask containing 350 mL of absolute ethanol. The mixture was refluxed for 2
hours, after refluxing solids were removed through filtration and discarded. Reddish-
brown liquid containing chilli extract and ethanol was then transferred into another
round bottom flask and the distillation system was set to distil off excess ethanol.
The remaining chilli extract was then cooled and kept in an amber bottle at 4 °C in a

refrigerator for subsequent electrochemical studies (Mpanza et al. 2014).
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3.3.7 Computational Methods
Procedure for PAL with Capsaicin interaction using docking methods

The crystal structure of PAL enzyme was obtained from the Protein Data Bank
ID: 1T6J (http://www.rcsb.org).The whole enzyme was selected and hydrogen

atoms were added. Thereafter, it was cleaned by removing water molecules and
seven alteration from the residues. Interestingly, there were no incomplete residues
and alternate conformations in this structure, however the bonds and bond order were
checked and corrected accordingly. The protein was energy minimized using the
CHARMM based (Chemistry at HARvard Macromolecular Mechanics) force field
described as the general purpose all atom force field in Discovery Studio 4.0 (Wu et
al. 2003), at pH 7.4 corresponding to an ionic strength of 0.145. The protein
ionization and residue pKa demonstrated that the protein possessed a zero charge at
pH 7.7 and electrostatic energy of -36.00 kJ mol™.

Capsaicin ligand obtained from the Protein Data Bank (PDB) ID: 1548943 was
optimized with Gaussian 9.0 (Frisch et al. 2009) and thereafter the conformation with
the lowest energy was used for the docking simulation using Discovery Studio 4.0.
Docking studies were performed using the CDOCKER module in Discovery studio,

whereby the PAL enzyme was held rigid while the capsaicin ligands were flexible.

CDOCKER is a grid-based molecular docking method where the receptor is held
rigid while the ligands are allowed to flex during the refinement. The CHARMm
force field was used as an energy grid force field for docking and scoring function
calculations. Random ligand conformations were generated from the initial structure
through high temperature molecular dynamics, followed by random rotations which
were further refined by grid-based (GRID 1) simulated annealing and a final grid-
based minimization. Of the 10 best poses, one (conformation) having highest
docking score (-CDOCKER energy) was used for the binding energy calculations
and further analysis. The higher negative value of binding energy represents a more

favourable binding of the complex.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter deals with the optimization of parameters such as pH and scan rates
followed by a methodological study to assess the sensitivity of the electrochemical
biosensor for the determination of capsaicin extracted from chilli pepper fruits, using
3 different electrode modification approaches. The first, involved the modification of
a glassy carbon electrode (GCE) immobilized with a glucose oxidase (GOx) enzyme
onto a multiwalled carbon nanotubes (MWCNTs) modified electrode. The other
determination step used MWOCNTs modified electrode decorated with gold
nanoparticles (AuNPs). The second approach involved replacing the GCE with the
platinum electrode (Pt-E) and the glucose oxidase enzyme was replaced with
phenylalanine ammonia lyase (PAL) enzyme. The third approach involved a
comparative study of MWCNTs/GOx and MWCNTs/PAL biocomposite for the

determination of capsaicin using gold electrode (Au-E).

4.1  Optimization of Parameters

4.1.1 Effect of electrolyte pH
Cyclic voltammetry analysis of 100 ppm capsaicin standards were performed using
acetate buffer solution as an electrolyte at different pH levels, in order to determine

the optimum pH value for the detection of capsaicin.
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Figure 4.1: (i -iii) Effect of electrolyte pH on capsaicin using Bare GCE.

The scans along with data presented in Figure 4.1 shows that an increase in pH
results in a decreased potential, with a shift in potential from a to h over a pH
ranging from 4.0 to 7.5. The linearity of the pH versus the oxidation peak potential in
(1) above is confirmed by the regression equation y = -0.0555x + 0.8327 with a
coefficient of R?> = 0.9916. This relationship shows a gradual decrease in peak
potential (potential shifting to the left) with an increase in pH value on the graph
which seems to be consistent, and also confirmed by the coefficient of determination
(R?) of 0.9916. The shift in peak potential to a more negative potential by 55 mV per
unit increase in pH, is close to the ideal potential shift of -59 mV per unit increase in

pH, as predicted by the Nernst equation (Kachoosangi et al. 2008).

A similar analysis of the oxidation peak currents presented in Figure 4.1(iii) reveals
that an increase in pH of the acetate buffer solution results in an increase in the peak
currents. The linearity of the pH versus the oxidation peak current is confirmed by
the regression equation y = 25.976x -34.238 with a coefficient of R? = 0.9866. Peak
currents in general are proportional to pH, as the pH of the buffer is increased so
does the peak current, here this indicates that the rate of oxidation of capsaicin is

increased with an increasing pH. For comparative evaluation and characterization at
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all pHs studied the anodic peak in Figure 4.1 is broad and well defined than the
cathodic peak. The optimum pH was found to be 4.0.

4.1.2 Effect of Scan rates

The effect of scan rates on the oxidation and reduction peak currents of the cyclic
voltammetric signals of capsaicin using a bare GCE in a 0.1M acetate buffer at pH
4.01 was studied.
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Figure 4.2: Scan rate effect from 0.01 to 0.1 V.s™* on capsaicin

Figure 4.2 reveals three distinct capsaicin peaks obtained by cyclic voltammetry, two
of which are oxidation peaks and one reduction peak. A broader oxidation peak |
observed at about 0.6 V, and a smaller oxidation peak Il observed at about 0.4 V,
while a reduction peak Il at about 0.3 V. It is also evident that as the scan rate
increases from 0.01 V.s™ to 0.1 V.s™, the oxidation peaks currents also increased and
shifted towards the right, whereas the reduction peak currents also increased but
shifted towards the left. Table 4.1 shows scan rates of (0.01 to 0.1) V.s™ and the peak
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currents for all three peaks as depicted in Figure 4.2. A linear relationship of the scan
rates against the peak currents (I-111) are graphically represented in Figure 4.3.

Table 4.1: Scan rates and peak currents of oxidation and reduction peaks of Figure 4.2

scan rate Peak 1 Current Peak 11 Peak 111
(V.sh (nA) current (NA)  current (nA)
0.01 138 17 -53
0.02 206 43 -96
0.03 265 75 -134
0.04 315 106 -167
0.05 362 140 -200
0.06 411 170 -233
0.07 455 200 -263
0.08 499 227 -294
0.09 542 255 -324
0.1 583 281 -354
800 1
600 A y = 4846.1x + 111.07 peak
R2=0.9948
400 - 1
72 eak 1
< 200 - / P
£ 0 y =2989.1x - 13
L R2 =0.9989
S 200 | Peak 1y
© y = -3288.5x - 30.933 1
-400 - Rz =0.9972
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Figure 4.3: Graphical representation of capsaicin peak currents against Scan rates from
Table 4.1.

With increasing scan rates from 0.01 to 0.1 V.s™ the oxidative and reductive peak
currents of capsaicin shows a linear relationship which indicates the adsorption of
capsaicin onto the electrode surface, rather than diffusion as a preferred mechanism
of detection. The linear relationship between redox peak currents and the scan rates

depicted in the calibration curve in Figure 4.3, were correlated with R? values at peak
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| =0.9948, peak 1l = 0.9989 and peak Il = 0.9972. Moreover, the mechanism of the
conversion of capsaicin structure (Scheme 1) by losing H* ions (guaiacol to
benzophenone) is a forward reaction and this is attributed to peak I, the reaction
between benzoquinone and catechol is reversible represented by peak Il and IlI

respectively.

CHy

) \ CHS OY\/NCHS

B
-H*
-2¢ -H"
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OCH;, Peak | OCH, 2
o
CHs CHs
(o]
\ CH3 OY\/NCHg
+2e +2H*, Peak Il NH C
—2e _2H", Peak IlI + CHOH

(¢]

Scheme 4.1: Mechanism for the electrochemical oxidation/ reduction of capsaicin that
occurs at the electrode surface (Kachoosangi et al. 2008).

The chemical structure of capsaicin [A] shows that the benzene ring and the (-OH
and OCH3) are attached and referred to as Guaiacol. The loss of H* produces an
intermediate structure [B] and with a further loss of H* and hydrolysis of the 2-
methoxy group forms structure [C] converting the guaiacol to benzoquinone (two
double bond oxygen atoms replacing -OH and OCHgs) respectively. The gain of 2e
and 2H" ions converts benzoquinone to catechol, structure [D].

Page | 41




Chapter 4: Results and Discussion

4.2 Determination of Capsaicin using Glassy Carbon Electrode (GCE)
In this study, electrochemical analysis of capsaicin were first carried out using bare
GCE, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) scans
shown in Figures 4.4 (a)-(b) followed by the modification of the bare GCE.

4.2.1 Bare GCE
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Figure 4.4: (a) CV and (b) DPV voltammograms of capsaicin sample (0.2 mL) from chilli
extract in 0.1 M acetate buffer solution of pH 4.01 and scan rate of 0.01 V.s™ using bare
GCE.

Figure 4.4 (a) shows three capsaicin peaks, two of which are oxidation peaks with
the major peak labelled “I” at 0.59 V and the smaller peak II at about 0.4 V, with a
reduction peak Ill at 0.26 V. The differential pulse voltammogram in Figure 4.4 (b)
shows two capsaicin peaks | and 11, at 0.57 V and 0.30 V respectively. It is noticed
from the results above that the peak current on the bare GCE is recorded in nano-
amperes (nA). Accordingly, the optimization and sensitivity of the bare glassy
carbon electrode were established according to the protocols described in the

Methods section.
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4.2.2 Glassy carbon electrode modified with multi-walled carbon nanotubes
(GCE-MWCNTS)

Results obtained from the cyclic and differential pulse voltammograms for GCE-
MWCNTSs are shown in Figures 4.5 (a)-(b).
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Figure 4.5:(a) CV and (b) DP voltammograms of capsaicin sample (0.2 mL) from chilli
extract in 0.1 M Acetate buffer solution of pH 4.01; scan rate of 0.01 V.s™ using GCE
modified MWCNTSs

In contrast to the bare GC electrode, Figure 4.5 (a) shows a clear and distinct
oxidation and reduction peaks for capsaicin. In the case of the bare GCE, the peak
currents are measured in nA, whereas for GCE-MWCNTSs the peak current are in
WA, suggesting that the introduction of MWCNTSs enhanced the sensitivity of the
electrode. Similar responses were observed in the case of the DPV scan shown in
Figure 4.5 (b). The enhancement of the peak currents confirms the sensitivity,
probably due to the stronger adsorptive properties of the MWCNTS, in contrast to the
bare electrode. Clearly, the inclusion of the MWCNTSs onto the electrode surface
showed a significant difference on the electrochemical behaviour of capsaicin when
compared to a normal bare electrode. Additionally, there is also an increase in peak
current readings, (Mpanza et al. 2014) and this significant increase in peak heights
can also be attributed to a better surface area and electrical conductivity provided by
MWCNTSs.
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4.2.3 GCE-MWCNTs decorated with Gold Nanoparticles (AuNPs)
Multi walled carbon nanotubes were decorated with AuNPs; this was done by
involving the functionalization of the thiol groups with ammonium morphiline

dithiocarbamate as per preparation method in (Mpanza et al. 2014).

The MWCNTs and AuNPs-MWCNTs were characterized using High resolution
transmission electron microscopy (HR-TEM) and Attenuated total reflectance infra-
red (ATR-IR) spectroscopy, shown in Figures 4.6 (a)-(b).

Figure 4.6: High-resolution transmission electron micrograph of (a) multi-walled carbon
nanotubes and (b) multi-walled carbon nanotubes decorated with gold nanoparticles obtained
at 100 nm and 50 nm magnification respectively.

The HR-TEM morphology of the undecorated MWCNTSs (Figure 4.6 (a)) illustrated
hollow cylindrically shaped MWCNTSs conjugate formation depicted by the presence
of AuNPs shown in Figure 4.6 (b). The covalent bonding of the ammonium
morpholine dithiocarbamate on the surface of MWCNTS prior to decoration with
AuNPs also reduced the nanoparticle aggregation, thus enhancing a uniform
attachment around the surface of the functionalized MWCNTSs. The conjugation
mechanism is also dependent on the chelation of the gold nanoparticles with the
sulphur atoms of the ammonium morpholine dithiocarbamate complex. Further
characterization involving infrared analysis revealed that the MWCNTSs exhibited a
stronger absorbance shown in Figure 4.7.
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(c) AuNP-Acetate

(b) AMDTC

(d) AUNP-MWCNT 4

(a) Pure MWCNT
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Figure 4.7: Infrared spectra of (a) pure multi-walled carbon nanotubes, (b) ammonium
morpholine dithiocarbamate, (c) gold nanoparticles-acetate, and (d) gold nanoparticles-
multiwalled carbon nanotubes

The spectra shown in Figure 4.7 were recorded and collected over the range 4,000—
550 cm™ at 3 cm™ resolution, and hence peaks corresponding to ammonium
morpholine dithiocarbamate on the surface of MWCNTs were elucidated. As
expected, MWCNTSs did not produce any spectral absorption while from the gold
nanoparticles-acetate, a C=0 stretching vibration at 1640 cm™ was observed after
conjugation of the AuNPs with the MWCNTSs. However, this band was relatively
small, probably due to the lower concentration of the prepared AuNPs. Primary
amine bands were observed in the 1580 cm™ region, due to the presence of
ammonium morpholine dithiocarbamate retained in the final conjugation. This was
confirmed by the participation of the sulphur atoms rather than nitrogens and
oxygens in the complexation of AUNPs-MWCNTS, resulting in linkage of oxygen
atoms of the ammonium morpholine dithiocarbamate complex to the GCE.

Electrochemical studies were performed using capsaicin as an electro-active species.

Earlier optimization studies carried out using cyclic voltammograms shown in Figure
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4.2, showed a well-defined electroactivity with redox reversibility and charge
transfer controlled process with higher stability. This electrochemical reaction
involved a charge transfer that was enhanced by the surface of the AUNPs-MWCNTSs
attached to the GCE. It is noticed that the oxidation and reduction peak heights
increased significantly when AuNPs-MWCNTs-GCE was used, which indicates a
much better surface area and electrical conductivity compared to the bare GCE. The
decoration of MWCNTSs with AuNPs facilitates electron transfer between the analyte

and modified electrode surface.

However, quantification studies involving differential pulse voltammogram (DPV) of
capsaicin showed a better adsorption on the MWCNTs-GCE and the AuNPs-
MWCNTSs-GCE shown in Figure 4.8, due to the stronger adsorptive properties of the
AuNPs and MWCNTSs. Overlays of the differential pulse voltammograms were

prepared to relate potential against current for three types of electrodes.
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Figure 4.8: Differential pulse voltammogram of Capsaicin using bare GCE; multi-walled
carbon nanotubes on a GCE (MWCNT-GCE, and gold nanoparticles on a MWCNTs-GCE
(AUNP-MWCNTSs-GCE) with a pulse time of 0.04 s, a sweep rate of 0.01 V.s™ and a step of
0.003 V.
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4.2.4 Enzyme immobilization on MWCNTSs modified GCE

In order to develop the biosensor, enzyme immobilization on modified glassy carbon
electrode: GCE-MWCNTs-Enzyme using Glucose oxidase (GOx) were used in this
study. Preparation of the GOx enzyme solution are described in the Methods section.
Electrochemical determination of capsaicin were performed similar to those of the
bare and MWCNTs modified GCE. Cyclic and Differential pulse voltammograms for
GCE-MWCNTs-GOx are shown in Figures 4.9 (a)-(b) below.

150 250
(a)
120 - ' (b)
240

90 _
_—
é 60 A I é 230 |
it ~—t
g 30 5 I
2 £ 20 4
1 o
S 0 - =
O 0

30 210

il
-60 200

0 02 04 06 08 1 12
Potential (V)

0 02 04 06 08 1 12
Potential (V)

Figure 4.9 (a) CV scan and (b) DPV scan for Capsaicin sample (0.2 mL) from chilli extract
in 0.1M Acetate buffer solution of pH 4.01; scan rate of 0.01 V.s* using GCE-MWCNTSs-
GOx modified electrode

All capsaicin peaks are easily identifiable on both CV and DPV voltammograms
depicted in Figures 4.9 (a)-(b) respectively. The catalytic activity of glucose enzyme
is evident and thus confirms the sensitivity of the GCE-MWCNTSs-GOxX electrode.

Table 4.2 shows the summary of electrochemical results obtained while running
capsaicin analysis using bare GC electrode, GCE modified with MWCNTs and
immobilising glucose oxidase (GOx) enzyme on the MWCNTs modified GCE.
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Table 4.2: Comparison for determination of Capsaicin using a bare GCE, multi-walled
carbon nanotubes on GCE (GCE-MWCNT), and glucose oxidase enzyme (GOx) on GCE
modified with multi walled carbon nanotubes (GCE-MWCNT-GOXx)

Technique Peak  Parameters GCE GCE-MWCNTs GCE-MWCNTs- GOx
1 Epa vy 0.59 0.62 0.61
i (ua) 7.53 15.29 42.13
CVv 2 Epa vy 0.41 0.39 0.39
i (ua) 0.13 17.96 16.54
3 Epc vy 0.32 0.29 0.30
e (ua) 0.63 20.88 21.46
DPV 1 Eov) 0.54 0.62 0.60
i (ua) 1.85 3.87 6.51
2 Eov) 0.29 0.38 0.43
i (ua) 0.37 5.47 9.72

Further analyses were performed to assess the impact on the sensitivity on the
electrode modification by glucose oxidase enzyme on the electrode surface of bare
glassy carbon electrode. Overlaid scans were for both CV and DPV are illustrated on
Figures 4.10 (a)-(b) respectively.
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Figure 4.10 (a) CV and (b) DPV scans of capsaicin using bare GCE, GCE- MWCNTs and
GCE-MWCNTs-GOx modified electrodes
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Cyclic voltammograms for GOx modified electrodes show the highest peak heights
of all electrodes used, followed by multi walled carbon nanotubes modified electrode
and the bare GCE show the lowest peak height, suggesting an increased sensitivity.
The CV scan of capsaicin in Figure 4.10 (a) show two oxidation peaks, one at about
0.4 V (peak Il) and the other at about 0.6 V (peak I). The scans for the bare GCE
show peak |, but peak Il is not clearly visible, however the situation changes when
MWCNTSs-GCE and GOx-MWCNTSs-GCE are introduced, where peak Il is clearly
visible and magnified. Clearly, a significant difference between the magnitudes of
the voltammetric signals on the MWCNTs-GCE compared to the bare GCE, with a
signal difference also evident when comparing the scans of MWCNTs-GCE with
those of GOx-MWCNTs-GCE. The CV scans of capsaicin also show a reduction
peak at about 0.3 V. Interestingly, the oxidation and reduction peak heights are
significantly increased in the order of bare GCE to MWCNTs-GCE to GOx-
MWCNTSs-GCE, thus confirming the impact MWCNTs and GOx enzyme has on
capsaicin detection.

Similar relationship observed in CV scans is also evident in DPV voltammograms as
shown in Figure 4.10 (b) above. One can deduce that this is probably due to larger
surface area of the MWCNTs-GCE and its electrical conductivity in comparison to
the bare GCE, and also due to catalytic activity of GOx enzyme when introduced to
the MWCNTs modified electrode. Furthermore we can say that, looking at the
voltammograms above, the higher the peak current on GOx-MWCNTs-GCE and
MWCNTSs-GCE signals compared to bare GCE, the stronger the adsorption effect on

modified electrodes than on the bare GCE.

The GCE modified with a mixture of multi-walled carbon nanotubes and glucose
oxidase enzyme was characterised by Attenuated Total Reflectance Infrared (ATR-
IR) spectroscopy and Thermo-gravimetric Analysis (TGA) depicted in Figures 4.11
and 4.12 respectively.
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Figure 4.11 IR spectra for (i) MWCNT, (ii) GOx enzyme and (iii) Nafion

The IR spectra shown in Figure 4.11 were recorded over the range 4000 to 515 cm™
at 4 cm™ resolution. The spectrum of pure MWCNTSs show a peak at 1740 cm™
which is assigned to the stretching mode of C=C bonds that form the framework of
carbon nanotubes side walls. At 2900 cm™ there is a peak band which corresponds
to C-H asymmetric and symmetric stretching, at 3300 cm™ O-H peaks due to
carboxylic acid show broad and less intense peak. On MWCNTs/GOx/Nafion
spectra, there is a broad O-H stretching peak at 3395 cm™, C-H stretching is found at
2982 cm™, there is also an evident peak at 1650 cm™ assigned to C=C bond stretch
and at 1044 cm™ is an aromatic in place C-H bend. Nafion spectrum show C-O-C
stretching vibrations at 879 cm™, S-O stretching symmetric at 1045 cm™, CF,
symmetric stretching at 1087 cm™; since nafion was a 5% solution in ethanol the
spectrum show broad O-H stretching at 3350 cm™ and C-H alkyl group stretching at
2974 cm™ from ethanol. GOx spectrum has a broad O-H stretching peak at 3277 cm’
! at 1639 cm™ is an amide bond peak and enzyme interaction with C-O bond peak is

realised at 1045 cm™.

In order to assess the thermal stability of the electrode surface Thermal analysis

studies were carried out and the TGA scan depicted in Figure 4.12.
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Figure 4.12 TGA curves of (i) MWCNTSs, (ii) MWCNTs-GOx and (iii) MWCNTs-GOx-
Nafion

This approach was very informative for a better understanding of the thickness of the
surface as the layer by layer modification was performed. MWCNTSs curve show a
change in temperature (decomposition temperature) at 710 °C, another drop in
temperature is noticed at about 850 °C, this might be due to carbon oxidation.
MWCNTSs modified with glucose oxidase enzyme (GOx) show a TGA profile with
three drop downs at 56 °C, 148 °C and 422 °C. The mass percentage loss of GOx on
MWCNTSs at first drop between 26 and 56°C is about 17.10 %, at second drop
between 56 and 148 °C mass percentage loss is at 7.76%, and at the third drop
between 148 and 422 °C, it is about 17.98 %. The first mass loss phase in MWCNTs-
GOx curve can be attributed to irreversible thermal denaturation of glucose oxidase
enzyme. The phase between 56-148 °C can be recognised as the normal dehydration
process of GOx, and above 148°C we can attribute the further drop in mass
percentage to melting and decomposition processes of GOx at temperatures higher
than 300 °C. MWCNTs-GOx-Nafion curve show a small mass percentage loss of
about 3.24 % between 26 -80 °C, this can be attributed to dehydration of nafion
membrane. The major mass loss in this curve was noticed when the temperature

reached about 422 °C which suggested total decomposition stage of the nafion
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membrane, this curve also show that GOx enzyme was concealed beneath the nafion

membrane.

4.2.5 Computational Section

Enzyme Preparation and Analysis

A Crystal structure of Glucose oxidase from Aspergillus niger with a pdb code
1GPE the data Bank
(http://www.rcsb.org/pdb/explore/explore.do?structureld=1GPE) accessed on
04/09/2014

The molecule contained water molecules which were removed prior to protein

was downloaded from Protein

cleaning, where seven alteration from the residue were deleted. Interestingly, there
was no complete residues that were found, however the bonds and bond orders were

checked and corrected where deemed necessary.
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Figure 4.13: Ramachandran plot of the glucose oxidase showing the distribution of the
protein groups. (a) acidic (b) total charge and electrostatic energy versus pH

The pH and ionic strength was critical in this study, as demonstrated by previous
experimental studies (Mpanza et al. 2014) confirming that such variations could alter
the analytical response of the analyte. The calculation of protein ionization and
residue pKa demonstrated that the protein possesses a total charge approximately
zero at pH 5 to 10 whilst it electrostatic energy ranges from to -41000 and -40105.
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Molecular Docking

In order to ensure that the prepared ligand mimic or the experimental conditions
used, it was allowed to ionise with pH 6.5 to 8.5 whilst the tautomers we enumerate.
Thereafter full minimization was performed using a smart minimizer algorithm
coupled with the CHARMM Force field. In the total of ten poses generated, none of
them failed the simulation. After CDocker calculations, the output was subjected to
scoring function. The binding site on the GOx protein with the co-ordinate -13.45,
0.18, -31.35 and 11.89 was selected using the default ligand.

Table 4.3.1: Energetics of the system

Ligand Binding Ligand Protein Complex Entropic

Name Energy Energy Energy Energy Energy
(kcal/mol) (kcal/mol)  (kcal/mol)  (kcal/mol) (kcal/mol)

1548943 -145.40 25.24 -55587.30 -55707.40 19.90

Further analysis of interaction revealed, four conventional Hydrogen bond with bond
distance ranging from 1.78 to 2.61 Angstrom (A) as can be seen in Table 4.3.2, three
C-H bonds are also evident with bond distances between 2.47 and 2.98 angstroms.
There is one Pi-alkyl interaction with a bond length of 4.61 A and a Pi-donor H-bond
interaction with a distance of 2.36 angstrom. Interestingly the Pi bond interaction
appeared to occur within the catechol ring of capsaicin as can be seen in Figure 4.14

below.
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Table 4.3.2: Bond properties of Capsaicin / Gox interaction

Bond Type Donor H-Acceptor Distance (A)
Conv. H-bond B:LYS473:HZ3 1548943:01 1.7884
Conv. H-bond 1548943:H48 B:THR361:0 2.1844
Conv. H-bond 1548943:H48 B:ALA470:0 2.6161
Conv. H-bond 1548943:H49 B:ASP364:0D2 2.1707
C-H bond B:LYS473:HE1 1548943:01 2.9854
C-H bond 1548943:H35 B:ASP364:0D2 2.9026
C-H bond 1548943:H46 B:PHE362:0 24715
Pi- Donor H- bond B:LYS473:HZ2 1548943 2.3616
Pi-Alkyl bond 1548943 B:LYS473 4.6182

* 1548943 is the code of capsaicin structure

Figure 4.14: Docking complex of the protein (GOx) and ligand (Capsaicin)
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The carbonyl of the amide group appeared to be the focal point of interaction
showing four hydrogen bonds of 2. These results confirm the glucose oxidase
facilitate the electron transfer from the capsaicin ligand, hence improving the

response towards the biosensor.

4.2.6 Quantitative analysis of Real sample
Quantitative analysis was performed using a modified electrode or a biosensor, in

order to quantify the concentration of real sample of capsaicin extracted from chilli
pepper fruit. Table 4.4 shows a set of capsaicin standards concentrations against

capsaicin peak currents and also real sample peak current.

Table 4.4: Concentration of capsaicin standards against capsaicin peak current

conc (ug.mL™) | (LA)
20 1.80

40 2.66

60 3.33

80 4.00

100 481
sample 4.32

Developed biosensor was characterized using differential pulse voltammetry because
of its ability to produce well resolved peaks at lower concentrations. A set of 5
standards was run in order to construct a calibration curve, a chilli sample extract of
unknown concentration was also run and current obtained was computed according
to linear graph equation in order to obtain the concentration of the real sample as

illustrated in Figure 4.15.
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Figure 4.15:  Calibration curve for capsaicin standards (peak current versus concentration)
The linear equation used for the quantification of real chilli extract sample was i

(LA) = 0.0368 C + 1.112, with a correlation coefficient of R?> = 0.9979. The

concentration of real sample corresponding to a current of 4.32 puA, was calculated
and found to be 87.17 pg.mL™,
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4.3 Determination of Capsaicin using Platinum Electrode (Pt-E)

The second electrochemical analyses of capsaicin were conducted using the bare
platinum electrode, Pt-E modified with multi-walled carbon nanotubes and enzyme
immobilised on modified Pt-E. Platinum has been used as an electrode material for
several decades, because of its excellent corrosion resistance (Schuettler, 2007). The
analysis involved using bare Pt-E; cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) scans are shown in Figures 4.16 (a)-(b). The following
parameters were used for all electrochemical determinations: 10 mL of 0.1 M
Acetate buffer solution pH 4.01 was used as an electrolyte, 0.2 mL chilli extract, and

the scan rate used was 0.01 V.s™
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Figure 4.16: (a) CV voltammogram and (b) DPV voltammogram of capsaicin sample from
chilli extract in 0.1 M acetate buffer solution of pH 4.01 and scan rate of 0.01 V.susing bare
Pt-E.

The CV scan shows only two peaks (oxidation and reduction), the oxidation peak |
appear around 0.62 V, the second oxidation peak Il was not detected as was the case
with the bare GCE, and that might be due to bare platinum electrode sensitivity. It is
also noticed that the intensity of these peaks are not that high as it was in the case of
bare GCE. DPV scan also show one capsaicin peak at about 0.63 V, the non-
existence of the second peak around 0.4 V is noticed which raises concern about the

sensitiveness of the bare Pt-E when compared with bare GCE.
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Accordingly, the optimization and sensitivity of the Pt-E electrode were established
according to the protocols described in the Methods section, and the results are

discussed below:

4.3.2 Platinum electrode modified with multi-walled carbon nanotubes (Pt-E-
MWCNTYS)

Bare platinum electrode was modified by dropping a solution of multi-walled carbon
nanotubes on an inverted electrode, MWCNTSs was firstly dispersed in DMF, this
layer of MWCNTs was allowed to dry at 50 °C for 15 min, electrode was then
cooled and washed with deionised water before it was used for electrochemical
determinations. Similar procedure was followed for this modified electrode as for the
bare Pt-E. Cyclic and Differential pulse voltammograms for Pt-E-MWCNTSs are
shown in Figures 4.17 (a)-(h).
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Figure 4.17: (a) CV voltammogram and (b) DPV voltammogram of capsaicin sample
(0.2mL from chilli extract in 0.1M acetate buffer solution of pH 4.01; scan rate of 0.01 V.s-1
using Pt-E modified with multi walled carbon nanotubes (MWCNTS).

A comparison of the CV scans of Figure 4.16 (a) and Figure 4.17 (a) reveals
significant differences. Firstly, the introduction of MWCNTSs to the bare platinum
electrode changed the detection capacity of an electrode completely. Secondly, the
modified electrode’s sensitivity was enormously enhanced; this is attributed to better
surface area and electrical conductivity provided by the MWCNTSs. The above DPV
voltammogram depicted in Figure 4.17 (b) also followed the same pattern as the CV

Page | 58



Chapter 4: Results and Discussion

scan, where the introduction of MWCNTSs drastically increased the sensitivity of the
Pt-E. The peak currents are also high when using Pt-E modified with MWCNTSs as
they are measuring in micro-amperes compared to nano-amperes when the bare
electrode was used. Additionally, the CV and DPV scans show a vast difference in
the peak height magnitude when compared to those obtained using a bare electrode.
These peaks are clearly defined and much smoother, which can be attributed to the
carbon nanotubes surface area and electrical conductivity of nanotubes which in turn

enhances the sensitivity of the modified electrode.

4.3.3 Enzyme immobilization on MWCNTSs modified platinum electrode

In order to develop the biosensor, enzyme immobilization on modified platinum
electrode: Pt-E-MWCNTs-Enzyme, using Phenylalanine ammonia lyase (PAL) as an
enzyme of choice in this study. Preparation of the PAL enzyme solution is described
in the Methods section in Chapter 3. Electrochemical determinations of capsaicin
were performed similar to those of bare and MWCNTs modified Pt-E. Cyclic and
Differential pulse voltammograms for GCE-MWCNTSs-Pt-E are shown in Figures
4.18 (a)-(b) below.
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Figure 4.18: (a) CV scan and (b) DPV scan for capsaicin obtained using a Pt-E-MWCNTs-
PAL enzyme modified electrode

Figures 4.18 (a)-(b) shows the impact of the enzyme on the sensitivity of the
modified electrode, the increase in peak current can be attributed to catalytic activity
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of the enzyme. Casting of PAL enzyme on a MWCNTs modified electrode
contributed to the performance of the biosensor, sensitivity was enhanced further and

the capsaicin peaks were clearly observed.
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Figure 4.19(a) CV and (b) DPV of capsaicin using bare platinum electrode (Pt-E),
multiwalled carbon nanotubes on Pt-E (Pt-E-MWCNTS) and PAL enzyme on a MWCNTSs-
Pt-E (Pt-E-MWCNTSs-PAL)

All these scans (CV and DPV) for bare Pt-E, Pt-E-MWCNTs and Pt-E-MWCNTSs-
PAL are overlaid on the same graph in order to show the impact on electrode

sensitivity shown by the involvement of MWCNTSs and PAL enzyme.

Figures 4.19 (a)-(b) confirms that the biosensor exhibited higher capsaicin peak
currents than the bare platinium electrode and Pt-E-MWCNTSs, with the bare
platinum electrode showing the least. The Pt-E-MWCNTS superiority over bare Pt-E
is based on the electrical activity and surface area it possesses and greater adsorbance
of capsaicin on a modified electrode. Introduction of an enzyme further increase the

sensitivity due to enzyme catalytic activity.
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4.3.4 Computational Section

HOMO-LUMO calculations

It is well understood that electron transfers from the highest occupied molecular
orbitals (HOMO) in a molecule which is related to the ability of the molecule to
undergo redox reaction. During the reduction process, the electrons will flow to the
lowest unoccupied molecular orbital (LUMO). Therefore using the density functional
theory we are able to locate the density of the electrons in the molecule thereby
predict or confirm the active site of the ligand/molecule based on the electron density
maps. lIdeally the functional groups or atoms that are identified by the DFT
calculation should be in agreement with the redox mechanism and the extent of
HOMO-LUMO band gaps of the molecule thereby justify the ability of the molecule
to undergo redox reaction. Initially, the structural geometry of the molecule has to be
optimized using B3LYP basis set. With regards to Figure 4.20, the loosely bound
electrons located in HOMO are located in the carbonyl functional group of the

guaiacol ring contrary to those in the LOMO located in the functional groups.

(b)

Figure 4.20: (a) Highest occupied molecular orbitals (HOMO) and (b) lowest occupied
molecular orbitals (LUMO) of capsaicin obtained with DFT level 6-31+G (d) basis set
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The redox mechanism (see Scheme 4.1) for capsaicin is a quasi-reversible reduction
reaction between the OH and R-O-R groups of the guaiacol ring to the residues of the
enzyme resulting in the reversible catechol ring. Therefore, the electron density is in
agreement with redox mechanism in Scheme 4.1. Further details on the chemical
interaction between the capsaicin and PAL protein were studied by docking

approach.

Molecular Docking

In order to ensure that the prepared ligand mimic or the experimental conditions
used, it was allowed to ionise with pH 6.5 to 8.5 whilst the tautomers we enumerate.
Thereafter full minimization was performed using a smart minimizer algorithm
coupled with the CHARMM Force field (Wu et al. 2003). From the same ligand, a
total of ten poses were generated with Monte-Carlo ligand conformation
generation, and docked using a LigandFit shape filter into an active site of the
PAL protein with 573.15 A that was derived based on the PDB site record
(Venkatachalam et al. 2003). None of the 10 ligand confirmations failed the
simulation so all of them were further explored with a set of scoring functions. This
include calculation of binding energies during which the ligand flexible receptor
atom properties were created by In Situ Ligand Minimization that enable ligand
optimization in the binding pocket of the PAL enzyme (Tirado-Rives and Jorgensen
2006). Although the staring confirmations were not that poor but 1000 steps of
Steepest Descent with a RMS gradient tolerance of 3, followed by Conjugate
Gradient minimization were performed with a smart minimizer algorithm. Further
analysis of interaction revealed thee Pi-alkyl interaction with an average distance of
4.75, 4.67, 5.03, and only one alkyl interaction with a distance of 4.51 A.
Interestingly these interaction appeared to occur on the hydrophobic end of capsaicin
(Figure 4.21).
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Figure 4.21: Docking complex of the capsaicin into PAL enzyme binding site.

The hydrophobic map of the PAL revealed that there is hydrophobicity in the site
and therefore deemed responsible for the penetration with hydrogen bonds and
hydrophilic interactions. The analysis of the ten ligand poses revealed that ARG 596
residue was most favourable because of large hydrogen bonding counts followed by
ARG 450 with highest hydrophobic counts. However the conformation with the
highest Dock Score had a total of seven hydrogen bonds (O---H) were observed with
the shortest distance of 1.61 A between LYS545 and O1 of the carbonyl. Among
these bonds, four of them involved oxygen of the GLU residues as an acceptor for
protons from the capsaicin molecule. Among the surrounding residues, GLU355
formed three hydrogen bonds, as the most interactive residue. Further analysis of

interaction revealed only two hydrophobic-alkyl bonds for residues PRO 453 and
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ILE 450 with 4.61 A and 4.42 A. The carbonyls of the capsaicin appeared to be the
focal point of interaction participating in three hydrogen bonding. These results
confirm the PAL facilitates the electron transfer from the capsaicin ligand, hence

improving the response towards the biosensing.

4.3.5 Characterization of MWCNTSs/PAL/Nafion
ATR-IR Spectroscopy

Platinum electrode modified with MWCNTs, PAL enzyme and Nafion was
characterized by ATR-IR spectroscopy and TGA. The spectra in Figure 4.22 were
recorded over the range 4000 to 500 cm™ at 4 cm™ resolution. The spectrum of pure
MWCNTSs show a peak at 1740 cm™ which is assigned to the stretching mode of

C=C bonds that form the framework of carbon nanotubes side walls.
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Nafion
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Figure 4.22: Infra-Red spectrum of MWCNTS, PAL enzyme and nafion in an order used for
preparation of the biosensor with a layer by layer casting.

At 2962 cm™ there is a peak band which corresponds to C-H asymmetric and
symmetric stretching and at 3312 cm™ O-H peaks due to carboxylic acid show broad
and less intense peak. On Nafion/PAL/MWCNTS spectra, there is also a broad O-H
stretching peak at 3312 cm™, C-H stretching is found at 2962 cm™, there is also an
evident peak at 1638 cm™ assigned to C=C bond stretch and at 1037 cm™ is an
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aromatic in place C-H bend. Nafion spectrum show C-O-C stretching vibrations at
871 cm™, S-O stretching symmetric at 1045 cm™, CF2 symmetric stretching at 1077
cm™; since nafion was a 5% solution in ethanol the spectrum show broad O-H
stretching at 3312 cm™ and C-H alkyl group stretching at 2963 cm™ from ethanol.
PAL spectrum has an amide bond peak at 1639 cm™ which remains prominent on the

final composite that is attached to the electrode.
Thermogravimmetric analysis of nanobiocomposite

The electrode composite was further studied for thermal stability and quantification
for the composition by TGA in Figure 4.23. This approach was very informative for
understanding the thickness of the surface as the layer by layer modification was

performed.
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Figure 4.23: TGA curves of (i) MWCNTSs, (i) MWCNT/PAL and (iii) Nafion/ PAL/
MWCNTSs. All the sample were studied at a linear heating rate of 10°C starting at 10 to
100°C.

MWCNTSs curve show a change in mass (decomposition temperature) at 350 °C,
another typical gradient drop in mass is noticed at about 750 °C, this might be due to
carbon oxidation. MWCNTSs modified with PAL enzyme show a TGA profile with
two drop downs at 56 °C and 248 °C. The mass loss due to the first step is 30.91 %
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while the second drop between at 248 °C has a mass loss of 48.50 %. The first mass
loss phase in PAL/MWCNTs curve can be attributed to irreversible thermal
denaturation of the enzyme, normal dehydration process of PAL and loss of DMF
used as a dispersion medium. Beyond 248 °C we can observe the further drop in
mass percentage to melting and decomposition processes of PAL as the temperature
approaches 300 °C. The Nafion/PAL/MWCNTSs curve shows a similar trend to that
of PAL/MWCNTSs however there is much higher loss of 58.75 % in the first step
followed by a 36.07 % loss. Interesting, we observed an additional mass loss step of
2.32 % between 390 and 400 °C. Beyond that there is 3.32 % that is left behind and it
is slighter that 2.02 % that is retained from PAL/MWCNTSs conforming that the
addition of PAL does improve the thermal stability of the bio-composite and most
likely the ionic polymer, nafion improve the interfacial adhesion of PAL on the

MWCNTS, as the last coating of the composite.

4.4 A comparative study of MWCNTs/GOx and MWCNTSs/PAL biocomposites
for the determination of Capsaicin with Gold electrode

A rotating disk electrode with a (3 mm diameter) gold tip was used in this study,
similar procedures for its cleaning and modification were used as in the case of
glassy carbon electrode and platinum electrode. Like platinum electrode, gold
electrode offers a very favourable electron transfer kinetics and a wide anodic
potential range, as noble metal electrodes they both have very stable chemical
properties (Li and Miao, 2013).

4.4.1 Bare (Au-E)
Electrochemical analyses of capsaicin using a bare gold electrode are represented by

the cyclic and differential pulse voltammograms shown in Figures 4.24 (a)-(h)

respectively.
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Figure 4.24: (a) CV and (b) DPV voltammograms of capsaicin sample (0.2 mL) from chilli
extract in 0.1 M acetate buffer solution of pH 4.01 and scan rate of 0.01 V.s™ using bare Au-
E

The CV scan in Figure 4.24 (a), show only one capsaicin oxidation peak that was
detected, the reduction peak is detected but is found to have shifted to the right in the
potential scale which shows poor electrode sensitivity. These capsaicin peaks are
also very small and insignificant compared to those obtained with bare GCE. DPV
voltammogram obtained by using bare AU-E shows two small but visible capsaicin

peaks, and they appear within capsaicin detection range.

4.4.2 Gold electrode modified with Multi walled carbon nanotubes (Au-E-
MWCNTS)

Coating of gold electrode with multi-walled carbon nanotubes was done in same way
as in the case of glassy carbon electrode and platinum electrode. Below are CV and

DPV voltammograms of capsaicin analysis using a modified gold electrode.
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Figure 4.25: (a) CV and (b) DPV voltammograms of capsaicin sample (0.2mL) from chilli
extract in 0.1M acetate buffer solution of pH 4.01; scan rate of 0.01 V.s™ using a gold
electrode modified with MWCNTS.

Just like with the other electrode materials, introduction of MWCNTSs drastically
changed the performance of gold electrode, this significant change is noticed when
comparing Figures 4.24 (a) and 4.25 (a). Au-E-MWCNTSs voltammogram show all
peaks clearly with higher peak currents. When comparing Figures 4.24 (b) and 4.25
(b), shapes and size of the peaks are more distinct when using an electrode that has
been modified with nanotubes. Electrical properties of nanotubes prove the theory
correct about enhancing the sensitivity of the electrochemical sensor; the
enhancements of the peak current were expected due to stronger adsorptive
properties of MWNCTSs. These adsorptive properties of MWCNTSs will increase the
deprotonation of the phenolic moiety in capsaicin and the MWCNTSs will increase
the surface area of the modified electrode and current become stronger and easily

adsorbed on the surface of an electrode.

4.4.3 Enzyme immobilization on carbon nanotubes modified gold electrode
Enzyme was immobilized on a MWCNTs modified gold electrode, but in this study
two different enzymes were used, namely: Phenylalanine ammonia lyase (PAL) and

Glucose oxidase (GOXx).
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PAL Enzyme

Clearly visible and distinct oxidation and reduction peaks were obtained when using
gold electrode modified with MWCNTs and PAL enzyme as illustrated in Figure
4.26(a). The effect of PAL enzyme is noticed when all three electrode

voltammograms are overlaid to show the difference in electrode sensitivity.
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Figure 4.26: (a) CV scan and (b) DPV scan for capsaicin obtained using gold electrode
modified with MWCNTSs and PAL enzyme; (c): CV and (d) DPV scans for capsaicin using
bare gold electrode (Au-E), multiwalled carbon nanotubes on Au-E (Au-E- MWCNTS) and
PAL enzyme on a MWCNTs-Au-E (Au-E-MWCNTSs-PAL)

Page | 69



Chapter 4: Results and Discussion

DPV voltammogram shows that peak 2 has higher peak current than peak 1, this was
not the case with Au-E-MWCNTSs electrode, this might be due to the fact that

catalytic activity of PAL enzyme is higher at potential scale around 0.4 V.

CV and DPV voltammograms for all three gold electrodes (bare, MWCNTSs and
MWCNTSs-PAL) were overlaid in one graph which clearly shows the differences in
analyte behaviour towards electrode modification. Higher peak currents were
observed with modified electrodes, due to the adsorptive properties of both
MWCNTSs and the enzyme. Figures 4.26 (c)-(d) show that a biosensor has higher
peak current than all other electrodes, it is also noticed that the peak potential for
(Au-E-MWCNTSs-PAL) slightly shifted towards the left, this can be attributed to
better sensitivity compared to the bare electrode.

Glucose Oxidase Enzyme

Well defined peaks were observed when GOx enzyme was immobilized on a
MWCNTs modified gold electrode. Enhanced peak currents can be attributed to
catalytic properties of GOx enzyme possesses. Both CV and DPV scans behaved
similarly, this is evident when looking at Figures 4.27 (a)-(b). CV and DPV
voltammograms for different working electrodes (  bare, MWCNTs modified and
MWCNTs-GOx) were overlaid on one graph respectively, in order to show the
difference in sensitivity and the impact of each electrode have on capsaicin detection.

These differences are graphically represented in Figures 4.27 (c)-(d).
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Figure 4.27: (a) CV scan and (b) DPV scan for capsaicin obtained using a gold electrode
modified with MWCNTSs and GOx enzyme. (c): CV and (d) DPV scans for capsaicin using
bare gold electrode (Au-E), multiwalled carbon nanotubes on Au-E (Au-E- MWCNTS) and
GOx enzyme on a MWCNTSs-Au-E (Au-E-MWCNTs-GOX.)

In Figure 4.27 (c) we noticed that cyclic voltammetry curves for Au-E-MWNCTs
and Au-E-MWCNTs-GOx are almost similar at higher potentials above 0.75V, but
below this potential biosensor curve is clearly higher than that of Au-E-MWCNTSs.
In Figure 4.27 (d), we noticed that the biosensor curve shifted to the left of the
potential scale when compared to that of MWOCNTs electrode curve. These
differences confirm the better sensitivity of the biosensor compared to MWCNTSs-
modified electrode and bare electrode. The enhancement of peak currents on coated
electrodes was due to good conductivity, strong adsorptive properties of MWCNTSs
and good catalytic activity of GOx. Both biosensors produced when using PAL and
GOx enzymes yielded good results, although GOx biosensor showed well defined

peaks especially peak I.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The bare glassy carbon electrode produced better voltammograms for both CV and
DPV scans when compared to bare platinum and bare gold electrodes. This can be
attributed to better adsorption properties of capsaicin to glassy carbon surface than to
platinum and gold surfaces. This picture changed completely when all these
electrodes were modified with multiwalled carbon nanotubes, all three electrodes
regardless of its material composition produced well distinct voltammograms with
good looking peaks. This enhancement towards good CV and DPV voltammograms
with significant high peak currents for capsaicin determination is attributed to a

better surface area and good electrical conductivity provided by carbon nanotubes.

It was also observed that the introduction of enzymes onto the modified electrode
increased the sensitivity of the biosensor even further compared to the bare and
MWCNTs modified sensors across all types of electrode material used. This can be
attributed to good catalytic activity of the enzymes used. However it was interesting
to note that when comparing CV voltammograms for both PAL and GOx enzymes,
GOx produced intense capsaicin peaks. This was also evident when the DPV scans
were compared for both enzymes with GOx showing higher capsaicin peak currents
than PAL. It can be concluded that glucose oxidase enzyme provided better
sensitivity than PAL enzyme in the determination of capsaicin. The results showed
that the combination of GCE, MWCNTs and GOx produced a better performing
biosensor compared to other two combinations involving platinum and gold
electrodes. The real capsaicin sample extracted from chilli pepper fruit was
quantified at 87.17ug.mL™. The advantages of using MWCNTs and enzymes
included, enhanced sensitivity, excellent reproducibility, steady coating and high

exchange current density for capsaicin.
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5.2 Recommendations for Further work

Future studies may involve manufacturing of highly sensitive electrochemical
biosensors for the food industry. For future work the possibility of introducing an
enzyme onto a gold nanoparticle modified electrode will be explored in order to see

what impact it might bring towards electrode sensitivity.
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Appendices

Appendix 1: Properties of Enzymes/Protein

Appendix la: Protein sequence of Phenylalanine Ammonia Lyase (PAL)

1W27:A|PDBID|CHAIN|SEQUENCE
MENGNGATTNGHVNGNGMDFCMKTEDPLYWGIAAEAMTGSHLDEVKKM
VAEYRKPVVKLGGETLTISQVAAISARDGSGV
AGVEGGFFELQPKEGLALVNGTAVGSGMASMVLFEANILAVLAEVMSAIFA
EVMQGKPEFTDHLTHKLKHHPGQIEAAAI
MEHILDGSAYVKAAQKLHEMDPLQKPKQDRYALRTSPQWLGPQIEVIRSST
KMIEREINSVNDNPLIDVSRNKAIHGGNF
QGTPIGVSMDNTRLAIAAIGKLMFAQFSELVNDFYNNGLPSNLSGGRNPSLD
YGFKGAEIAMASYCSELQFLANPVTNHV
QSAEQHNQDVNSLGLISSRKTSEAVEILKLMSTTFLVGLCQAIDLRHLEENLK
STVKNTVSSVAKRVLTMGVNGELHPSR
FCEKDLLRVVDREYIFAYIDDPCSATYPLMQKLRQTLVEHALKNGDNERNLS
TSIFQKIATFEDELKALLPKEVESARAA
LESGNPAIPNRIEECRSYPLYKFVRKELGTEYLTGEKVTSPGEEFEKVFIAMSK

GEIIDPLLECLESWNGAPLPIC

1W27:B|PDBID|CHAIN|SEQUENCE
MENGNGATTNGHVNGNGMDFCMKTEDPLYWGIAAEAMTGSHLDEVKKM
VAEYRKPVVKLGGETLTISQVAAISARDGSGV
TVELSEAARAGVKASSDWVMDSMNKGTDSYGVTTGFGATSHRRTKQGGAL
QKELIRFLNAGIFGNGSDNTLPHSATRAAM
LVRINTLLQGYSGIRFEILEAITKFLNQNITPCLPLRGTITASGDLVPLSYIAGLL
TGRPNSKAVGPTGVILSPEEAFKL
AGVEGGFFELQPKEGLALVNGTAVGSGMASMVLFEANILAVLAEVMSAIFA
EVMQGKPEFTDHLTHKLKHHPGQIEAAAI
MEHILDGSAYVKAAQKLHEMDPLQKPKQDRYALRTSPQWLGPQIEVIRSST
KMIEREINSVNDNPLIDVSRNKAIHGGNF
QGTPIGVSMDNTRLAIAAIGKLMFAQFSELVNDFYNNGLPSNLSGGRNPSLD
YGFKGAEIAMASY CSELQFLANPVTNHV
QSAEQHNQDVNSLGLISSRKTSEAVEILKLMSTTFLVGLCQAIDLRHLEENLK
STVKNTVSSVAKRVLTMGVNGELHPSR

FCEKDLLRVVDREY IFAYIDDPCSATYPLMQKLRQTLVEHALKNGDNERNLS
TSIFQKIATFEDELKALLPKEVESARAA
LESGNPAIPNRIEECRSYPLYKFVRKELGTEYLTGEKVTSPGEEFEKVFIAMSK

GEIIDPLLECLESWNGAPLPIC
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Appendices

Appendix 1b: Protein sequence of Glucose Oxidase (1GPE)

1GPE:A|PDBID|CHAIN|SEQUENCE

YLPAQQIDVQSSLLSDPSKVAGKTYDY HAGGGLTGLTVAAKLTENPKIKVLV
IEKGFYESNDGAIIEDPNAYGQIFGTT
VDQNYLTVPLINNRTNNIKAGKGLGGSTLINGDSWTRPDKVQIDSWEKVFG
MEGWNWDNMFEYMKKAEAARTPTAAQLAA
GHSFNATCHGTNGTVQSGARDNGQPWSPIMKALMNTVSALGVPVQQDFLC
GHPRGVSMIMNNLDENQVRVDAARAWLLPN
YQRSNLEILTGQMVGKVLFKQTASGPQAVGVNFGTNKAVNFDVFAKHEVL
LAAGSAISPLILEYSGIGLKSVLDQANVTQ
LLDLPVGINMQDQTTTTVSSRASSAGAGQGQAVFFANFTETFGDYAPQARD
LLNTKLDQWAEETVARGGFHNVTALKVQY
ENYRNWLLDEDVAFAELFMDTEGKINFDLWDLIPFTRGSVHILSSDPYLWQF
ANDPKFFLNEFDLLGQAAASKLARDLTS
QGAMKEYFAGETLPGYNLVQNATLSQWSDYVLQNFRPNWHAVSSCSMMS
RELGGVVDATAKVYGTQGLRVIDGSIPPTQV
SSHVMTIFYGMALKVADAILDDYAKSA
>1GPE:B|PDBID|CHAIN|SEQUENCE
YLPAQQIDVQSSLLSDPSKVAGKTYDY IAGGGLTGLTVAAKLTENPKIKVLV
IEKGFYESNDGAIIEDPNAYGQIFGTT
VDQNYLTVPLINNRTNNIKAGKGLGGSTLINGDSWTRPDKVQIDSWEKVFG
MEGWNWDNMFEYMKKAEAARTPTAAQLAA
GHSFNATCHGTNGTVQSGARDNGQPWSPIMKALMNTVSALGVPVQQDFLC
GHPRGVSMIMNNLDENQVRVDAARAWLLPN
YQRSNLEILTGQMVGKVLFKQTASGPQAVGVNFGTNKAVNFDVFAKHEVL
LAAGSAISPLILEYSGIGLKSVLDQANVTQ
LLDLPVGINMQDQTTTTVSSRASSAGAGQGQAVFFANFTETFGDYAPQARD
LLNTKLDQWAEETVARGGFHNVTALKVQY
ENYRNWLLDEDVAFAELFMDTEGKINFDLWDLIPFTRGSVHILSSDPYLWQF
ANDPKFFLNEFDLLGQAAASKLARDLTS
QGAMKEYFAGETLPGYNLVQNATLSQWSDYVLQNFRPNWHAVSSCSMMS
RELGGVVDATAKVYGTQGLRVIDGSIPPTQV
SSHVMTIFYGMALKVADAILDDYAKSA
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Appendices

Appendix 1c: Protein properties for 1GPE

Electrostatic

Relative Folding

Electrostatic Energy Relative Folding Energy

Energy Energy (KJ/mol
(KJ/mol

-42 699.80 -1272.63 -40 419.80 -1058.66
-42 626.84 -1272.65 -40 372.85 -1047.89
-42 553.87 -1272.65 -40 326.46 -1037.37
-42 480.92 -1272.66 -40 280.62 -1027.13
-42 407.99 -1272.68 -40 235.29 -1017.14
-42 335.08 -1272.71 -40 190.44 -1007.36
-42 262.20 -1272.74 -40 146.05 -997.73
-42 189.39 -1272.81 -40 102.08 -988.15
-42 116.67 -1272.91 -40 058.54 -978.51
-42 044.08 -1273.04 -40 015.42 -968.64
-41 971.68 -1273.21 -39972.73 -958.33
-41 899.56 -1273.43 -39 930.49 -947.29
-41 827.82 -1273.68 -39 888.75 -935.19
-41 756.58 -1273.88 -39 847.55 -921.67
-41 685.99 -1273.91 -39 807 -906.45
-41 616.19 -1273.54 -39 767.09 -889.36
-41 547.30 -1272.42 -39 728.00 -870.38
-41 479.45 -1270.13 -39 689.78 -849.67
-41 412.77 -1266.28 -39 652.52 -827.55
-41 347.38 -1260.56 -39 616.28 -804.39
-41 283.35 -1252.82 -39581.13 -780.56
-41 220.72 -1243.16 -39547.12 -756.35
-41 159.50 -1231.83 -39 514.27 -731.91
-41 099.66 -1219.23 -39 482.60 -707.3
-41 041.16 -1205.82 -39 452.09 -682.54
-40 983.98 -1192.09 -39 422.73 -657.68
-40 928.03 -1178.37 -39 394.47 -632.77
-40 873.23 -1164.91 -39 367.26 -607.97
-40 819.51 -1151.86 -39 341.04 -583.42
-40 766.78 -1139.26 -39 315.74 -559.24
-40 714.96 -1127.06 -39 291.30 -535.53
-40 663.98 -1115.2 -39 267.67 -512.38
-40 613.77 -1103.58 -39 244.81 -489.83
-40 564.29 -1092.14 -39222.69 -467.9
-40 515.50 -1080.83

-40 467.34 -1069.65
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Appendix 1c. Protein properties for LGPE continued...

1c (i): Graph of Electrostatic energy and Relative Folding energy against pH
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1c (ii): Graph of Total Charge and Relative Folding energy against pH
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Appendix 1d. List of calculated pKa values of each residue in 1GPE protein

Number Residues pKa Number Residues pKa
1 A TYR1I_NTR 9.591 35 A:ASP552 7.971
2 B:TYR1_NTR 10.05 36 A:ASP577 4211
3 A:ASP8 4.414 37 A:ASP581 3.507
4 A:ASP16 4.9 38 A:ASP582 2.71
5 A:ASP26 3.315 39 B:ASP8 4.473
6 A:ASP63 8.811 40 B:ASP16 4.54
7 A:ASP69 4.665 41 B:ASP26 3.106
8 A:ASP82 8.029 42 B:ASP63 9.036
9 A:ASP113 11.159 43 B:ASP69 4.566
10 A:ASP119 6.623 44 B:ASP82 7.385
11 A:ASP124 4.201 45 B:ASP113 11.217
12 A:ASP138 3.115 46 B:ASP119 7.194
13 A:ASP181 4.865 47 B:ASP124 3.715
14 A:ASP207 6.436 48 B:ASP138 4.059
15 A:ASP224 3.674 49 B:ASP181 5.244
16 A:ASP231 7.571 50 B:ASP207 6.083
17 A:ASP282 3.959 51 B:ASP224 3.678
18 A:ASP314 3.409 52 B:ASP231 7.613
19 A:ASP323 3.811 53 B:ASP282 4.106
20 A:ASP332 9.247 54 B:ASP314 3.648
21 A:ASP364 3.157 55 B:ASP323 3.819
22 A:ASP371 3.885 56 B:ASP332 9.494
23 A:ASP378 2.922 57 B:ASP364 3.049
24 A:ASP409 4.05 58 B:ASP371 3.811
25 A:ASP411 3.492 59 B:ASP378 2.67
26 A:ASP420 6.409 60 B:ASP409 3.839
27 A:ASP428 5.023 61 B:ASP411 3.607
28 A:ASP431 12.107 62 B:ASP420 6.869
29 A:ASP446 6.726 63 B:ASP428 5.121
30 A:ASP455 6.083 64 B:ASP431 12.131
31 A:ASP464 9.901 65 B:ASP446 7.767
32 A:ASPATT 4.329 66 B:ASP455 6.271
33 A:ASP509 3.492 67 B:ASP464 10.105
34 A:ASP537 4.692 68 B:ASP477 4.284
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Number Residues pKa Number Residues pKa
69 B:ASP509 3.612 105 B:GLU148 6.441
70 B:ASP537 4.559 106 B:GLU225 3.862
71 B:ASP552 8.049 107 B:GLU247 5.309
72 B:ASP577 4.423 108 B:GLU288 6.049
73 B:ASP581 3.662 109 B:GLU303 8.125
74 B:ASP582 2535 110 B:GLU360 7.716
75 A:GLU45 3.887 111 B:GLU382 4.712
76 A:GLU55 10.882 112 B:GLU383 4.801
77 A:GLU6B0 13.657 113 B:GLU401 4.282
78 A:GLUGS 6.064 114 B:GLU410 5.35
79 A:GLU127 3.973 115 B:GLU416 11.589
80 A:GLU133 3.685 116 B:GLU422 6.641
81 A:GLU142 3.739 117 B:GLU462 4.956
82 A:GLU148 6.313 118 B:GLU486 4.393
83 A:GLU225 4.021 119 B:GLU491 5.86
84 A:GLU247 5.16 120 B:GLU531 4.316
85 A:GLU288 5.62 121 ATYRL 142
86 A:GLU303 8.053 122 A:TYR25 14.2
87 A:GLU360 5.357 123 ATYR27 142
88 A:GLU382 4.839 124 A:TYR59 14.2
89 A:GLU383 5.037 125 ATYR73 14.2
90 A:GLU401 4573 126 A:TYRS5 142
o1 AGLUAL0 5 136 127 ATYR143 13.632
9 AGLUALS 11281 128 ATYR241 11.819
93 AGLU422 5 083 129 ATYR304 14.2
94 AGLU4G2 4505 130 ATYR365 11.446
95 AGLUA4SE 4,629 131 A:TYR400 142
95 AGLUASL p— 132 A:TYR403 142
97 AGLUS3L 4473 133 ATYR448 142
o8 B-GLUAS 3,600 134 ATYR487 12.33
99 B-GLUSS 10.931 135 ATYRA96 10.102
100 B:GLU60 13.629 136 ATYRS510 14.2
101 B-GLUGS 6.607 137 ATYR543 142
102 B:GLUL2T 447 138 A:TYR569 142
103 B-GLUL33 378 139 A:TYR583 13.188
104 B:GLU142 3.895 140 BTYR1 14.2
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Number

141
142

143
144
145
146
147
148
149
150
151
152
153
154
155

156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

Residues

B:TYR25
B:TYR27

B:TYR59

B:TYR73

B:TYR85
B:TYR143
B:TYR241
B:TYR304
B:TYR365
B:TYRA400
B:TYR403
B:TYR448
B:TYRA487
B:TYR496
B:TYR510

B:TYR543
B:TYR569
B:TYR583
A:CYS525
B:CYS525
A:HIS162
A:HIS169
A:HIS212
A:HIS287
A:HIS391
A:HIS441
A:HIS520
A:HIS563
B:HIS162
B:HIS169
B:HIS212
B:HIS287
B:HIS391
B:HIS441
B:HIS520
B:HIS563

pKa

14.2
14.2

14.2
14.2
14.2
13.849
13.631
14.2
11.63
14.2
14.2
14.2
12.579
10.69
14.2

14.2
14.2
13.872
14.2
14.2
12.263
12.014
9.641
8.604
7.425
9.898
13.083
14.2
11.978
11.287
10.302
8.659
7.571
10.291
14.2
14.2

Number

177
178

179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

Residues

A:LYS19
A:LYS23

A:LYS42
A:LYS48
A:LYS50
A:LYS56
A:LYS99
A:LYS102
ALYS120
ALYS128
ALYS145
A:LYS146
A:LYS191
A:LYS256
ALYS260
ALYS277
ALYS286
A:LYS310
A:LYS376
A:LYS397
ALYS424
ALYS457
ALYS473
A:LYS485
A:LYS541
ALYS574
ALYS585
B:LYS19
B:LYS23
B:LYS42
B:LYS48
B:LYS50
B:LYS56
B:LYS99
B:LYS102
B:LYS120

pKa

11.091
12.363

13.112
10.58
10.76

14.2
14.2
14.2

13.648

11.697

11.656

10.777

12.255

13.141

10.969

14.2

11.663

11.843

12.301

11.928

11.168

142
11.83
10.81

11.691

142

11.362
11.23

12.734
12.34

10.557

10.919

14.2

14.2

14.2

13.217
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Number Residues pKa Number Residues pKa
213 B:LYS128 11.406 249 B:ARG117 14.2
214 B:LYS145 11.595 250 B:ARG151 14.2
215 B:LYS146 12.039 251 B:ARG180 14.2
216 B:LYS191 12.186 252 B:ARG214 14.2
217 B:LYS256 13.358 253 B:ARG229 14.2
218 B:LYS260 12.459 254 B:ARG234 14.2
219 B:LYS277 14.2 255 B:ARG243 14.2
220 B:LYS286 10.783 256 B:ARG341 14.2
221 B:LYS310 12.523 257 B:ARG370 13.648
222 B:LYS376 12.123 258 B:ARG387 14.2
223 B:LYS397 11.953 259 B:ARG404 14.2
224 B:LYS424 11.194 260 B:ARG437 14.2
225 B:LYS457 14.2 261 B:ARG476 14.2
226 B:LYS473 12.378 262 B:ARG516 14.2
227 B:LYS485 10.74 263 B:ARG530 14.2
228 B:LYS541 11.84 264 B:ARG549 14.2
229 B:LYS574 14.2 265 A:ALA587_CTR 3.625
230 B:LYS585 11.27 266 B:ALA587_CTR 3.717
231 A:ARGY94 14.2
232 A:ARG117 14.2
233 A:ARG151 14.2
234 A:ARG180 14.2
235 A:ARG214 14.2
236 A:ARG229 14.2
237 A:ARG234 14.2
238 A:ARG243 14.2
239 A:ARG341 14.2
240 A:ARG370 14.2
241 A:ARG387 14.2
242 A:ARG404 14.2
243 A:ARG437 14.2
244 A:ARG476 14.2
245 A:ARG516 14.2
246 A:ARG530 14.2
247 A:ARG549 14.2
248 B:ARG94 14.2
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Appendix 2: Glassy Carbon Electrode Voltammograms

Al: Bare GCE, CV Voltammograms
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A2:

Bare GCE, DPV Voltammograms
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Bl1: GCE- MWCNT, CV Voltammograms
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B2: GCE- MWCNT, DPV Voltammograms
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Cl: GCE- MWCNT- GOx, CV Voltammograms
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C2: GCE- MWCNT- GOx, DPV Voltammograms
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D1: GCE- MWCNT- PAL, CV Voltammograms
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D2: GCE- MWCNT- PAL, DPV Voltammograms
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Appendix 3 Platinum Electrode Voltammograms

Al: Bare Pt-E, CV Voltammograms
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A2: Bare Pt-E, DPV Voltammograms
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Bl: Pt-E- MWCNT, CV Voltammograms
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B2: Pt-E- MWCNT, DPV Voltammograms
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Cl: Pt-E- MWCNT- GOx, CV Voltammograms
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C2: Pt-E- MWCNT- GOx, DPV Voltammograms
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D1: Pt-E- MWCNT - PAL, CV Voltammograms
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D2: Pt-E- MWCNT - PAL, DPV Voltammograms

Det of capsaicin
Capsaicin

b capsgicin

I (A)

0 020 040 060 080  1.00
um

Det of capsaicin
Capsaicin

1(A)

capsaicin

0 0.20 0.40 0.60 0.80 1.00
um

Det of capsaicin

Capsaicin
2851
280u]
275u]
<
- 270u/
2651
1 capsaicin
260u]
255 ]
T
0 020 040 060 080  1.00
U (V)

Det of capsaicin

Capsaicin
320U
310U
< ]
300u_- apsaicin
290u|
T
0 020 040 060 080  1.00
um

Page | 107




Appendices

Appendix 4: Gold Electrode Voltammograms

Al: Bare Au-E, CV Voltammograms
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A2: Bare Au-E, DPV Voltammograms
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B1: Au- MWCNT, CV Voltammograms
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B2: Au- MWCNT, DPV Voltammograms
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Cl: Au-E- MWCNT- GOx, CV Voltammograms
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C2: Au-E- MWCNT- GOx, DPV Voltammograms
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D1: Au-E- MWCNT- PAL, CV Voltammograms
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D2: Au-E- MWCNT- PAL, DPV Voltammograms
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ELECTROCHEMICAL DETERMINATION OF CAPSAICIN
AND SILYMARIN USING A GLASSY CARBON
ELECTRODE MODIFIED BY GOLD NANOPARTICLE
DECORATED MULTIWALLED CARBON NANOTUBES
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Sanele S. Mathenjwa,1 Suvardhan Kanchi,1 and
Krishna Bisetty'

' Department of Chemistry, Durban University of Technology,
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The goal of this study was to develop a suitable electroanalytical method for the determination
of primary compounds in the extracts of capsicum and silymarin. For this purpose, a glassy
carbon electrode immobilized with multiwalled carbon nanotubes decorated with gold nano-
particles was characterized by high resolution transmission electron microscopy and attenu-
ated total reflectance infiared spectroscopy. The developed electrochemical sensor had a
linear dynamic range firom 0.15 to 35.0 uM. In addition, the limits of quantification for
silymarin and capsaicin with the gold nanoparticle decorated multiwalled carbon nanotubes
were 0.1564 and 0.2761 ug L= with relative standard deviations (n=3) of 1.65% and
2.09% and equivalent mass percentages of 93.33% and 62.02%, respectively. The method-
ology may be employed for the determination of capsaicin and silymarin in pharmaceutical
and food products.

Keywords: Capsaicin; Cyclic voltammetry (CV); Differential pulse voltammetry (DPV); Gold
nanoparticles (AuNPs); Multiwalled carbon nanotubes (MWCNTSs); Silymarin

INTRODUCTION

In recent years, nanoscience has made considerable progress toward the manu-
facture and characterization of new materials. Due to unique properties, carbon
nanotubes, which have attracted the attention of several researchers (Singh et al.
2010; Dresselhaus and Dresselhaus 2001; Lu et al. 2008) and consist of a series of
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cylindrical graphite sheets, are combined in a unique manner to provide high
electrical conductivity, stability, and mechanical strength. Numerous novel
applications of singlewalled (SW) and multiwalled (MW) carbon nanotubes (CNTs)
reported in literature include energy (Ruoff, Qian, and Liu 2003), electronics (Endo
at al. 2004), mechanical (Ruoff et al. 2003), biological, and biosensor applications
(Ensafi et al. 2011; Karimi-Maleh, Biparva, and Hatami 2013; Liang and Zhuobin
2003; Musameh et al. 2002; Noviandri and Rakhmana 2012; Sanati et al. 2014;
Shahmiri et al. 2013; Tashkhourian et al. 2009; Tavana at al. 2012; J. Wang et al.
2002; S. G. Wang et al. 2003; Zhang and Gorski 2005). More recent modifications
of electrodes with nanomaterials for electrochemical studies have gained widespread
interest for the quantification of biomolecules. Specifically, the unique properties of
CNTs render them useful support materials for nanoparticles (Elyasi, Khalilzadeh,
and Karimi-Maleh 2013; Singh et al. 2010). Electrodes, especially those
modified with heavy metal nanoparticles, usually exhibit higher electrocatalytic
activity toward compounds with slower redox processes at the bare electrodes
(Tashkhourian et al. 2009). Some of the reported noble metal nanoparticles deco-
rated on single/multiwalled carbon nanotubes (SWCNTs/MWCNTSs) include gold
(Liang and Zhuobin 2003; J. Wang et al. 2002; S. G. Wang et al. 2003), platinum
(Elyasi et al. 2013; Niu et al. 2012), and silver (Shi et al. 2011; T. Wang et al.
2010; Sanghavi et al. 2013). Their capabilities in various applications have drawn
a great deal of attention on the evaluation of natural dietary agents including fruits,
vegetables, and spices as they show antioxidant properties; hence, the development
of suitable analytical techniques remains a challenge. In this work, MWCNTs deco-
rated with gold nanoparticles (AuNPs) immobilized on a glassy carbon electrode
were used for the quantification of silymarin and capsaicin. These phytochemical
compounds were chosen based on the presence of guaiacol and resorcinol rings.
To the best of our knowledge, such work has not been previously reported.
Silymarin consists of four flavonolignan isomers: silybin, isosilybin, silydianin,
and silychristin. Among them, silybin is the most active and commonly used flavo-
nolignan. Silymarin has significant biological properties such anti-oxidant, antilipid
peroxidative, antifibrotic, anti-inflammatory membrane stabilizing immunomodula-
tory, and liver regenerating mechanisms (Cacciapuoti et al. 2013; Huseini et al. 2006;
Pradhan and Girish 2006; Saller, Meier, and Brignoli 2001). They are orally
absorbed and excreted mainly through the bile as sulfates and conjugates, and are
used in treating various liver, kidney, heart, pancreas, and lung diseases due to oral
efficacy and good safety profiles (Abenavoli et al. 2011; Cacciapuoti et al. 2013;
Huseini et al. 2006, Kabir et al. 2014). Capsaicin, on the other hand, belongs to a
group of pungent chemical compounds found in hot peppers referred to as capsaici-
noids (capsicum annum and capsicum frutescens) (Reilly, Crouch, and Yost 2001).
Capsaicin and its derivative dihydrocapsaicin are derived from the phenylalkayla-
mide alkaloid (capsaicinoids) group and they strongly induce the burning taste of
chili (Supalkova et al. 2007). Studies related to the separation and characterization
of these two compounds (silymarin and capsaicin) have been reported using
thin-layer chromatography (TLC), high-performance liquid chromatography
(HPLC), HPLC-electrospray ionization mass spectrometry (HPLC-EIMS), gas
chromatography-mass spectrometry (GC-MS), spectrophotometry (Barbero et al.
2008; Cai et al. 2009; Ding et al. 2001; Ha et al. 2010; Kvasnicka et al. 2003;
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Lee et al. 2006; Lee, Narayan, and Barrett 2007; Liu et al. 2009; Meghreji et al. 2010;
Othman et al. 2011; Pena-Alvarez, Ramirez-Maya, and Alvarado-Suarez 2009;
Rahman, Khan, and Azmi 2004; Supalkova et al. 2007), capillary zone electro-
phoresis (CZE) (Kvasnicka et al. 2003; Liu et al. 2010), and electrochemical methods
(El-Desoky and Ghoneim 2011; Hassan et al. 2008; Kachoosangi, Wildgoose, and
Compton 2008). The broader goal of this work was to enhance the performance
of a glassy carbon electrode by immobilization of MWCNTs decorated with AuNPs
while using silymarin and capsaicin as test compounds. Moreover, the study also
included a comparative evaluation of modified and unmodified electrodes to assess
the contribution of the AuNPs decorated MWCNTs aimed at improving electro-
chemical detection. The electrodes were characterized by high resolution trans-
mission electron microscopy (HRTEM) and attenuated total reflectance infrared
(ATR-IR) spectroscopy.

EXPERIMENTAL
Apparatus

All electroanalytical measurements were performed using a 797 VA Compu-
trace (Metrohm Herisau, Switzerland). Voltammetric curves were recorded at room
temperature using a three electrode system. The working electrode was a 3 mm diam-
eter glassy carbon electrode (GCE), a Ag/AgCl (saturated AgCl, 3M KCl) was used
as a reference electrode, and a platinum wire served as the counter electrode. A pH/
ion meter coupled with a stirrer (Metrohm, Herisau, Switzerland) was used to adjust
the pH of the buffer solutions. Attenuated total reflectance infrared (ATR-IR)
spectra of the AuNPs decorated MWCNTSs were obtained using a Varian 800 FT-IR
Scimitar Series supplied by SMM Instruments (Durban, South Africa (SA)).
Morphology studies were done using a high resolution transmission electron micro-
scope (HRTEM) model JEM 2100 equipped with a LaBg emitter (Max Oxford
instruments). All working solutions were prepared with deionized water from a puri-
fication system, Aqua MaxTM Basic 360 (Trilab, SA). The electrochemical buffers
together with the designated samples were refrigerated at 4°C and all analytical
measurements were performed at room temperature.

Reagents and Chemicals

Silymarin powder purchased from Sigma Aldrich (Durban, South Africa) was
used without any further purification. A 1 M standard stock solution of silymarin
was prepared in methanol and stored in at 4°C. The desired solutions were prepared
daily by appropriate dilution of the stock with methanol. A 55% (v/v) nitric acid
solution was supplied by Merck (Durban, South Africa). Capsaicin and 20-30%
multiwalled carbon nanotubes, O.D x L 7-12nm x 0.5-10um were purchased
from Aldrich (Durban, SA). Glacial acetic acid, N, N-dimethylformamide, and
sodium acetate anhydrous were supplied by Associated Chemical Enterprises
(Johannesburg, South Africa). Nitrogen (99.9% pure) was obtained from Afrox
(Durban, South Africa). Alumina powder <3 um used for cleaning the surface of a
glassy carbon electrode was supplied by Metrohm (Durban, South Africa A). Ethanol
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and methanol were supplied by Capital Lab Suppliers (Durban, South Africa). The
synthesis of ammonium morpholine dithiocarbamate was performed using a
previously reported protocol (Kanchi et al. 2013; Kanchi, Singh, and Bisetty 2014).

Sodium acetate buffer pH 4.75 was prepared by dissolving approximately
82.0 g of sodium acetate in a 1L of distilled water. The desired pH was achieved
by quantitatively adding glacial acetic acid and thereafter stored at 4°C.

The gold nanoparticles were prepared by boiling and vigorously stirring
approximately 50 mL of 0.01% HAuCl, solution while adding 50 mM trisodium cit-
rate dropwise until a color change from pale yellow to blue was observed. When the
solution turned to red-violet, the solution was allowed to boil while stirring for
another 10 min.

Preparation of MWCNTs-GCE and AuNP-MWCNTs-GCE

The 5mg of MWCNTs were dispersed in 1 mL of N, N-dimethylformamide and
sonicated (Noviandri and Rakhmana 2012; J. Wang et al. 2002). The glassy carbon
electrode was manually cleaned by polishing with alumina and electrochemically by
cycling 0.0 to 2.0V in distilled water containing 3 to 5 drops of 55% nitric acid. This
sequential process ensured the removal of any physisorbed or chemisorbed materials
from the electrode surface. Subsequently, the glassy carbon electrode was coated with
the prepared MWCNTs by manual deposition ensuring a uniform spread on the tip of
the electrode. The modified glassy carbon electrode was heated at 80°C to evaporate
the N, N-dimethylformamide and allowed to cool to room temperature.

The decoration of the MWCNTs with AuNPs involved the functionalization of
the thiol groups with approximately 0.2 g ammonium morpholine dithiocarbomate
complexed with the MWCNTs followed by heating at 80°C for 2 hours. The thiol
group served as a linkage by capping the AuNPs in an exohedral conjugation
through the addition of 15mL of AuNPs to the functionalized MWCNTSs. The
prepared AuNPs-MWCNTs were attached to the glassy carbon electrode. Trans-
mission electron micrographs for the pure MWCNTs and AuNPs-MWCNTs
(Figure 1) confirmed the morphology.

Figure 1. High-resolution transmission electron micrograph (HRTEM) of (a) multiwalled carbon
nanotubes and (b) multiwalled carbon nanotubes decorated with gold nanoparticles obtained at 100 nm
and 50 nm.
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Sample Preparation

Two tablets of silymarin were accurately weighed, grounded to fine powder, and
dissolved in methanol by sonication for 15 min at ambient temperature. The solutions
were passed through 0.45-pm filters prior to injection into the electrochemical cell.

Ripe chilies were crushed, blended, and 100 g were added to approximately
350mL of absolute ethanol and heated to reflux for 120min. The solids were
removed by filtration and discarded. The reddish-brown liquid was distilled to
remove excess ethanol. The remaining extracts were cooled to room temperature
and stored at 4°C until the electrochemical studies.

Electrochemical Measurements with MWCNTs-GCE and
AuNPs-Ammonium Morpholine Dithiocarbamate-MWNCTs-GCE

Approximately 10 mL of the sodium acetate supporting electrolyte (pH 4.75)
was introduced into the electrochemical cell in which either a bare glassy carbon elec-
trode or a decorated glassy carbon electrode was immersed prior to electrochemical
measurements. Several cyclic sweeps were applied until a low background current
was achieved. An aliquot of the analyte solution was then introduced into the elec-
trochemical cell, and a pre-concentration potential was applied to the working elec-
trode while the solution was stirred at 400 rpm. At the end of the pre-concentration
time, stirring was stopped and a 5s equilibration period allowed the solution to be
quiescent. The voltammograms were then recorded by scanning the potential
towards the positive direction using differential pulse or linear sweep potential at
a rate of 0.03 V/s. After each measurement, the working electrode was removed from
the instrument and rinsed with deionized water.

RESULTS AND DISCUSSION
Characterization of AUNPs-MWCNTs

HRTEM morphology of the undecorated multiwalled carbon nanotubes
(Figure 1la) illustrated hollow cylindrically shaped MWCNTs conjugate formation
depicted by the presence of AuNPs (Figure 1b). The covalent bonding of ammonium
morpholine dithiocarbamate on the surface of MWCNTS prior to decoration with
AuNPs also reduced nanoparticle aggregation, thus enhancing uniform attachment
around the surface of the functionalized MWCNTs. The conjugation mechanism is
also dependent on the chelation of the gold nanoparticles with the sulfur atom of the
ammonium morpholine dithiocarbamate complex.

Infrared Analysis

The MWCNTs exhibited a strong absorbance often indistinguishable from the
background noise when using KBr discs for infrared spectroscopy thus making it
necessary to use attenuated total reflectance (ATR). The spectra shown in Figure 2
were recorded and collected over the range 4,000-550 cm ™' at 3 cm ™' resolution, and
hence peaks corresponding to ammonium morpholine dithiocarbamate on the
surface of MWCNTs were elucidated. As expected, MWCNTs did not produce
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Figure 2. Infrared spectra of (a) pure multiwalled carbon nanotubes, (b) ammonium morpholine
dithiocarbamate, (c) gold nanoparticles-acetate, and (d) gold nanoparticles-multiwalled carbon nanotubes.

any spectral absorption while from the gold nanoparticles-acetate, a C=0 stretching
vibration at 1640cm ™' was observed after conjugation of the AuNPs with the
MWCNTs. However, this band was relatively small, probably due to the lower con-
centration of the prepared AuNPs. Primary amine bands were observed in the
1580cm ™! region, due to the presence of ammonium morpholine dithiocarbamate
retained in the final conjugation. This was confirmed by the participation of
the sulfur atoms rather than nitrogens and oxygens in the complexation of
AuNPs-MWCNTs, resulting in linkage of oxygen atoms of the ammonium
morpholine dithiocarbamate complex to the glassy carbon electrode.

Electrochemical Studies

Electrochemical studies were performed using silymarin and capsaicin as the
electroactive species. The differences in their electrochemical behavior are due to
the presence of the guaiacol and resorcinol rings, respectively. Cyclic voltammo-
grams presented in Figure 3 illustrate well-defined electroactivity with redox reversi-
bility and a charge-transfer controlled process with higher stability. Figures 3a-b
illustrated a single reversible peak in the sodium acetate buffer at pH 4.75 for sily-
marin and capsaicin. This electrochemical reaction involves charge transfer that
was enhanced by the surface of the AuNPs-MWCNTs attached to the glassy car-
bon electrode. According to the results reported in literature and those obtained
in this study, particularly for silymarin (Figure 3a), the first oxidation peak E,,
at 0.68 V was attributed to the oxidation of o-methoxy-phenolic moiety (C-20) of
the E ring of silymarin molecule (Trouillas et al. 2008). The second oxidation peak,
E,,, at 0.43V was attributed to oxidation of the resorcinol group (C-7) via the
transfer of electrons. Moreover, both E,; and E,, values for silymarin shifted
towards a less positive potential as the pH increases, indicating the involvement
of protons in the electrode processes. In both compounds, E,, appears at a much
higher potential. The reaction is reversible with similar redox behavior observed
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Figure 3. Effect of scan rate from 0.01 to 0.1 V/s on (a) silymarin and (b) capsaicin.

in both compounds having one -OH group (capsaicin) and five -OH groups
(silymarin) due to the guaiacol moiety. The characteristic irreversible electrochemi-
cal oxidation of the guaiacol unit of the capsaicin molecule produces the redox
reaction of capsaicin in the scan involving the loss of two electrons and protons,
similar to the well-established systems of o-benzoquinone reported in the literature
(Sims et al. 2009). The oxidation and reduction peak heights increased significantly
when AuNPs-MWCNTs-GCE were used, indicating a much better surface area and
electrical conductivity compared to the bare glassy carbon clectrode. Hence, the
decoration of MWCNTs with AuNPs facilitates electron transfer between the
analytes and modified electrode surfaces. The data for cyclic and differential pulse
voltammetry are shown in Table 1.
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Table 1. Determination of silymarin and capsaicin standards using a bare glassy carbon electrode
(GCE), multiwalled carbon nanotubes on GCE (GCE-MWCNTs), and gold nanoparticles (AuNPs) on
MWCNTS-GCE (AuNP-MWCNTs-GCE)

GCE MWCNT-GCE AuNP-MWCNTs-GCE
Technique  Peak  Parameters = CAP SMR CAP SMR CAP SMR
CvV I Epa (mV) 0.72 0.82 0.62 0.79 0.65 0.68
Epe (mV) - - - - - -
ipa (MA) 8.58 4.33 9.32 5.46 11.20 5.90
ipe (HA) - - - - - -
I Epa (mV) 0.41 0.49 0.34 0.52 0.45 0.43
Eye (mV) 0.29 0.28 0.25 0.35 0.21 0.23
ipa (MA) 11.40  11.09 10.40 15.57 16.20 28.40
ipe (LA) 7.99  10.22 8.45 13.02 13.50 26.10
111 Epa (mV) - - 0.08 - 0.17 -
Epe (mV) - - - - - -
ipa (MA) - - 291 - 3.10 -
ipe (HA) - - - - - -
DPV I E, (mV) 0.56 0.96 0.71 1.08 0.53 1.08
ip (LA) 0.40 0.77 0.69 1.25 0.80 2.71
II E, (mV) 0.32 0.64 0.44 0.67 0.33 0.67
ip (LA) 0.20 0.45 0.70 0.69 1.70 2.74
111 E, (mV) - - - 0.28 0.12 0.28
ip (LA) - - - 0.37 0.10 0.51

Note: CV: cyclic voltammetry; DPV: differential pulse voltammetry; CAP: capsaicin; SMR: silymarin.

Effect of Scan Rate

In comparing the effect of scan rates on the cyclic voltammograms
(Figures 3a-b) for silymarin and capsaicin, it is clear that both anodic peaks of cap-
saicin were dominant throughout the scanning rate (0.01-0.1 V/s) whereas silymarin
showed a reversible peak II, while Peak I was observed at a lower scan rate recorded
at 0.03 V/s. However, as the scan rates increased, the peak potentials of the anodic
peaks (I and II) shifted toward a more positive potential, whereas peak II’ (cathodic
peak) shifted toward a negative potential. The relationship between the redox peak
currents and the scan rates were correlated at peak I1=0.991 and II’=0.973 for
silymarin and peak 1=0.971, I =0.983 and I’ =0.965 for capsaicin. Interestingly,
as the scanning rates approached 0.1 V/s, the linearity of the graphs was altered thus
confirming that adsorption rather than diffusion was the preferred mechanism of
detection.

Differential Pulse Voltammetry

Differential pulse voltammetry of 0.35 mM silymarin in sodium acetate buffer
at pH 4.75 on the bare GCE, MWCNTs-GCE, and AuNPs-MWCNTs-GCE were
recorded following a 60s pre-deposition against the Ag/AgCl electrode in 3M
KCIl. Following preconcentration, a broader oxidation peak was observed at the
bare electrode, while a well-resolved peak was observed at the modified glassy
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carbon electrode, indicating better adsorption of silymarin and capsaicin on the
MWCNTs-GCE and the AuNPs-MWCNTs-GCE (Figure 4). These enhancements
of the peak current were expected, due to the stronger adsorptive properties of the
AuNPs and MWCNTs, probably increasing the deprotonation of the phenolic moi-
ety in both sylimarin and capsaicin (El-Desoky and Ghoneim 2011). Furthermore,
slight shifts in the peak potentials were also observed with a shift more to the left
for the AuNPs-MWCNTs-GCE, whereas for the bare glassy carbon electrode it
shifted more toward the right. These differences confirm the better sensitivity of
the modified electrode than the bare electrode. To emphasize these differences, over-
lays of the differential pulse voltammograms were prepared to relate potential
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Figure 4. Differential pulse voltammograms of (a) silymarin and (b) capsaicin using bare glassy carbon
electrode (GCE); multiwalled carbon nanotubes on a GCE (MWCNTs-CGE), and gold nanoparticles
on a MWCNT-GCE (Au-MWCNTs-CGE) with a pulse time of 0.04s, a sweep rate of 0.010V/s, and a
step of 0.003 V.
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against current for the three types of electrodes (Figure 4). Two peaks from the bare
electrode had higher potentials and lower peak currents compared to the peaks
produced by the coated electrodes, which shifted more toward the left of the peak
potential with higher peak currents. The enhancement of the peak currents on the
coated electrodes was due to good conductivity and strong adsorptive properties
of the MWCNTSs. However, the peak potentials of the two peaks shifted towards
a lower positive potential with increased pH, suggesting the involvement of protons
in the electrode process. The anodic currents were probably related to the oxidation
of the hydroxyl groups on the C-5 (ring A) position. These results coincided with
the review by Singh and co-workers (2010) in which theoretical studies on carbon
nanotubes suggested the introduction of extraneous material into the hollow cavities
with interesting effects on the physical and electronic properties of the encapsulated
materials.

Linear Dynamic Range, Limits of Detection and Quantification

In order to characterize the developed biosensor, differential pulse voltamme-
try was selected because of its ability to generate sharper and well resolved peaks at
lower concentrations. A series of 0.35mM capsaicin and silymarin standards were
analyzed in triplicate and the averages were recorded. Quantitative evaluation was
based on a linear relationship between the peak currents and the volume added
(concentration) resulting in a good correlation. The equations for the measurements
of silymarin and capsaicin were I,(uA)=168.2 C—16.51 and I,(uA)=46.24 C—
12.21 with correlation coefficients of R°=0.9975 and R’=0.9953, respectively.
Table 1 shows a significant improvement in the performance of the developed sensor,
primarily due to the AuNPs-MWCNTs coating. The limits of quantification
for silymarin and capsaicin calculated with respect to peak II were found to be
0.1564 pg L~" and 0.2761 pg L™, respectively.

Reproducibility and Stability

The lifetime of the developed electrochemical sensor is of particular concern, as
the MWCNT coating may wear off during the stirring and cleaning period. This was
observed over a range of ten runs for five days using the same electrode coating. The
repeatability of the current response of the AuNPs-MWCNTs-GCE was examined
at 0.5mM concentration of silymarin.

As the number of runs increased, the sensitivity also decreased due to a signifi-
cant drop in the current while the peak potential increased, denoting a deterioration
of performance. A similar behavior was observed with capsaicin under similar
conditions (results not shown). This also confirmed that the mechanism is largely
driven by an irreversible adsorption process, resulting in saturation of the AuNPs-
MWCNTs-GCE surface. The excellent reproducibility, sensitivity, and higher
exchange current density may be associated with the most stable metal nanoparticles
formed by gold. The results obtained by the modified GCE for the electrochemical
determination of capsaicin and silymarin is compared with the previously reported
methods in Table 2.
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Analysis of Real Samples

For the purposes of this study, the silybin and capsaicinoid equivalents were
electrochemically measured with the developed biosensor in silymarin tablets and
chili peppers, respectively. The biosensor for silymarin and capsaicin showed a good
reproducibility with relative standard deviations (n=3) of 1.65 and 2.09 and mass
percentages of 93.33% and 62.02%, respectively.

CONCLUSIONS

The decoration of the multiwalled carbon nanotubes with gold nanoparticles
provided limits of quantification of 0.1564 and 0.2761 ug L™! for silymarin and cap-
saicin, respectively. Interestingly, a significant improvement was observed for immo-
bilization on the glassy carbon electrode as the multiwalled carbon nanotubes
decorated with gold nanoparticles did not fall off during the analysis, thereby
confirming the predominance of covalent bonding on the surface of glassy carbon
electrode. Further investigation should be performed to increase the lifetime of the
electrode and to optimize the performance of the electrochemical sensor. Distinct
advantages of using both MWCNTs and AuNPs included excellent reproducibility,
sensitivity, steady coating, and high exchange current density for both silymarin and
capsaicin. Future studies may entail the development of an enzyme coated on
the surface of Au-MWCNTs-GCE sensor complemented with computational
calculations to elucidate the mechanism between the enzyme and the nanomaterial.
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The present study involves the development of a sensitive electrochemical biosensor for the determi-
nation of capsaicin extracted from chilli fruits, based on a novel signal amplification strategy using en-
zyme technology. For the first time, platinum electrode modified with multiwalled carbon nanotubes
where phenylalanine ammonia-lyase enzyme was immobilized using nafion was characterized by atte-
nuated total reflectance infrared spectroscopy, transmittance electron microscopy and thermo-gravi-
metric analysis supported by computational methods. Cyclic and differential pulse voltammetry mea-
surements were performed to better understand the redox mechanism of capsaicin. The performance of
the developed electrochemical biosensor was tested using spiked samples with recoveries ranging from
98.9 to 99.6%. The comparison of the results obtained from bare and modified platinum electrodes re-
vealed the sensitivity of the developed biosensor, having a detection limit (S/N=3) of 0.1863 ug mL~'
and electron transfer rate constant (ks) of 3.02 s~ . Furthermore, adsorption and ligand-enzyme docking
studies were carried out to better understand the redox mechanisms supported by density functional
theory calculations. These results revealed that capsaicin forms hydrogen bonds with GLU355, GLU541,
GLU586, ARG and other amino acids of the hydrophobic channel of the binding sites thereby facilitating

the redox reaction for the detection of capsaicin.

© 2016 Published by Elsevier B.V.

1. Introduction

Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide), is an al-
kaloid compound found mainly in hot chilli peppers and fruits
(capsicum annum and capsicum frutescence) (Reilly et al., 2001;
Srinivasan, 2015). Together with its derivative, dihydrocapsaicin,
they have a strongest burning effects that is believed to be evolved
as a plant protection against herbivores (Supalkova et al., 2007).
Capsaicinoids have been reported to have high antioxidant activity
(Henderson et al., 1999), anti-tumoral (Sanchez et al., 2006), anti-
bacterial (Satyanarayana, 2006) and anti-carcinogenic properties
(Huynh and Teel, 2005). Capsaicin has been used for different
applications in the past; for example: manufacturing of spices,
chilli sauces, pain-inducing defensive pepper sprays (Pershing
et al,, 2006) and creams for the treatment of painful conditions

* Corresponding authors.
E-mail addresses: myalosabela@gmail.com (M.I. Sabela),
ksuvardhan@gmail.com (S. Kanchi), bisettyk@dut.ac.za (K. Bisetty).

http://dx.doi.org/10.1016/j.bios.2016.04.037
0956-5663/© 2016 Published by Elsevier B.V.

such as psoriasis, rheumatoid arthritis, diabetic neuropathy, clus-
ter headache and reflex sympathetic dystrophy (Hautkappe et al.,
1998). Sanchez and co-workers have reported capsaicin as a pro-
mising anti-tumor agent in hormone ~refractory prostate cancer
(Sanchez et al., 2006). It has also been reported that the metabo-
lism of capsaicinoids by enzymes such as P450 can produce re-
active electrophiles capable of modifying biological macro-
molecules (Reilly and Yost, 2006).

Literature studies revealed that carbon nanotubes (CNTs), due
to their unique sensing properties have received considerable at-
tention in the field of electrochemical sensing. Some of their un-
ique properties includes excellent conductivity, large surface area
and good biocompatibility (Bathinapatla et al., 2015, 2016; Dres-
selhaus et al., 1988; Hu and Hu, 2009; Wang and Dai, 2015). For
this purpose, they are widely used in electronic, biomedical,
pharmaceutical, catalytic, analytical and material fields. Ad-
ditionally, their special nanostructural properties are attributed to
their overwhelming advantages in fabricating electrochemical
Sensors.
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The CNT-based electrochemical transducers offer substantial
improvements in the performance of amperometric enzyme
electrodes, immunosensors and biosensors (Kachoosangi et al.,
2008; Lyons and Keeley, 2008; Wang, 2005). Specifically, pheny-
lalanine ammonia-lyase received much attention for studies in-
volving the regulation of phenolic biosynthesis. The phenolic
portion of capsaicinoids is formed from phenylalanine as a product
in the phenylpropanoid pathway (Reyes-Escogido et al., 2011;
Sutoh et al., 2006). This enzyme possesses primary features of an
electron mediator, because of its stability and good catalytic ac-
tivity. Electron transfer in biological systems is one of the key
reasons for considerable interest in the direct electron transfer
between redox enzyme and electrode surfaces (Kuznetsov and
Ulstrup, 1999).

In the past, several methods have been reported for the de-
termination of capsaicin, namely: Scoville organoleptic test (Ka-
choosangi et al., 2008), high performance liquid chromatography
(Othman et al., 2011; Supalkova et al., 2007), thin layer chroma-
tography (Spanyar and Blazovich, 1969), UV-vis spectroscopy
(Othman et al., 2011), optical biosensor (Mohammad et al., 2014)
and electrochemistry (Kachoosangi et al.,, 2008; Manaia et al.,
2012; Mohammad et al., 2013; Randviir et al., 2013; Ya et al., 2012;
Yardim and Sentiirk, 2013).

However the classical method, ‘Scoville Organoleptic Test’ suf-
fers from few drawbacks such as cost factor, lack of proximity and
poor sensitivity. On the other hand, HPLC methods have some
limitations like elaborate sample preparation, high cost of instru-
ment, and sample preparation for the detection of capsaicinoids.
Recently, Xue and co-workers reported an electrochemical sensor
for the detection of capsaicin using mesoporous cellular foams
(Xue et al., 2015). To the best of our knowledge, this is the first
electrochemical biosensor using PAL/Nafion/MWCNTs/Pt-E re-
ported for the detection of capsaicin. The developed biosensor
offers advantages such as reproducibility, repeatability, precision,
accuracy and objectivity over the classical Scoville and HPLC
methods. The PAL/Nafion/MWCNTs/Pt-E biosensor is simple, cost
effective and sensitive compared to existing chromatographic
methods.

Capsaicin is a hydrophobic molecule, characterized into
3 functional groups; the aromatic head group with hydrogen bond
potentiality, the dipolar amide bond region and the hydrophobic
tail (see supplementary data, Fig. S1). The approach used in this
work took advantage of the characteristic feature of this molecule
probing its ability to undergo redox process through enzymatic
reactions. Accordingly, this work reports on the performance of a
platinum electrode (Pt-E) modified with multiwalled carbon na-
notubes (MWCNTs) coated with phenylalanine ammonia-lyase
(PAL) enzyme infused with nafion. The PAL enzyme was chosen for
the electrochemical redox reaction of capsaicin and its related
compounds due to its good catalytic activity. In addition, adsorp-
tion of the enzyme on the MWCNTs along with the interaction
between the enzyme and capsaicin molecule were performed
using molecular docking studies. Moreover, the electrochemical
methods employed in this study demonstrated the proof-of-con-
cept that this approach can easily be incorporated into a biosen-
sing device that is relatively simple and less expensive, in contrast
to the existing Scoville test and HPLC methods used in the food
industry.

2. Experimental

2.1. Instrumentation

Voltammetric measurements were carried out using a three
electrode system in an electrochemical cell (Metrohm, Herisau,

Switzerland) consisting of a 3 mm diameter disc-working elec-
trode (Pt-E); Ag/AgCl as a reference (saturated AgCl, 3 M KCl)
electrode, and the platinum wire as a counter electrode using a
797 VA Computrace instrument. A 781 pH/ion meter coupled with
an 801 stirrer (Metrohm, Herisau, Switzerland) was used to adjust
the pH of the buffer solutions at room temperature. All working
solutions including the buffer were prepared with deionized water
from a water purification system, Aqua MaxTM Basic 360 (Trilab,
South Africa (SA)). Since MWCNTs are insoluble in most solvents,
sonication in DMF was employed using an Ultra-sonic 50,194
(Labcon, SA) for effective dispersion, prior to immobilization on Pt-
E. The Scientific oven Series 2000 was used to evaporate DMF. The
attenuated total reflectance (ATR) spectra were obtained using
Perkin-Elmer FTIR, Midrand, South Africa. Thermal analysis studies
were carried out on the TGA/DSC, 1 SF/1346 model operating on a
STAR® Software version 9.20 supplied by Mettler Toledo (Jo-
hannesburg, SA). The samples were placed in a 10 uL alumina
sample holder for thermal analysis at a heating rate of
10 °C min~ 1.

2.2. Reagents and chemicals

All chemicals were of analytical grade and used as received
without any further purification. Capsaicin-360376-IG (cas no.
404-86-4) and 20-30% MWCNT basis, 0.D. x L 7-12 nm x 0.5-
10 pm (cas number 308,068-56-6) were purchased from Sigma
Aldrich (Durban, SA). N,N-dimethylformamide (DMF) (cas no. 68—
12-2), glacial acetic acid (cas no. 64-19-7) and sodium acetate
anhydrous were supplied by Associated Chemical Enterprises (Jo-
hannesburg, SA). Nitrogen gas (99.9% purity) was obtained from
AFROX (Durban, SA). Ethanol (absolute, 99.9%) used for extraction
of samples and nafion (cas no. 31,175-20-9), were supplied by
Capital Lab Supplies (Durban, SA). Phenylalanine ammonia lyase-
Rhodotorula glutanis (PAL) (101M8617) was purchased from Sigma-
Aldrich, USA.

2.3. Preparation of working solutions

Sodium acetate buffer solution of pH 4.0 was prepared by
mixing sodium acetate and acetic acid (0.1 M each) in a ratio of
15:85 respectively. This solution was then stored at 4 °C until used.
The solution of PAL enzyme was prepared by adding approxi-
mately 3.0 mg into 1 mL of 67 mM phosphate buffer solution (pH
7.4). The standard solution of capsaicin was prepared by dissolving
approximately 10 mg capsaicin standard powder in 100 mL of
absolute ethanol (99.9% purity) to produce 100 mg L~! standard
solution and refrigerated at 4 °C.

2.4. Preparation of PAL/Nafion/MWCNTs/Pt-E

The bare Pt-E was prepared manually by polishing on a mirror
like surface with an alumina slurry ( <3 pm) and then rinsed with
distilled water. Then, the MWCNTSs previously dispersed in DMF
(5 mg in 1 mL) and sonicated for 5 min were immobilized onto the
surface of the Pt-E by dropping 10 pL aliquot and oven-dried at
50 °C. Later,~ 10 pL of 5% nafion solution was casted to form a film
on MWCNTs/Pt-E. The PAL enzyme was physically adsorbed on the
Nafion/MWCNTs/Pt-E surface by dropping 10 uL and allowing the
solvent to dry at room temperature for 2 h. The modified PAL/
Nafion/MWCNTs/Pt-E electrode was then rinsed with the buffer
solution prior to the electrochemical determinations. The opti-
mized electrochemical detection conditions were as follows:
10 mL of 0.1 M acetate buffer solution pH 4.0 used as an electro-
lyte, 0.2 mL chilli extract and scan rate of 0.01 Vs~



M.I. Sabela et al. / Biosensors and Bioelectronics 83 (2016) 45-53

2.5. Sample preparation

Capsaicin was extracted from chilli fruits as reported in the
Methods section (Mpanza et al., 2014; Othman et al., 2011). Briefly,
100 g of the crushed chilli pepper fruits were transferred into a
500 mL round bottom flask containing 350 mL of absolute ethanol.
The mixture was refluxed for 2 h and the solid residue was re-
moved by filtration through a Whatman filter paper of 0.45 pm
pore size and discarded. Furthermore, the reddish-brown filtrate
was distilled to remove the excess ethanol from the extract. The
remaining chilli extracts were refrigerated at 4 °C for subsequent
electrochemical studies.

2.6. Computational methodology

2.6.1. Procedure for interaction of PAL with capsaicin using mole-
cular docking

The crystal structure of the PAL enzyme was obtained from the
RCSB Protein Data Bank (ID1T6]) (Calabrese et al., 2004) in a
complex form. The whole enzyme was selected and hydrogen
atoms were added. Then the water and the residue molecules
present in the enzyme structure were removed. Furthermore, the
structure was cleaned to have a desirable confirmation. The
CHARMm forcefield was applied to enzyme while the protonation
occurred at pH 7.4, corresponding to an ionic strength of 0.145. The
ionization and residue pKa demonstrated that the enzyme pos-
sessed a zero charge at pH 7.7 and electrostatic energy of
—36.00 kj mol .

Capsaicin ligand obtained from pubchem (CID: 1,548943) da-
tabase was optimized with Gaussian 09 (Frisch et al., 2009) and
thereafter the conformation with the lowest energy was used for
the docking simulation using Discovery Studio 4.0 (Wu et al,
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MWCNTs
PAL

(B)

MWCNTs+PAL

Nafion

MWCNTs+PAL+Nafion
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500 1000 1500 2000 2500 3000 3500 4000
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2003). Docking studies were performed using the CDOCKER
module in Discovery studio 4.0, whereby the PAL enzyme was held
rigid while the capsaicin ligands were flexible. The CHARMm for-
cefield was used as an energy grid forcefield for docking and
scoring function calculations. The conformation with the highest
docking score obtained by CDOCKER energy was used for the
binding energy calculations.

3. Results and discussion

3.1. Characterization of PAL/Nafion/MWCNTs/Pt-E

The TEM image obtained for PAL/Nafion/MWCNTs nanobio-
composite was shown in Fig. 1A. There was no sputtering done
onto samples prior to microscopic studies as the resolution of the
nanotubes was adequate. The PAL/Nafion/MWCNTs nanobio-
composite exhibited a more dense structural morphology with a
hollow wired structure of the regular pure MWCNTs. The enzyme
immobilization, on the surface was not attached in a unique
fashion. The ATR-IR spectrum in Fig. 1B was recorded in the range
4000-500 cm . The spectrum of pure MWCNTs showed a peak at
1740 cm ™!, assigned to the stretching mode of C=C bonds that
formed the carbon nanotubes side wall framework. The peak ob-
served at 2962 cm~! corresponds to C-H asymmetric and sym-
metric stretching modes. However, a less intense and broader peak
observed at 3312 cm ™! corresponds to the O-H group of the car-
boxylic acid. In the case of PAL/Nafion/MWCNTs spectrum, a
broader peak at 3312cm™! is attributed to the O-H stretching,
whereas peaks observed at 2962 cm~' corresponds to C-H
stretching bands. The peak observed at 1638 cm~! is assigned to
the C=C bond stretch while the 1037 cm~! peak attributed to an

100 4

......................

(i) MWCNTs
e (ii) MWCNTs/PAL
= (iii) MWCNTs/PAL/Nafion

3.32%
2.02%
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Fig.1. TEM image of (A) PAL/Nafion/MWCNTs nanobiocomposite (B) ATR-IR spectra of MWCNTs, PAL enzyme, PAL/MWCNTSs, Nafion and PAL/Nafion/MWCNTs (C) TGA curves

of (i) MWCNTSs, (ii) PAL/MWCNTSs and (iii) PAL/Nafion/MWCNTs.
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aromatic C-H bend. The pure nafion spectrum showed C-0-C, S-O
and CF, stretching vibrations at 871 cm~!, 1045cm~' and
1077 cm~ ! respectively. The spectrum also showed a broader O-H
stretching at 3312cm~' and C-H alkyl group stretching at
2963 cm~'. The PAL enzyme spectrum has an amide bond peak
observed at 1639 cm~! that remains prominent in the final com-
posite used for Pt-E modification.

The electrode composite was further studied for thermal sta-
bility and quantification of the composition by thermal gravi-
metric analysis (TGA) as illustrated in Fig. 1C. This approach was
very informative for understanding the thickness of the Pt-E sur-
face corresponding to the modification of each layer. The MWCNTs
curve showed a change in mass (decomposition temperature) at
350 °C, another typical gradient drop in mass is noticed at about
750 °C, due to the oxidation of carbon (Bom et al., 2002). The
MWCNTs modified with PAL enzyme showed a TGA profile with
two shoulders observed at 56 °C and 248 °C, with a mass loss of
30.91% and 48.50%, respectively. The first mass loss phase in PAL/
MWCNTs curve can be attributed to the irreversible thermal de-
naturation of the enzyme, normal dehydration process of PAL and
the loss of DMF which was used as a dispersion medium. Beyond
248 °C a further drop in mass percentage is observed due to the
melting and decomposition processes of PAL around 300 °C. The
PAL/Nafion/MWCNTs curve showed similar trends to that of PAL/
MWCNTs, but with a higher loss of 58.75% in the first step fol-
lowed by a 36.07% loss. Interestingly, there is an additional mass
loss step of 2.32% between 390 °C and 400 °C, beyond that 3.32% is
left behind with a slightly greater than 2.02% that is retained from
PAL/Nafion/MWCNTs. This conforms that the addition of PAL/Na-
fion does improve the thermal stability of the nanobiocomposite
and most likely the ionic polymer, nafion, improve the interfacial
adhesion of PAL on the MWCNTs.

3.2. Electrochemical characterization of PAL/Nafion/MWCNTs/Pt-E

Electrochemical determination of capsaicin was explored by
cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
signals. The analyses were conducted using bare and modified Pt-E
with PAL/Nafion/MWCNTs as depicted in Scheme, 1. The Pt-E has

Pt-Electrode + MWCNTs

been widely used for several decades because of its excellent
corrosion resistance and good electrical conductivity.

The bare Pt-E was mechanically polished as described in pre-
vious studies (Bathinapatla et al., 2015, 2016; Mpanza et al., 2014)
and thereafter modified to obtain the CV and DPV scans are illu-
strated in Fig. 2A and B. In both the scans it is evident that a
biosensor exhibited higher capsaicin peak currents than the bare
and PAL/Nafion/MWCNTs/Pt-E respectively.

In Fig. 2A, the CV scans of a bare Pt-E showed only prominent
oxidation peak (pal) at 0.58 V with 9.55 pA and reduction peak
(pc2) at 0.32 V. The non-existence of the second peak (pa2) around
0.35 +0.03 V is noticed which raises concern about the sensitivity
of the bare Pt-E. When MWCNTs were introduced, the second
oxidation peak (pa2) was detected at 0.38 V. This is a good re-
flection of the improvement in the sensitivity of the electrode
upon addition of MWCNTs to the bare Pt-E. Moreover, the pre-
sence of MWCNTs changed the detection capability of the elec-
trode completely as the current of pal increased to 51.75 pA and
therefore, there is a significant difference in the current signal of
both CV and DPV in contrast to the bare Pt-E. The PAL enzyme
further enhanced sensitivity of the modified electrode to 59.37 pA;
this is attributed to a better surface area and electrical con-
ductivity of the nanobiocomposite, resulting in an additional re-
duction peak (pc1) observed at 0.57 V. The DPV scans in Fig. 2B
also followed the same pattern as CV scans (Fig. 2A), where the
introduction of MWCNTSs drastically increased the sensitivity of
the Pt-E. This confirmed that the electrochemical oxidation of
capsaicin at the PAL/Nafion/MWCNTs electrode was a diffusion-
controlled process described by the following equation for pal and
paz:

1.857RT _ 47.7
——=——mV

Ep_Ep/z: aF a (1)

Where, E, and E,/, represent the peak potential and the half-
height, a is the electron transfer coefficient, R and F represent the
usual significance (Li et al., 2015). The charge transfer coefficient
() was calculated to be 0.25 and of 0.17 for pa2 and pal, re-
spectively. Thereafter, the electron transfer rate constant (ks) was
calculated using Laviron”s equation at modified electrode for a

+ Nafion + Phenylalanine ammonia lyase

e

MWCNTs

| . |

Ionic Polymer

Scheme 1. Pt-E modification with PAL/Nafion/MWCNTs for the detection of capsaicin.
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Fig. 2. Voltammograms for (A) Cyclic and (B) Differential pulse voltammetric responses of capsaicin at 0.1 V (vs Ag/AgCl) with the bare Pt-E (curve a), MWCNTs/Pt-E (curve
b) and PAL/Nafion/MWCNTs/Pt-E (curve c). (C-D) Effect of pH on peak potential (V) and peak current (I,) for electrochemical detection of capsaicin between 4.0 and 6.5.
Optimized conditions: Deposition potential =0.5 V; Deposition time =60 s; Scan rate =0.1V s~! for 5 cycles.

charge transfer coefficient () of 0.42 at 100 mV s~! on a quasi-
reversible reduction peak at 0.1 V (versus Ag/AgCl) (Laviron, 1979a,
1979a, 1979b).

RT

a- a)anFAEp
logks=alog(1 — o) + (1 — oc)logoc—lognﬁ - £

2.3RT @)

Where, R is the gas constant (8.314JK~'mol~!), T is the
temperature (298 K), F is the Faraday constant (96,485 C mol 1),
AEp represents the peak-to-peak separation (AEp =(Epq+Epc)/2),
v is the scan rate in V s~ !; n is the number of electrons transferred.
The ks value of the PAL/Nafion/MWCNTs/Pt-E was calculated to be
3.02 s~ 1. One can deduce that this is probably due to larger surface
area of the Nafion/MWCNTs/Pt-E in comparison to the bare Pt-E,
and due to the catalytic activity of PAL enzyme on the modified Pt-
E. Furthermore, higher the peak current for PAL/Nafion/MWCNTs/
Pt-E and MWCNTSs/Pt-E signals compared to bare Pt-E, stronger the
adsorption effect on modified Pt-E than on the bare Pt-E. It was
interesting to notice that the oxidation and reduction peak heights
are significantly increased in the order of bare Pt-E < MWCNTSs/Pt-
E < PAL/Nafion/MWCNTs/Pt-E. The PAL/Nafion/MWCNTSs/Pt-E su-
periority over bare Pt-E is based on it catalytic activity, surface area
and significant diffusion process of capsaicin on a modified Pt-E
based electrochemical biosensor.

3.3. Optimization of pH and scan rate based on peak currents
Using the nanobiocomposite PAL/Nafion/MWCNTs/Pt-E, the

influence of the pH ranging from 4.0 to 6.5 on the detection of
capsaicin was evaluated. Fig. 2C shows almost all the peaks shifted

linearly towards a lower potential with an increase in pH. How-
ever, the corresponding current density dropped significantly in
the case of pa2 and pc2, indicating that the redox mechanisms
corresponding to the catechol and 1, 2 benzoquinone rings were
not favoured at higher pHs.

The effect of pH on both the current and potential of pal and
pa2 are illustrated in Fig. 2D similar behaviour were observed for
the scan rates between 0.1 and 1.0 Vs~! for capsaicin in 0.1 M
acetate buffer of pH 4.0. The relationship between E,, and In v (see
supplementary data, Fig. S2) of the scan rates followed the equa-
tions: Epa2=0.102 In v+0.5252 (R2=0.9888) and E,;;=0.0937 In
v+0.7843 (R*=0.9608). The redox reaction in the last step (III) of
the mechanism (Scheme, 2) was displayed in CV as pc2 and pal. At
an optimum scan rate of 100 mV s~ !, PAL/Nafion/MWCNTs/Pt-E
showed 79.37 pA of the peak current which was 8-fold compared
to peak current measured at bare Pt-E (9.55 pA) indicated a fair
catalytic activity of the nanobiocomposite materials.

3.4. Redox mechanism of capsaicin

From the mechanism for the electrochemical oxidation/reduc-
tion of capsaicin (Kachoosangi et al., 2008) shown in Scheme, 2,
illustrates that the chemical structure in “I” has a guaiacol ring, a
benzene with -OH and OCH3 substituents. It losses H" from the
alcohol group forming the intermediate structure “II” which fur-
ther breaks the ethyl group through hydrolysis in acidic medium
to become benzoquinone. The benzoquinone is much more stable
than the guaiacol ring and therefore, one reversible peak is ob-
served in the CV due to the formation of the catechol with the gain
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Scheme 2. Mechanism for the electrochemical oxidation/reduction of capsaicin. Pa and Pc refers to the anodic and cathodic peaks respectively.

of 2e~ and 2 h ions. Overall, it is significant that the conversion
of capsaicin by losing H"ions (guaiacol to benzophenone) is a
forward reaction attributed to pal in Fig. 2A. The reaction between
benzoquinone and catechol is reversible as represented by pc1 and
pc2, respectively in Fig. 2A (Kachoosangi et al., 2008; Xue et al.,
2015).

3.5. Reproducibility, repeatability and stability of PAL/Nafion/
MW(CNTs/Pt-E

The reproducibility and repeatability of the developed elec-
trochemical biosensor were evaluated at 0.25 pg mL~! of capsai-
cin. The obtained current variation measurements using the PAL/
Nafion/MWCNTs/Pt-E suggests acceptable repeatability with RSD
values ranging from 4.56% to 7.31% (n=6). The reproducibility
measurements were obtained using the different electrodes for
same capsaicin concentration resulting in promising RSD values of
2.10-4.93% (n=6). The obtained RSD values indicates that the re-
sults were reproducible using PAL/Nafion/MWCNTs/Pt-E. The sta-
bility of the developed electrochemical biosensor was studied by
determining the current response in 0.25 pg mL~! of capsaicin for
six replicate measurements (n=6) over three successive days
using the same coating. The electrochemical biosensor maintained
91% of its original response by the third day, hence its activity was
retained to a large extent. The data obtained by PAL/Nafion/
MWCNTs/Pt-E for the detection of capsaicin was compared with
the already reported methods in the literature as shown in Table,
1.

3.6. Effect of interferences on detection of capsaicin

The selectivity of the present electrochemical biosensor to-
wards capsaicin was evaluated by the simultaneous addition of
some common organic and inorganic compounds. The interferents
such as catechol (25 ug mL~') and their derivatives (urushiol, ca-
techolamine, catechin) (25 ug mL™1), 4-chlorophenol
(25 g mL™"), dichlorophenol (25 pgmL~"), trichlorophenol

(25 pg mL~1), pentachlorophenol (25 g mL~1), Na*t
(25 pgmL~1), Mg?* (25 ug mL~1), and K*(25 pg mL~') were ad-
ded to 0. 45 pgmL~"! of standard capsaicin solution and then
current responses were measured. The obtained results revealed
that there were no changes in the current response. The applied
tolerance limit for the interference species at the maximum con-
centration resulted in a relative error of + 5%. However, 50-fold
catechol and their derivatives and 10-fold 4-cholorophenol, di-
chlorophenol, trichlorophenol, pentachlorophenol, Na*, Mg?*and
K*had no effect on the detection of capsaicin. Therefore, our re-
sults indicates that the developed electrochemical biosensor, PAL/
Nafion/MWCNTSs/Pt-E has an excellent selectivity for the detection
of capsaicin.

3.7. Real sample analysis

In order to convert an electrochemical sensor into a biosensor,
the PAL enzyme was immobilized on the Nafion/MWCNTSs/Pt-E.
The developed electrochemical biosensor contributed to a better
performance and higher sensitivity for the detection of capsaicin
in real samples. The capsaicin peaks observed in Fig. 3A, with a
correlation coefficient of R?=0.9987, slope of 0.189 + 0.003 and
the intercept of 10.781 + 0.213 pA.

The PAL enzyme improved the interfacial adhesion through
carboxylation with MWCNTSs under acidic conditions and anchored
onto the MWCNTs exhibiting catalytic activity and promoting the
direct electron transfer for the detection of capsaicin which en-
hances the sensitivity of electrochemical biosensor. In 0.1 M
acetate buffer solution (pH 4.0), the DPV response of the PAL/Na-
fion/MWCNTSs/Pt-E sensor to capsaicin increased about 8-fold as
compared with the Nafion/MWCNTs/Pt-E sensor, with a detection
limit of (S§/N=3) 0.1863 pg mL~ . The capsaicinoid equivalent ex-
tracted from the chilli pepper fruits showed a mass percentage of
67.08% and 68.30% (m/m) with a relative standard deviations of
2.32 (n=6) and 1.92 (n=6) using electrochemical biosensor and
HPLC, respectively. Clearly, the poor standard deviation is attrib-
uted to inconsistencies with the regeneration of exactly the same



Table 1

Comparison of present electrochemical biosensor with the reported analytical methods for the detection of capsaicin.

Citation

Merits/Demerits

Analytical parameters

Electrode modification

Analytical method

LOD"s

RZ

(Xue et al., 2015)

Good Linearity, low detection limits, excellent performance, but less stable

Biosensor is simple but less stable and sensitive

0.9990 0.08 uM

0.998

LSV/SWV/DPV/Amperometry MCFs/CPE

(Mohammad et al., 2013)

(Yardim, 2011)

1.94 M

HRP/Ferrocene

Amperometry
AdsSV

The detection limits were satisfactory, but the electrode is highly expensive
Low detection limits were achieved, but very expensive instrumentation

0.034 uM

0.986

Boron-Doped Diamond Electrode

(Pefia-Alvarez et al., 2009)

0.9970 0.014 pg mL~!

0.996
0.986

SPME-GC-MS

AdsSV

(Kachoosangi et al., 2008)

Fair performance, but the detection limits were high and life time of the electrode is less

0.31 uM

MWCNT/SPE

The technique is cost effective, but LOD’s were very high. The electrode modification is complicated (Mohammad et al., 2014)

involves too many components with poor performance

High detection limits

51.92 ppm

MBTH/Sol-gel/Butyl acrylate/HRP/

Chitosan

UV-Visible

(Liu et al., 2010)

0.9994 0.66 ugmL~"

CE

(Othman et al., 2011)

Expensive technique and elaborate sampling procedure is required

0.09pugg™!

0.998

HPLC

(Yardim and Senttirk,

2013)

Cost Effective electrode modification with excellent detection limit

112 ng mL~!

0.997

Pencil Graphite Electrode

AdsSV
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size of the nanobiocomposite onto the electrode surface. However,
the percentage recoveries ranging from 98.9% to 99.6% (n=6)

g obtained from this study, suggests that the PAL/Nafion/MWCNTs/
j_, = Pt-E biosensor is a superior electrochemical biosensor for the de-
>3 tection of capsaicin.

s

é § % 3.8. HOMO-LUMO calculations and molecular docking analysis
Est

The electrons transferred from the highest occupied molecular
orbitals (HOMO) in a molecule are related to its ability to undergo
redox reactions. During the reduction process, the electrons move
to the lowest unoccupied molecular orbital (LUMO). Therefore,
using the density functional theory (DFT) calculations, the density
of the electrons in the molecule can be located thereby predicting
the active site of the ligand/molecule based on the electron density
maps. The ability of the molecule to undergo redox reactions is
dependent on the functional groups or atoms identified through
DFT calculations. This should be in agreement with the redox
mechanisms and the extent of HOMO-LUMO band gaps of the
molecule (Bathinapatla et al., 2016). In this study, the geometry of
the molecule was fully optimized at the DFT level using the 6-
31+G(d) basis set. The loosely bound electrons in the HOMO
shown in Fig. 3B are located in the carbonyl group of the guaiacol
ring, in contrast to those displayed in the LOMO.

The redox mechanism (see Scheme, 2) for capsaicin is a quasi-
reversible reduction reaction between the -OH and R-O-R groups
of the guaiacol ring and the residues of the enzyme resulting in the
reversible catechol ring. Therefore, the electron density is in
agreement with redox mechanism as shown in Scheme, 2. Docking
studies were used to assess the chemical interaction between the
capsaicin and the PAL enzyme.

In order to ensure that the prepared ligand mimicked the ex-
perimental conditions used, it was allowed to ionize over a pH
ranging from 6.5 to 8.5, whilst the tautomers were enumerated.
Thereafter, full minimization was performed using a smart mini-
mizer algorithm coupled with the CHARMm forcefield (Wu et al.,
2003) using Discovery Studio 4.0. From the same ligand, a total of
ten poses were generated with Monte-Carlo ligand conformation
generation, and docked using a LigandFit shape filter into an active
site of the PAL enzyme with 573.15 A3 that was derived based on
the PDB site record (Venkatachalam et al., 2003). All ten poses
were included in the calculation of the binding energies during
which the ligand flexible receptor atom properties were created by
In Situ Ligand Minimization that enabled the ligand optimization
in the binding pocket of the PAL enzyme (Tirado-Rives and Jor-
gensen, 2006). The energy minimization involved 1000 steps of
steepest descent with a RMS gradient tolerance of three followed
by conjugate gradient minimization performed with a smart
minimizer algorithm. Further analysis revealed that the three &-
alkyl interactions with average distances of 4.75, 4.67, 5.03, and
4.51 A were involved between PAL enzyme and capsaicin. Inter-
estingly these interactions occurred on the hydrophobic end of
capsaicin (Fig. 3C).

The hydrophobic map of the PAL enzyme revealed no hydro-
phobicity in the site and this led to the penetration with hydrogen
bonds and hydrophilic interactions. The analysis of ten ligand
poses (see supplementary data Table S1) revealed that ARG 596
residue was most favourable because of a stronger hydrogen
bonding followed by ARG 450 with the highest hydrophobic
counts. However, the conformation with the highest Docking Score
(see supplementary data, Table S2 and Figs S3-5) had a seven
hydrogen bonds (O-H) with the shortest distance of 1.61 A be-
tween LYS545 and O1 of the carbonyl. Among these bonds, four of
them involved oxygen atoms of the GLU residues as an acceptor
for protons from the capsaicin molecule. Among the surrounding
residues, GLU355 formed three hydrogen bonds, as the most

Good reproducibility, repeatability, stability of the electrode material. Fair recoveries were
achieved. PAL/Nafion/MWCNTs/Pt-E is an anti-interferent material for capsaicin detection

The electrode modification is cost effective, but achieved high detection limits

0.9965 0.020 pmol L~! Good Recoveries with low detection limit

099  0.45uM
0.9987 0.1863 pgmL~!

MWCNT-SPE
MS-NH,-FMS-CPE
PAL/Nafion/MWCNTSs/Pt-E

EIS-CV

LSV
DPV

Mesoporous Cellular Foams, HRP: Horseradish Peroxidase, MWCNTs: Multiwalled Carbon Nanotubes, MBTH: 3-methyl-2-benzothiazolinone hydrazine, MS: Mesoporous Silica, NH,-FMS: Amino-functionalized mesoporous silica,

Sweep Voltammetry, SWV: Squarewave Voltammetry, DPV: Differential Pulse Voltammetry, AdsSV: Adsorptive Stripping Voltammetry, CV: Cyclic Voltammetry, CPE: Carbon Paste Electrode, SPE: Screen Printing Electrode, MCFs:
PAL: Phenylalanine Ammonia Lyase

SPME: Solid Phase Micro Extraction, GC-MS: Gas Chromatography-Mass Spectroscopy, HPLC: High Performance Liquid Chromatography, CE: Capillary Electrophoresis, EIS: Electrochemical Impedance Spectroscopy, LSV: Linear
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(A)
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Fig. 3. (A) Differential pulse voltammogram of capsaicin sample (0.2 mL) from chilli pepper fruit extract in 0.1 M acetate buffer solution of pH 4.0; scan rate of 0.013 Vs~ 1;
deposition time of 60 s using PAL/Nafion/MWCNTs/Pt-E. (B) (i) Highest occupied molecular orbitals (HOMO) and [ii] lowest occupied molecular orbitals (LUMO) of capsaicin
and [iii] is the Alpha molecular orbitals of capsaicin obtained with DFT level 6-31+G(d) basis set (C) Molecular docking complex of the capsaicin into PAL enzyme binding

site.

interactive residue. Further analysis suggested only two hydro-
phobic-alkyl bonds for residues PRO 453 and ILE 450 with 4.61 A
and 4.42 A. The carbonyls of the capsaicin molecule appeared to be
the focal point of interaction, due to the participation of three
hydrogen bonds. These results confirm that the PAL enzyme fa-
cilitated the electron transfer from the capsaicin ligand, hence
improving the biosensing response.

4. Conclusions

In this paper, a nanocomposite based electrochemical biosensor
was developed for the detection of capsaicin, characterized by
TEM, TGA, CV and DPV techniques and supported by computa-
tional studies. The results revealed that the present electro-
chemical biosensor showed excellent reproducibility, high sensi-
tivity, steady coating and higher exchange current density for the
detection of capsaicin from chilli extracts. Additionally, their
magnitudes of the voltammetric signals ranged in the order of
PAL/Nafion/MWCNTs/Pt-E > MWCNTs/Pt-E > bare Pt-E, suggesting
the role of the PAL enzyme in the signal amplification. Interest-
ingly, our studies confirm that the interaction of the PAL enzyme
with the phenolic component of capsaicin is key to the improve-
ment in terms of sensitivity of the electrochemical biosensors.
Moreover, HOMO-LUMO calculations obtained at the DFT level,
were helpful in the prediction of the most appropriate functional
groups or atoms undergoing oxidation or reduction reactions.
Molecular docking analysis on the other hand, further revealed
that capsaicin showed a stronger tendency to bind with the PAL
enzyme via hydrogen bonding and hydrophobic interactions.

These results confirmed that phenylalanine ammonia enzyme fa-
cilitated the electron transfer from the capsaicin ligand, in ac-
cordance with the 8-fold signal amplification observed by differ-
ential pulse voltammetry. The superior performance of the PAL/
Nafion/MWCNTSs/Pt-E provided a promising alternative in routine
sensing applications of capsaicin in the food industry.
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