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Resumo

O principal objetivo deste estudo foi desenvolver novos sensores e biossensores
eletroquimicos com propriedades analiticas melhores pelo uso de diferentes nanomateriais
condutores e mediadores redox para a modificacdo de elétrodos, alem de seu uso como

elétrodo suporte para a imobilizacdo de enzimas.

Alguns dos aspetos mais relevantes na fabricagdo de sensores e biossensores
eletroquimicos estdo focados, 0 estado da arte em relagdo aos nanomateriais condutores,
aos nanomateriais nanoestruturados como modificadores de elétrodos, e sobre as enzimas.
Os principais fundamentos tedricos das técnicas eletroquimicas utilizadas, nomeadamente
a \Voltametria ciclica, a voltametria de impulso diferencial e a espectroscopia de
impedancia eletroquimica também sdo descritos, bem como outras técnicas utilizadas para
a caracterizagdo das nanoestruturas, nomeadamente a microscopia eletronica de

varrimento, a microscopia eletronica de transmissdo e a difracdo de raios-X.

Um sensor eletroquimico de facil fabricacdo para a determinacdo de teofilina foi
desenvolvido baseado em uma nova plataforma preparada pela fixacdo direta de
nanoparticulas de ouro numa rede de nanotubos de carbono de paredes multiplas, que foi
depositado sobre um elétrodo suporte de carbono vitreo. Para este efeito, os nanotubos de
carbono funcionalizados dispersos em quitosana foram misturados coma uma solugdo
coloidal de nanoparticulas de ouro. As técnicas de voltametria ciclica, voltametria de
impulso diferencial e espectroscopia de impedancia eletroquimica foram utilizadas para
caracterizar os sistemas. Sob condi¢cGes experimentais otimizadas, a plataforma com as
melhores propriedades sensoriais foi utilizada para a determinacdo de teofilina, com um

limite de deteccdo de 90 nM.

Numa segunda fase, novos sensores eletroquimicos para a deteccdo da tiramina, uma
amina biogénica comumente encontrada em alimentos fermentados, foram desenvolvidos.
Nanoparticulas de ouro preparadas por um novo método de sintese verde foram misturadas
com um derivado da anilina, o 8-anilino-1-naftaleno- acido sulfdnico. Eletropolimerizacdo
potenciodindmica levou a formacdo de um filme polimérico com nanoparticulas de ouro
encapsuladas e estabilizadas, por este método simples e eficiente. Elétrodos modificados
com o filme nanocompdsito foram utilizados para a monitorizacdo da tiramina por duas
metodologias electroanaliticas. Na primeira, um sensor impedimétrico sensivel usando um

filme do polimero dopado com nanoparticulas de ouro eletrodepositados sobre um elétrodo



suporte de ouro foi desenvolvido. A segunda consistiu no desenvolvimento de um
biossensor amperométrico com a enzima tirosinase imobilizada sobre o filme
nanocompésito de polimero dopado com nanoparticulas de ouro em elétrodo suporte de
carbono vitreo. Ambos 0s tipos de sensores foram testados para a determina¢do de tiramina
e demonstraram excelentes parametros analiticos. Os limites de deteccdo foram estimados
em 0,04 uM e 0,71 uM para o sensor impedimétrico e o biossensor, respectivamente. Os
limites de deteccdo obtidos foram similares a arquiteturas de elétrodo mais complexas

encontradas na literatura.

Um biossensor de inibicdo enzimatica empregando poli(verde brilhante) como mediador
foi desenvolvido para a determinacdo de vestigios de ies metalicos biotdxicos, Hg?*, Cd?*,
Pb%* e CrY!, por inibicdo enzimatica. Filmes de poli (verde brilhante) foram preparados por
eletropolimerizacdo potenciodindmica no solvente eutético etalina com adicdo de acido
dopante depositados sobre elétrodos de carbono vitreo modificados por nanotubos de
carbono de paredes mdlkiplas; o melhor &cido dopante encontrado foi o acido sulfrico. A
glucose oxidase foi imobilizada sobre estas superficies e o novo biossensor foi utilizado
com sucesso para a determinagdo de vestigios de catibes metalicos biotdxicos, com limites
de deteccdo nanomolares e inferiores aos descritos na literatura, aproximadamente 2 nM
para todos os ibes metdlicos. O mecanismo de inibicdo enzimatica reversivel foi

investigado.

A tinta fenazinica azul de cresil brilhante também foi eletropolimerizada no solvente
eutético etalina sobre elétrodos de carbono vitreo modificados por nanotubos de carbono
de paredes mudltiplas, em diferentes condicdes experimentais de acido dopante, pH e modo
de deposicdo (potenciostatica ou potenciodindmica). Sob as melhores condicdes
experimentais, o novo filme nanocompdsito desenvolvido foi testado como electrodo
suporte para a imobilizacdo das enzimas glucose oxidase, tirosinase e colina oxidase,
apresentando excelente desempenho como biosensores para a determinacdo de glicose,
catecol e colina e para o pesticida diclorvos (este por inibicdo da colina oxidase),
respectivamente. Os limites de detecdo obtidos foram de 2,6 uM, 3,9 uM, 1,55 M e 1,6
nM, respectivamente. Estes limites de deteccdo baixos demonstram que o novo filme
nanocompdsito proposta € muito promissor para futuras aplicacbes em biossensores

eletroquimicos enzimaticos.

As conclusbes resumem o0s principais resultados obtidos e vantagens das plataformas

utilizadas como sensores e biosensores baseadas em superficies nanoestruturadas



desenvolvidas neste trabalho. Alguns topicos importantes e direcdes futuras relacionados

com este trabalho sao indicados.

Palavras chaves: camada-sobre-camada, filmes automontados, (bio)ssensores, enzimas,

carbono, compostos biotdxicos.



Abstract

The main goal of this study was to develop novel electrochemical sensors and biosensors,
with improved analytical properties, by using different conducting nanomaterials and
redox mediators for electrode surface modification and as electrode support for enzyme

immobilisation.

An overview is given of some relevant aspects in the fabrication of electrochemical sensors
and biosensors, the state-of-the-art regarding conducting nanomaterials and nanostructured
materials as electrode modifiers, and concerning enzymes. The basis of the electrochemical
techniques used, namely cyclic voltammetry, differential pulse voltammetry and
electrochemical impedance spectroscopy are described, as well as other techniques used
for characterisation of the nanostructures, namely scanning electron microscopy,

transmission electron microscopy, and X-ray diffraction.

An easy to prepare electrochemical sensor for theophylline determination was developed
based on a novel platform prepared by direct attachment of gold nanoparticles on a multi-
walled carbon nanotube network, which was then deposited on a glassy carbon electrode
support. For this purpose, functionalised multi-walled carbon nanotubes dispersed in
chitosan were mixed with gold nanoparticle colloidal solution. Cyclic voltammetry,
differential pulse voltammetry, and electrochemical impedance spectroscopy were used to
characterise the systems. Under the best experimental conditions, the platform with the
best sensing properties was used for theophylline determination, with a detection limit of
90 nM.

Secondly, new electrochemical sensors were developed for the determination of tyramine,
a biogenic amine commonly found in fermented food. Gold nanoparticles prepared by a
new, green synthetic route were mixed with the aniline derivative 8-anilino-1-naphthalene
sulphonic acid. Potential cycling electropolymerisation led to a polymer film with
encapsulated and stabilised gold nanoparticles, by this simple and efficient method. The
nanocomposite film modified electrodes were used for monitoring of tyramine, by two
electroanalytical approaches. In the first, a sensitive impedimetric sensor using the gold
nanoparticle doped-polymer film on a gold electrode support was developed. The second
consisted of the development of an amperometric biosensor with the enzyme tyrosinase
immobilised on a gold nanoparticle doped-polymer nanocomposite film modified glassy

carbon electrode. Both types of sensor were tested for tyramine determination and showed



excellent analytical parameters. The detection limits were estimated to be 0.04 uM and
0.71 uM for the impedimetric sensor and the biosensor, respectively. The detection limits

obtained were similar to more complex architectures found in the literature.

An enzyme inhibition biosensor employing poly(brilllant green) as mediator was
developed for the determination of the biotoxic trace metal ions, Hg®*, Cd**, Pb**, and
CrY!, by enzyme inhibition. Poly(brilliant green) films were formed by potential cycling
electropolymerisation in ethaline-deep eutectic solvent with added acid dopant on multi-
walled carbon nanotube modified glassy carbon electrodes; the best acid dopant was found
to be sulfuric acid. Glucose oxidase was immobilised on these surfaces and the novel
biosensor was successfully used for the determination of biotoxic trace metal cations with
lower nanomolar detection limits than reported in the literature, around 2 nM for all trace
metal ions. The mechanism of reversible enzyme inhibition was probed.

The phenazine brilliant cresyl blue was also electropolymerised in ethaline deep eutectic
solvent on multi-walled carbon nanotube modified glassy carbon electrodes, under varying
experimental conditions of acid dopant, pH, and deposition mode (potentiostatic or
potentiodynamic). Under optimal conditions, the novel nanocomposite film developed was
tested as electrode support for glucose oxidase, tyrosinase, and choline oxidase
immobilisation, presenting excellent biosensing performance for glucose, catechol, and
choline and dichlorvos pesticide (this by choline oxidase inhibition) determination,
respectively. The detection limits obtained were 2.6 uM, 3.9 yM, 1.55 yM and 1.6 nM,
respectively. These low detection limits demonstrate that the novel nanocomposite film

proposed is very promising for future applications in electrochemical enzyme biosensors.

The conclusions summarise the main achievements and advantages of the sensing and
biosensing platforms based on nanostructured surfaces developed in this work. Some

important topics and future directions related to this work are indicated.

Keywords: layer-by-layer, self-assembled films, (bio)sensors, enzymes, carbon, biotoxic

compounds
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Chapter 1

Introduction

This chapter gives an overview at electrochemical sensors, electrochemical
biosensors, and conducting nanomaterials used as electrode modifiers and their intrinsic
electrochemical properties. Some relevant aspects related to enzymes and their
immobilisation methods are also presented. Furthermore, it also describes the basis of
electrochemical techniques used in this work — cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) - as well as other
technigues used for the characterisation of the nanostructures, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction
(XRD).

1.1 Electrochemical sensors and biosensors

Sensors are devices, modules, or systems composed of an active sensing surface with
a signal transducer. These two components play an important role, that is, to transmit the
signal generated by a selected compound or from a change in the physical parameters (for
example, temperature, blood pressure, humidity, etc.). The devices produce signals as
electrical, thermal, or optical output information, which may be converted into a
measurable electrical signal for further processing. Sensors are classified based on essential
criteria, such as (1) primary input quantity, (2) transduction principles (physical changes
and chemical reactions), or (3) properties and applications [1-3].

Among these, electrochemical sensors have special advantages, because they can
sense chemical species without causing damage to the host system. Moreover,
electrochemical sensors are especially attractive because of their high sensitivity,
experimental simplicity, and low cost. They have a leading position among the currently

available commercial sensors with a wide range of important applications in the areas of



clinical, industrial, environmental, and agricultural monitoring, as summarised in Fig. 1.1
[4,5].
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Fig. 1.1 lllustration of typical sensor and biosensor applications.

A useful distinction has been made between electrochemical sensors and biosensors.
An electrochemical biosensor is a self-contained integrated device capable of providing
specific quantitative or semi-quantitative information using a biologically-derived or
biomimetic recognition element (enzyme, antibody, acid nucleic, cell, or tissue). The
biological element is retained in direct spatial contact with an electrochemical transduction
element for detecting an electroactive species. In the electrochemical sensor, the biological
elements are not present. This useful distinction is not always used; the biosensor is
sometimes defined as any sensor measuring a chemical concentration in a biological system
[2,6,7]. This work will describe electrochemical sensors and biosensors based on the
presence or not of the biological recognition element. The interest in the development of
novel electrochemical (bio)sensors continues to be large, stimulated by the wide range of
applications in daily life, where they continue to meet the expanding need for rapid, simple,
and economic methods of determination of numerous analytes as an alternative to



traditional analytical approaches. Traditional approaches include high-performance liquid
chromatography  (HPLC), ultra-performance liquid chromatography (UPLC), gas
chromatography (GC), thin-layer chromatography (TLC), ion-pair liquid chromatography
(IPLC), capillary electrophoresis (CE), etc., which require extensive sample pre-treatment,
expensive equipment, and the necessity of sample clean up. In general, this is more time-
consuming [8,9].

In order to construct a reliable (bio)sensor, some essential characteristics must be met
[10,11]:

().  High sensitivity: sensitivity is defined as the slope of the analytical calibration curve
for a given analyte. A sensor is considered “sensitive” when a small change in

analyte concentration causes a significant difference in the response.

(i).  High degree of selectivity: selectivity is the ability of a (bio)sensor to detect one
specific species, even in the presence of many other interferent species. This

characteristic has an important role for applications in real samples.

(iii).  Low limit of detection (LoD): LoD is the value of concentration or the quantity that
can be detected with an acceptable degree of certainty for a given analytical

procedure.

(iv).  Acceptable repeatability and reproducibility: repeatability is the relative agreement
between successive measurements carried out in the same conditions related to
operators, apparatus, laboratories, and/or intervals of time between analyses.
Reproducibility is the closeness of the agreement between successive measurements
of the same parameter, performed in different conditions in terms of operators and
apparatus, laboratories, and/or intervals of time between analyses. These two
parameters are indicative of the stability of the sensing device.

(v). Wide linear range: the linear range should be large enough and over a
concentration range considered critical, for example, for the detection of toxic

compounds or biomarkers indicative of some disorder in living organisms.

Electrochemical (bio)sensors can use a range of modes of detection and may be
divided into conductimetric, potentiometric, amperometric, voltammetric and, impedimetric



sensors. Each electrochemical sensing principle depends on the exact mode of signal
transduction and whether they are used under equilibrium or dynamic condition modes. For
sensors at equilibrium, no current flows between the electrodes and the analyte and there is
no change in the concentration profile over time. This regime is controlled by diffusion and
possibly Brownian motion. In contrast, dynamic sensors are characterised by a current,
which flows as a result of an oxidation or reduction reaction [12,13].

Potentiometry is the most important non-dynamic method, and its measurements are
carried out based on measuring the potential difference between a working (indicator)
electrode and a reference electrode.

. reference
electrode
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magnetic
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Fig. 1.2 Schematic illustration of a potentiometric sensor system.

Measurements are performed under equilibrium conditions and monitor the
separation of charge, at zero current, created by a selective reaction or binding at the
electrode surface. The electrode (membrane) surface often has a perm-selective outer layer,
and, in the case of the biosensors, a bioactive material may be present, such as enzyme,
DNA, or antibodies, at which the biomaterial-catalysed reaction generates or consumes a
chemical species that is detected by an ion-selective electrode. The transducer is normally
the ion-selective electrode (ISE) itself, which is based on a thin film or a selective
membrane as recognition element [14,15], as illustrated in Fig.1.2.

lon-selective electrodes can detect ionic species such as Na*, K*, H", F', I, CN", NHy,
or gases (CO2 and NHs) by sensing changes in the electrode potential when the ions bind to

an appropriate ion exchange membrane. The analytical information obtained by converting

8



the recognition process into a potential signal is logarithmically proportional to the
concentration of species generated or consumed, as described by the Nernst equation [16].
Two main drawbacks are that the signal depends on temperature and that the membrane
potential is sometimes influenced by the adsorption of other components in solution.
Additionally, potentiometric-based sensors can detect only free species and require frequent
calibration, and there may be errors from the existence of traces of the analyte or interfering
ions in the reagents [15,17].

In amperometric sensors the analyte is oxidised or reduced. A chosen value of
potential is applied between a working and a reference electrode, and the electroactive
species passing over the working electrode is reduced or oxidised, leading to a current flow,
this being the principle of the detection method [2,18]. The choice of applied potential must
consider the material of the sensing electrode, the target analyte, and the environmental
conditions (pH, ionic strength, temperature, etc.). Thus, to be suitable for this type of
measurement detection, the compound or species of interest has to be electroactive within
the potential range available for the working electrode in the particular electrolyte solution
used and at the prevailing pH. A limitation is that only electroactive species are detectable,
but the detection can be more selective [13,19]. The use of a sensing array with different
applied potentials can make it possible to discriminate between several electroactive
species, which also permits distinguishing between the target analyte and interferent species
[20].

The basic instrumental arrangement requires controlled-potential — equipment
(potentiostat) and an electrochemical cell consisting of three electrodes immersed in a
suitable electrolyte (see Fig. 1.3). One of the electrodes is used as a reference electrode,
whilst the working electrode is where the reaction of interest occurs. The reference
electrode (e.g., Ag/AgCIl) provides a stable reference potential compared to the working
electrode. An inert conducting material is used as an auxiliary/counter electrode (e.g., Pt,
graphite, etc.) [21].
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Fig. 1.3 Diagram of a typical amperometric sensor system

Voltammetric sensors are similar to amperometric sensors except that the applied
potential is changed during the measurement process [22]. A linear potential ramp gives
rise to linear sweep voltammetry (LSV). Cycling the potential between defined limits at a
chosen scan rate is cyclic voltammetry (CV). Using potential pulses superimposed on a
staircase waveform gives rise to square wave voltammetry (SWV) and differential pulse
voltammetry (DPV). Voltammetric pulse techniques are generally more sensitive than scan
techniques, and normally the range in which the electrochemical current response is
linearly dependent upon the concentration of the electroactive species that is probed is used
[23].

In impedimetric-based sensors, a small sinusoidal voltage is superimposed on a fixed
applied potential with different frequencies, and the resulting current response is measured.
The impedance is then calculated as the ratio of voltage to current in the frequency domain.
By using small amplitude sine wave perturbation, linearity in the electrochemical system
can be ensured [3]. The impedance is measured over a wide frequency range and its value
depends on the reaction that occurs on the electrode surface. Generally, there is a decrease
in the resistance to charge transfer as the concentration at electroactive species increases.
The impedance spectra can be analysed by fitting to an equivalent electrical circuit to get

the values of the electrical components which model the interfacial phenomena [24,25].
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1.2 Nanomaterials and applications in electrochemical (bio)sensors

Modifying the surface of the electrode support with various conducting nanomaterials
(such as metal oxides, redox polymers, carbon materials, biological molecules, etc.), results
in a new surface that can have improved sensitivity and selectivity towards an analyte of
interest.

Nanomaterials provide huge advantages for many applications—such as catalysis,
imaging, biotechnology, and sensors applications—because of their particular properties.
For sensor applications, the high surface area-to-volume ratio of the nanomaterials allows
enhanced catalytic and sensing properties at nanomaterial modified electrodes. The
physical and catalytic properties of the nanomaterial can be tuned or altered by reduction of
the size, shape, the extent of agglomeration, as well as tailoring the nanostructure surfaces

with chosen crystallographic faces [26,27].

The main advantages of nanomaterial modified-electrodes for sensing applications
include [28]:

()  Higher electroactive area.

(i)  Faster electrochemical reaction through improved electrode surface Kkinetics

(electrocatalysis).

(i)  The use of carbon-based materials, such as graphene and carbon nanotubes, can
significantly enhance the adsorption of analytes on the electrode surface, which can

help lower trace level quantification.

(iv)  Nanomaterials provide stable modified electrode supports, as well as highly active

sites for functionalisation to improve the selectivity of the modified electrode.

Although nanomaterials can provide numerous advantages in electrochemical (bio)
sensing, proper immobilisation on the electrode support and further functionalisation with
the desired moieties are critical factors in improving performance. The methods commonly
employed for electrode modification include electrodeposition, physical adsorption,
electrostatic attraction, polymerisation, and chemical bonding [29]. Possible electrode
modifiers include metal nanoparticles (e.g., gold, platinum, silver, titanium, znc, cerium,

iron, etc.), carbon materials (e.g., graphite, carbon fibre, carbon nanotubes, graphene,
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carbon black, etc.), conducting polymers (e.g., conjugated conducting or redox polymers

such as polyphenazines).

1.2.1 Noble metal nanoparticles

Owing to the unique size and shape-dependent variables of physical, chemical, and
electrochemical properties, noble metallic nanoparticles—such as gold (AuNP), silver
(AgNP), platinum (PtNP), and palladium (PdNP) —bimetallic alloys, and core-shell
nanoparticles are attractive for numerous technological applications [30]. These
nanostructures are mostly prepared by in situ synthesis, such as electrodeposition [31],
chemical vapour deposition [32], and more commonly by hydrothermal (chemical and
green) synthesis [24,33]. The modification of the surface electrode with NP has been
extensively employed for the development of novel electrochemical (bio)sensors. In
general, metal nanoparticle (MNP) modified electrodes exhibit the attractive advantages
compared to bulk metal electrodes alluded to above, such as higher surface area and
increased electron and mass transfer rate, as well as improved selectivity and sensitivity
[34,35]. Often their biocompatibility makes them a good choice for the fabrication of DNA,
enzyme, and immunosensors [36], and well-dispersed nanoparticles with small size have
better electrochemical performance than the larger size and aggregated particles [37]. In
hydrothermal synthesis, aggregation of NP can be minimised by introducing an extra
substance to disperse nanoparticles that have physical or chemical interaction, which can
also stabilise the NP. Examples are functionalisation with citrate or hybridisation of NP
with a stabiliser agent, such as chitosan hydrogel, polyvinyl pyrrolidone (PVP), or
diethylene glycol providing sufficient structural stability. The introduction of a stabiliser or
reactant together with metal nanoparticle precursors before synthesis has become the main

method to protect shape and size [38,39].

1.2.2 Conducting and redox polymers

Conducting polymer systems can be reversibly reduced or oxidised and can change
their electrochemical properties via losing electrons (oxidation) or gaining electrons
(reduction). Examples of conducting conjugated polymers are polypyrrole, polyaniline, and
polythiophene. Examples of redox conducting polymers are poly(phenazines).
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Conjugated conducting polymers consist of alternating single and double bonds along
the polymer chain. Both single and double bonds include a localised o-bond, which forms a
strong chemical bond. Additionally, each double bond also contains an initially localised r-
bond, which is weaker than the c—bond, Fig. 1.4.

Single bond

Double bond @
/
[
! 3 ¥

Fig. 1.4 The structure of a conjugated polymer [40].

Conjugated conducting polymers can be categorized into degenerate and non-
degenerate systems based on their bond structures in the ground state. Degenerate polymers
possess two identical geometric structures in the ground state while non-degenerate
polymers exhibit two different structures with different energies in the ground state (e.g.,
benzenoid and quinoid structures, where the energy of the benzenoid is lower than that of
the quinoid). Solitons are known to be the charge carriers in degenerate systems such as
polyacetylene. Conversely, polarons and bipolarons serve as the charge carriers in both
degenerate and non-degenerate systems such as polypyrrole and polythiophene. The
movement of these charge carriers along polymer chains produces conductivity. In solid-
state physics terminology, the oxidation and reduction processes correspond to p-type and
n-type doping, respectively. In p-type doping, the electron moves directly from the HOMO
of the polymer to the dopant species and creates a hole in the polymer backbone.
Conversely, in n-type doping, electrons from the dopant species move to the LUMO of the
polymer, resulting in increased electron density. Hence, the density and mobility of charge
carriers can be tuned by doping [41,42].

Redox conducting polymers contain groups that can be oxidised or reduced, allowing

movement of charge along the polymer chain. In other words, these polymers can change
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their electrochemical properties via losing electrons (oxidation) or gaining electrons
(reduction). Redox polymers are also known by the names oxidation-reduction polymers,
electron-transfer polymers or electron-exchange polymers.

The most common organic chemical groups with redox properties include nitroxyl,
phenoxyl, quinones, viologens, carbazol or hydrazyl and they have been successfully
applied in chemical sensing, biosensing, batteries, supercapacitors, etc., due to improved
electronic properties, sensitivity, and biocompatibility [41,42]. The sensing mechanism of
redox conducting polymers can involve redox reactions, ion adsorption and desorption,
volume and mass changes, chain conformational changes, or charge transfer. Compared to
inorganic counterparts, conducting polymers have advantages in achieving high sensitivity
and selectivity, due to their chemical and structural diversity [43].

Conducting polymers can normally be obtained by chemical or electrochemical
methods. The overall process usually involves the oxidation of monomers, to form cation
radicals followed by chain growth. Chemical synthesis is advantageous for large-scale
production at low cost, while electrochemical polymerisation offers the possibility of in-situ
formation directly on the electrode surface for the development of sensing devices [43].

The controlled preparation of redox conducting polymer films by electrochemical
synthesis involves optimising polymerisation parameters such as applied potential,
potential cycling scan rate, pH, and electrolyte used for polymerisation [44,45].

1.2.3 Deep eutectic solvents (DES)

Deep Eutectic Solvents (DES) have emerged as a sustainable and “green” alternative
solvent medium for electropolymerisation, due to the possibility of formation of a polymer
material with superior sensing properties than its analogue formed in aqueous solution [46].
DES are produced from an eutectic mixture of solid Lewis or Brensted acids and bases,
which can contain a variety of anionic and cationic ionic species. They incorporate a
hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) and form a mixture
with a melting point lower than either of the individual constituents [47]. DES have
properties in common with ionic liquids (ILs), namely a broad working temperature range,
excellent chemical stability, and a wide electrochemical window that is important for
polymer electrosynthesis, which often requires a high potential for the generation of
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radicals. Additionally, the preparation of DES is easier than that of ILs, is at lower cost, and
they do not require exhausting steps of preparation and/or purification and are usually
biodegradable [48-50].

DES can be described by the general formula Cat™-X  zY with Cat" being
ammonium, sulfonium, or phosphonium and X a Lewis base, normally a halide. The HBD,
a Lewis or Brgnsted acid, Y, forms a “complex” with X". DES are commonly divided into
four types, see Table 1.1. Type I, Il and Type IV (e.g., ChCl:2ZnCl,, ChCI:2CrCk-6H,0,
ZnCh:3.5urea, respectively) and Type Il (e.g. ChCI. oxalic acid). Common examples of
the Type 1Il HBD are urea, ethylene glycol, and glycerol, and when choline chloride (ChCI)
is used as HBA, this gives rise to DES with the common names of reline, ethaline and
glyceline, respectively [48,51].

Table 1.1 The most common DES types.

Type Formula Terms
I Cat"™X ;MCl~ M: Zn, Sn, Fe, Al, Ga, In
I Cat™X;MClk.,H20 M: Cr, Co, Cu, Ni, Fe
" Cat'™X;RZ Z: CONH,, COOH, OH
v MCl + RZ=MCh-;". RZ"MCl1~ M: Al, Zn; Z: CONH,, OH

Two special classes of DES have been recently gaining increasing attention. These
are natural deep eutectic solvents (NADES) and therapeutic deep -eutectic solvents
(THEDES).

NADES are mixtures which contain combinations of metabolites that occur in large
amounts in cells, with a crucial role in cryoprotection, drought resistance, germination and
dehydration. They have been considered as the third liquid phase in living organisms, the
solubility of many natural products being greater in NADES than in water [52]. It has been
shown that there is hydrogen bonding between the constituents in mixtures of ChCI with a

variety of natural products such as organic acids (lactic acid, acetic acid, citric acid and,
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etc.), alcohols (hexanediol, butanediol, glycerol and, etc), sugars (fructose, glucose, sucrose
and, etc.) or amino acids (citrulline, arginine, proline) and the future role of NADES in the
food, cosmetic and pharmaceutical industries and in extraction and separation processes has
been assessed [53].

THEDES are bioactive eutectic systems composed of an active pharmacedtical
ingredient as one of the DES constituents [54]. The interest is due to their potential use as
improved pharmaceutical formulations, to increase drug solubility and permeability and
thence provide more efficient drug delivery. It has been established that the dominant
interactions are of a hydrogen bond nature [55].

1.2.4 Carbon nanomaterials

Many carbon nanomaterials exhibit unique properties such as a high surface-to-
volume area, high electrical conductivity, good chemical stability, biocompatibility, and
robust mechanical strength [56,57]. Carbon nanomaterial-based electrochemical
(bio)sensors generally have a high sensitivity and low limit of detection. The morphologies
of carbon-based materials constitute an additional critical factor that enables their
functionalisation, which can have a significant influence on electrode Kinetics [58]. Their
nanostructures have exposed surface groups for the binding between analyte molecules and
transduction materials, leading to remarkable electroanalytical performance [59]. The most
commonly used carbon nanomaterials for (bio)sensing applications are graphene oxide
(GO), carbon nanotubes (CNT) and their derivatives—such as carbon quantum dots (CQD)
—and graphene quantum dots (GQD) [60].

Graphene oxide (GO) is a 2D nanomaterial of sp? hybridised carbon nanosheets
decorated with epoxy and carboxyl groups assembled in a honeycomb lattice, resulting in
an extremely high surface area [26,61]. These functional groups can be used for a variety of
surface-functionalisation reactions, which can be exploited in GO-based (bio)sensors.
However, the existence of oxygen-containing groups in the GO nanostructure can cause
defects and compromise the electrochemical performance. Decreasing the oxygen
functional group content of GO is essential for the enhancement of its conductivity. Thus,

the use of reduced GO (rGO) with fewer oxygen-containing groups and higher electrical
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conductivity than GO is desirable for the design of more sensitive electrochemical sensors
[62,63].

Carbon nanotubes (CNT) can be visualised as cylindrical tubes ‘rolled up’ from sp?
hybridised graphene sheets, exhibiting 100 times the tensile strength of steel, similar
electrical conductivity to copper, and excellent electrocatalytic ability [64]. CNT have a
diameter that typically varies from 0.4 to 40 nm with some microns in length. Both ends of
the CNT are generally capped with fullerene-like structures. They can be exist as single-
walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT),
according to the number of rolled layers [28]. Both SWCNT and MWCNT are important
nanomaterials as electrode modifier for (bio)sensing applications. However, a factor that
limits utilisation and compromises the excellent properties of CNT is their inherent
insolubility and tendency to agglomerate. In such cases, chemical functionalisation can be
used to fine-tune CNT properties. Better dispersion can be achieved through
functionalisation with, for example, carboxyl or amino groups, also causing some
significant defects in the carbon nanotube structures and improving their conductivity
[65,66].

Carbon quantum dots (CQD) are zero-dimensional carbon nanoparticles less than 10
nm in size. Their size and edge crystallography govern their electrical, magnetic, optical,
and chemical properties. Due to their easy functionalisation, biocompatibility, good
solubility, quantum confinement, and edge effects, CQD are used to construct nanoscale
electronic devices [67,68]. CQD can be synthesised by many methods that include graphite
laser ablation, pyrolysis, thermal annealing, strongly acidic and electrochemical oxidation,
hydrothermal treatment, and microwave-assisted synthesis. These carbon nanoparticles
display physical and chemical properties substantially different from bulk carbon, due to
their smaller size. CQD has received much attention in spectroscopic applications, due to
very good optical properties, photoluminescence behaviour, and high resistance to
photobleaching. They have also been used in electroanalysis [69]. For example, a CQDs-
chitosan film on a glassy carbon electrode has been reported to improve the electrochemical
performance in relation to the bare electrode towards dopamine determination [70].

Graphene quantum dots (GQD) and CQD surface modifications of basal plane
pyrolytic graphite electrodes, towards the electrochemical response of redox marker
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ferrofferricyanide and two important biomarkers, uric acid and ascorbic acid. It was found
the CQD have superior electrocatalytic properties in the presence of these species [71],
even better than fluorescence detection [72].

GQD are different from CQD, as they possess the graphene structure. The edge and
the quantum confinement effect become more prominent when the size of the graphene
nanosheets becomes less than 100 nm and are especially evident when the dimensions are
below 10 nm [73]. GQD properties can be tuned by controlling the size and surface
chemistry properties. Compared with conventional semiconductor quantum dots, GQD
have advantages of excellent biocompatibility, ease of combining with biomolecules and
low biological toxicity [74]. They are easy to be chemically modified with superior
conductivity [75,76]. These properties enable their extensive application in biosensing,

biomedicine, energy-related devices and nanodevices [76].

1.2.5 Nanocomposites

The use of conducting nanocomposites is a breakthrough in the field of modified
electrodes for sensing applications. The term nanocomposite refers to a novel nanomaterial
that combines two or more nanomaterials with significantly different physical or chemical
properties, due to the synergetic effect of the individual components, leading to improved
sensitivity and lower limit of detection. The nanocomposites mostly include the
combination of nanomaterials, such as polymers, metal or semi-conductors as nanomaterial
matrix. Metal nanoparticles, carbon-based materials, and, more recently, ILs have also been
reported [77].

1.3 Nanomaterials used as modifiers in this work
1.3.1 Gold nanoparticles (AuUNP)

Metallic nanoparticles have recently become the focus of intense research due to their
altered properties compared to the bulk metal [78]. One of the most used types of metal
nanoparticle is gold nanoparticles (AuNP). Applications include therapeutic treatments,
detection and diagnostics, biolabeling, drug delivery, chemical and biological sensing,
imaging, nonlinear optics, photovoltaics, and catalysis [79]. The dominant features of

AUNP include shape-related optoelectronic properties, large surface-to-volume ratio,
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excellent biocompatibility, and low toxicity. These properties make them excellent tools in
biotechnology [80].

To date, there are numerous preparative methods for the synthesis of AUNP,
including top-down and bottom-up procedures. Recent efforts have been dedicated to

controlling size, shape, solubility, stability, and functionality [79].

Procedures for the synthesis of AuNP can be divided into physical, chemical, and

biological methods.

()  Methods such as vy-irradiation, microwave (MW) irradiation, sonochemical,
ultraviolet (UV) radiation, laser ablation, thermolytic or photochemical process are

categorised as physical procedures [81].

(i) In chemical methods, chemical reactions are performed in an aqueous medium by a
reduction agent. Citrate and sodium borohydride are the common reducing agents
used. Among the conventional methods of chemical synthesis of colloidal gold, the
Turkevich procedure, see more details in chapter 2, is widely utilised, due to the

simplicity and ease of synthesis, stability and controllable size [82].

(iii)  Biological synthesis, regarded as environmentally friendly, is another route of
synthesis. Reducing hazardous generated wastes and assisting "green chemistry" are
the main objectives of biosynthesis. The solvent medium, the reducing, and the
stabiliser agents should be non-toxic and safe. Plant-based compounds and
derivatives, bacteria, fungi, algae, yeast, and viruses are employed as common
resources. Various shapes and sizes of nanoparticles may be obtained in this way,

which has excellent properties for applications in nanotechnology [83].

1.3.2 Multi-walled carbon nanotubes (MWCNT)

Multi-walled nanotubes (MWCNT) are formed from the folding of graphene layers
into carbon cylinders [84]. Their excellent intrinsic properties, lead to their wide potential
applications in nanoelectronics, composite materials, energy research, and biomedicine [85]
as well as in electrochemical sensors and biosensors [86-88]. Additionally, MWCNT as
electrode modifiers enhance the electrochemical reactivity of important biomolecules and

can promote the direct electron-transfer reaction of proteins, whilst limiting surface fouling
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effects. Their unique structure provides an exceptional electric current-carrying capacity
along their length (1000 times higher than copper wires) [86—-88].

For synthesising MWCNT, several different routes have been demonstrated in recent
years. High-temperature preparation techniques, such as arc discharge or laser ablation,
were the first methods used to produce MWCNT. However, these methods have been
replaced by low-temperature chemical vapour deposition (CVD) (<800°C), since the
orientation, alignment, nanotube length, diameter, purity, and density of the carbon
nanotubes can be precisely controlled [89].

Most of these methods require supporting gases or are done under vacuum. Gas-
phase methods are suitable for the production of large quantities of nanotubes in industrial-
scale synthesis in an economically feasible way. On the other hand, gas-phase synthesis
methods have low catalyst vyields, since only a small percentage of catalysts form
nanotubes, plus short catalyst lifetimes and low catalyst number density [89].

The main disadvantage of the majority of the synthetic methods is that they produce
MWCNT with a mixture of diameters and chiralities and are usually contaminated with
metallic and amorphous impurities, whose type and amount depend on the method used.
Therefore, a fundamental challenge is efficient and simple purification. Post-synthesis
chemical purification is necessary, that also improves the electronic and mechanical
properties of these materials [90].

Another drawback in the utilisation of CNT is the poor solubility in most solvents,
which limits applications. Hence, the functionalisation of nanotubes is extremely important,
as it increases their “solubility” and processability. Several modification approaches—
physical, chemical, or combined modifications—have been exploited for achieving uniform
dispersion in common solvents to enhance performance and broaden their applications,
[91,92]. For example, organic functionalisation of CNT (the edges or ends) with chemical
groups enables the binding of CNT to other molecules or to surfaces, such as oxygen
functional groups, small organic molecules, polymers and biomolecules (e.g. DNA and
enzymes).

The addition of functional groups to the nanotubes usually takes place at defect sites
in the CNTs or at the end caps. This is due to the lower activation energy for chemical
reactions at defect sites (vacancy, non-hexagonal arrangement of C atoms, etc.). The defect
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concentration in carbon nanotubes is normally of the order of 1-3% of the carbon atoms, so
the functional group concentration will have a similar value. Thus, before the
functionalisation reactions are carried out, more defect sites are generated by oxidation. The
nanotube sidewalls can be functionalised by a variety of chemical groups, a very common
option being carboxylic groups, which can be introduced by exposing the carbon nanotubes
to concentrated nitric acid [93,94]. Only very harsh conditions, such as fluorination, allow
the addition of chemical species directly to the sidewalls.

During functionalisation, as in the specific case of carboxyl group addition, the sp?
carbon in the tube sidewall transforms into a sp® type atom. This change in the
hybridisation has a significant influence on the charge transport properties of the CNT.
More localised types of perturbation are changes induced by specific chemical groups in
the local electronic structure of the nanotubes. The addition of functional groups creates
additional states in the CNT band structure. Such changes are specific to the kind of
functional group producing them and are localised around the chemical group [95,96]. As a
result, the intrinsic conductivity of the MWCNT is improved, making them better materials
to be used as electrode modifiers for (bio)sensing applications.

1.3.3 Polymers
1.3.3.1 Poly(8-anilino-1-naphthalene sulphonic acid)

Poly(8-anilino-1-naphthalene sulphonic acid) (PANSA) is a derivative of polyaniline
(PANI) with electronic properties that have much in common with PANI.

PANI is a mixed oxidation state polymer composed of reduced benzoid units and
oxidised quinoids. It has three readily accessible oxidation states: fully reduced
leucoemeraldine, half-oxidised emeraldine, and fully oxidised pernigraniline (see Fig. 1.5).
Only the emeraldine salt, which is the protonated form of emeraldine base, is electrically
conductive.

The basic sites (amine and imine groups) in the polymer backbone of emeraldine base
can be protonated with sufficiently strong acids to produce emeraldine salt; thus,
polyaniline is sensitive to pH changes. PANI is redox active at pH values lower than 4. At
higher pH values, PANI deprotonates and loses its redox activity [97,98].
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PANI is prepared by chemical or electrochemical oxidative polymerisation of the
respective aniline monomers in strongly acidic solution. Other polymerisation techniques
that have been wused to prepare polyaniline include photochemically-initiated
polymerisation and enzyme-catalysed polymerisation. Both chemical and electrochemical
polymerisation of aniline proceeds via several steps as a radical propagation reaction. The

steps are [99]:
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OO OO
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Leucoesmenrfdine salt (L5),
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-2 {reduced form, yellow)
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{partially oxidized form, green)
2H4

Pernigraniline salt (P5),
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- 2

-2H+

T=+ =

Fig.1.5 Redox reactions between the various forms of polyaniline.

Step 1. Oxidation of aniline to a radical cation, which exists in three resonance forms.

Step 2. Coupling of the radical cations, resulting in a dicationic dimer species. The
coupling is predominantly “head to tail” or “para-coupling”. This dimer then undergoes re-
aromatisation to its neutral state, giving the intermediate p- aminodiphenylamine known as
PADPA.
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Step 3. Chain propagation via coupling of the dimer radical cation (centred on the
nitrogen atom) with an aniline radical cation centred in the para position and finally

oxidation of the growing polymer to a radical cation and doping with HA.

The chemical polymerisation mechanism has similarities with the electrochemical
polymerisation mechanism, but it also has differences in that the initial product of Step 3 in
chemical polymerisation is pernigraniline salt. After full consumption of the oxidant, the

pernigraniline salt is reduced by unreacted aniline to the green emeraldine salt.

As mentioned above. poly(8-anilino-1-naphthalene sulphonic acid) (PANSA) is a
polyaniline derivative. As films, it shows excellent performance in the catalytic reduction
of oxygen [100], anticorrosion coatings [101], and in the electrochemical determination of
some biologically important compounds [102]. The monomer 8-anilino-1-naphthalene
sulphonic acid contains sulfonic acid (-SOsH) as well as amino (-NH;) functional groups
in its structure, which play an important role in various applications [103]. The existence of
sulfonic acid groups helps improve solubility in common polar solvents. The polymer also
acquires an intrinsic proton doping ability, leading to the formation of highly soluble self-
doped homopolymers and copolymers [104]. Additionally, the presence of active functional
groups,—NHz, in the polymer chain can promote attachment to other functional groups,
which can give the polymer film strong binding properties and good compatibility with
other polymer layers and surfaces [105].

On the other hand, the extra benzene ring in the monomer can confer greater
hydrophobicity to the polymer film leading to a lower degree of solvation, closer packing
of the polymer chains, and reduced diffusion of solvated species through the film.

1.3.3.2 Polyphenazines and poly(triphenylmethanes)

Phenazine dyes are aromatic compounds consisting of a dibenzo annulated azine
structure. Phenazine derivatives have methyl and/or amino groups on the benzene rings,
and one N can be substituted by S (phenothiazine) or O (phenoxazine) in the azine ring
[106,107]. The most common phenazines are neutral red (NR), Nile blue (NB), methylene
blue (MB), methylene green (MG), brilliant cresyl blue (BCB), safranine T (ST),
phenosafranine (PS), toluidine blue (TB), thionine (Thi), and azur A, B, and C (AA, AB,
AC), Fig. 1.6.
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Methylene blue (MB),

Fig. 1.6 Chemical structures, trivial name with the abbreviation, ITUPAC name of some

phenazine monomers [110].

Phenazines are the parents of many dye compounds—such as eurhodines, toluylene
red, indulines, and safranines—and such systems are widely used for various applications,
such as pharmaceuticals, agrochemicals, pigments, dyes, etc. [108]. Other applications are
OLEDs, solar cells (conjugated polymers and small molecules for DSSC), and sensing
applications [109]. The phenazine monomers containing primary amino groups as ring
substituent can release a proton upon oxidation, yielding a singly-charged cation-radical,
which is responsible for the direct electrochemical polymerisation of the monomers,

forming the corresponding semi-conducting polymer film [110].
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Phenazine electropolymerisation can be performed in the same way as for other
conducting polymers: by cycling the applied potential, applying a constant potential, or
applying a constant current in the solution containing a phenazine monomer. The
electrochemical reactions leading to polymer formation proceeds by monomer oxidation to
form cation radicals that initiate polymerisation [111]. The number of radicals formed
defines the structure of the polymer, which occurs via C-N coupling; the more radicals
formed, the more branched is the polymer obtained. Polyphenazine films can be used in
electrochemical sensors and biosensors. As electrode substrate, mainly carbon-based
electrodes have been reported, such as glassy carbon, carbon film, and composites with

graphite or carbon nanotubes.
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e 72N
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Brilliant green (BG)
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phenyl)methylene}-N,N-diethyl

Malachite green (MCG)
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(phenyl)methylidene} ) o
N.N-dimethylcyclohexa-2,5- 2,5-cyclohexadien-1-iminium
. o hydrogen sulfate
dien-1-iminium

chloride

Fig. 1.7 Chemical structures, trivial name with abbreviation, ITUPAC name of malachite

green and brilliant green.
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Triphenylmethanes are dye compounds, that are used in textile dyeing and paper
printing and as antiseptic, antifungal, and antimicrobial agents in aquaculture and in the
food industry [112]. Triphenylmethane dyes are characterised by an open and ionised
structure, which is expected to be a suitable building block for microporous conjugated
polymers, as they are composed of three phenyl groups linked to sp* carbon with a rigid
propeller-like configuration [113]. The fact that they have an open, ionised structure is
promising for fast charge transfer and for catalytic ability in ion transport, which is very
useful in the field of (bio)sensors.

However, their use in the field of sensors up to now has been rather limited and
related to only two dyes: malachite green (MG) and brilliant green (BG) [114], see
structures in Fig. 1.7.

Polymerised films of BG, in particular, are very promising for the design of new
biosensor assemblies, considering that PBG film has a reported excellent performance in

the detection of hydrogen peroxide, a product of most enzymatic biological reactions [115].

1.4 Enzymes and enzymatic sensors

1.4.1 Enzymes: definition and classification

Enzymes are biological catalysts that speed up biochemical reactions in living
organisms. These biocatalysts are universally present in plants, animals, and microbial cells
and catalyse a wide range of biological processes. Some enzymes demonstrate specificity
for a group of enzyme substrates - for instance, tyrosinase. Tyrosinase is involved in two
distinct reactions: the hydroxylation of a monophenol and the conversion of an o-diphenol
to the corresponding o-quinone. Other enzymes exhibit much higher specificity for only
one substrate, such as glicose oxidase that has almost total specificity for its substrate, B -
D-glucose, and virtually no activity for any other monosaccharide. This specificity is of
primordial importance in many analytical assays and biosensors that measure a specific

substrate in a complex matrix (e.g., blood or urine) [116].
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Table 1.2 Classification of enzymes.

Enzyme class Description
EC1 Catalyse redox reactions and can be categorised into oxidase
EC 2 Catalyse the transfer or exchange of certain groups among
Transferases some substrates.
EC 3 Accelerate the hydrolysis of substrates.
Hydrolases
EC 4 Catalyse reactions involving either the cleavage or formation
Lyases of chemical bonds, with double bonds either arising or

disappearing. Cleavage of bond does not require water.

EC5 Facilitate the conversion of iso-isomers, geometric isomers,
Isomerases or optical isomers.

EC6 Catalyse the synthesis of two molecular substrates into one

Ligases molecular compound with release of energy.

EC7 Catalyse the movement of ions or molecules across
Translocases membranes or their separation within membranes.

The nomenclature of enzymes is directly related to the substrates or the chemical
reactions catalysed by them. They are classified into seven categories, as summarised in
Table 1.2, namely isomerases, oxidoreductases, transferases, hydrolases, lyases, ligases,
and translocases. Of these, hydrolases, oxidoreductases, and transferases are the most

abundant types of enzyme.
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1.4.2 Enzyme immobilisation methods

For an enzyme biosensor to operate successfully, the enzyme should be immobilised
appropriately on the transducer surface. Immobilisation means incorporating a biomaterial
in an inert support or by chemically or physically binding it to the transducer surface.
Enzyme immobilisation is a critical factor to dewvelop efficient biosensors with good
operational and storage stability, high sensitivity, high selectivity, short response time, and
high reproducibility. Immobilised biomolecules have to maintain their structure, function,
and biological activity after immobilisation, remain tightly bound to the surface, and not be
desorbed during the use of the biosensor. The choice of the most appropriate and
reasonable technique also depends on the enzyme’s nature, the transducer, the type of

bonding involved, and the associated detection mode.
There are five basic methods of enzyme immobilisation [18,117,118]:
Adsorption

This is the simplest method and does not need any substantial pretreatment of sensor
components or the use of special-purpose chemicals. Both physical adsorption and
chemical adsorption can be used. In physical adsorption, the biomaterial is held on the
surface by Coulomb, Van der Waals, ionic interactions, or hydrogen bonding. Chemical
adsorption is based on a strong affinity and usually on a semi-covalent bond formed
between a thiol group (-SH) and a gold substrate. Thus, thiol-containing enzymes, such as
oxidoreductases and isomerases which contain double-catalytic site cysteine residues, can
be immobilised on a gold surface via the thiol groups of their amino acid residues. These
thiol-containing enzyme are either in native form or obtained through chemically
modification or genetic engineering techniques, in order to provide them with reactive thiol
groups. Alternatively, thiol-containing enzymes can be immobilized onto supports, which
fixed with reactive disulfides or disulfide oxides, through a thiol-containing bifunctional
linker which, on one end, forms disulfide bonds (S-S) to the surface, and on the other end,
provides N-hydroxysuccinimide (NHS) groups that can react with the free amino groups on
the enzyme. The efficiency of adsorptive immobilisation is determined mainly by the
properties of the transducer surface, including its charge, the presence of polar groups, its
redox potential, and its energetic uniformity.
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Covalent bond

Covalent bonding is probably the most widespread immobilisation method. The
sensor surface is modified to acquire a reactive group to which the biological materials can
be attached. In the case of enzymatic biosensors, it is through a functional group in the
enzyme, which is not essential for its catalytic activity. Usually, nucleophilic functional
groups present in amino acid side chains of proteins—such as amino, carboxylic,
imidazole, thiol, hydroxyl, etc.—are used for coupling. This method improves uniformity,
density, and distribution of the bioelements, as well as reproducibility and surface
homogeneity. Covalent immobilisation may decrease or eliminate some common problems,
such as instability, diffusion, and aggregation or inactivation of biomolecules. This occurs
when biomolecules are immobilised on sensor surfaces by polymer matrices.

Crosslinking

In the cross-linking method, the immobilised enzyme is prepared via cross-linking of
the physical enzyme aggregates with a bifunctional or multi-functional cross-linker. The
most common cross-linking methods of immobilisation are based on the formation of
covalent bonds between enzyme molecules and a functionalised compound, e.g.,
glutaraldehyde. This involves covalent bonding of the enzyme with glutaraldehyde, usually
in the presence of bovine serum albumin (BSA). BSA provides additional coupling sites
without blocking the electrode surface, thus acting as an intermediate spacer arm. The
glutaraldehyde reacts with Ilysine amino groups in the enzyme mutually cross-linking the
enzyme with another protein (BSA). Higher enzyme activity and better stability can be
obtained. It is a very stable method of immobilisation; however, the appropriate amount of

BSA needs to be chosen to avoid the loss of enzyme activity.
Entrapment

In this case, the enzymes are not directly attached to the support surface but entrapped
within a polymer gel matrix, which allows not only the movement of enzyme substrate and
products but also retains the enzyme. The entrapment immobilisation process is done in
two steps: (1) mixing of the enzyme into a monomer solution, followed by (2)
polymerisation of the monomer solution by chemical reaction. As an enzyme is physically

confined within a polymer lattice network, the enzyme does not chemically interact with
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the entrapping polymer. An example of this was reported by Chiorcea et al., who used
oxysilane sol-gel to entrap glucose oxidase (GOx) on a highly oriented pyrolytic graphite
(HOPG) electrode substrate [119].

This method could thus improve enzyme stability and reduce enzyme leaching and
denaturation. Another advantage is the capability to optimise the microenvironment for the
enzyme by modifying the encapsulating material to have the optimal pH, polarity, or
amphiphilicity. However, a limitation is the gel matrix thickness. The enzyme substrate
cannot diffuse deep into the gel matrix to reach the enzyme active site. Additionally, the
entrapped enzymes may leak if the size of the pores of the support matrix is too large. The
method also has low enzyme loading capability, and the support material could be altered
as a result of polymerisation.

Encapsulation

Immobilisation by encapsulation represents an entrapment method in which enzymes
are enclosed in a semipermeable membrane. The membrane may be lipoidal, lipoprotein, or
polymer-based. The membrane allows small-sized molecules, such as enzyme substrate and
product, to diffuse through the membrane while retaining larger size enzyme molecules
within. The risk of enzyme leakage is minimal, and a multi-enzyme system could be

developed by trapping more than one enzyme inside the membrane.

In summary, each immobilisation method presents advantages and drawbacks.

Factors to consider before choosing an immobilisation technique are [120]:

()  Applicability on different surfaces.

(i) Immobilised biocatalyst should exhibit maximum activity.

(iii)  Immobilised biocatalyst should operate over a wide pH range.
(iv)  Immobilised biocatalyst should be stable.
(v)  The ability to co-immobilise more than one biocomponent.

(vi)  Little orno leaking of the biocomponent from the surface.
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1.4.3 Enzyme Kinetics

For low concentrations of substrate, nearly all enzyme-based reactions show a linear
rate dependence on substrate concentration. As the concentration increases, the rate of
reaction reaches saturation [121]. Enzyme Kinetic models that have found wide
applicability were first proposed by Michaelis and Menten in 1913 and later modified by
Briggs and Haldane.

The Michaelis-Menten equation relates the initial rate of an enzyme-catalysed
reaction to the substrate concentration and to a ratio of rate constants [122]. The simplest
reaction involves one substrate and one enzyme with a catalytic site. The enzyme (E) and
substrate (S) are in equilibrium with the enzyme substrate complex (ES), which can then
dissociate to the substrate and enzyme again, or form the product (P) of the reaction and

release the enzyme, asshown in equation 1.1.

K k
S+E le ES_—2, P+E (L)
-1

The rate constants ki, k.1, and ko are used for the definition of the Michaelis-Menten

constant Ky:

kq (1.2)

Assuming that the enzyme substrate complex is in rapid equilibrium with the reactant
enzyme and substrate, the Michaelis-Menten equation (1.3) is obtained:

_ VmaxIS]

Yo [s] +Km (13)

The initial reaction rate v, is related to the substrate concentration [S] and the maximum
rate of the reaction Vv ..

The plot of the reaction rate vs. substrate concentration is a hyperbolic curve, Fig.
1.8 (A), in which the Ky value is the substrate concentration when the reaction rate is half

of Viax-
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Fig. 1.8 (A) Plot of reaction rate vs. substrate concentration [S] according to the Michaelis-
Menten equation for fixed enzyme concentration. (B) Lineweaver-Burk plot of 1/v against

1/[S]. Km and vipax can be determined directly by intercepts on the x- and y-axis.

The parameters also can be obtained by rearranging the Michaelis-Menten equation,

to give the Lineweaver-Burk equation (1.4):

1 Ky 1

Vy = (1.4)

vmax [S] vmax

The parameters v and Ky can be determined directly from this representation by
the intercept on the y-axis and the slope of the plot, see Fig. 1.8 (A).

Studies of enzyme inhibition can furnish knowledge about enzyme specificity, the
properties of the enzyme active site, and the mechanism of the enzyme-catalysed reaction.
This is usually used as a strategy for drug development and can provide insight into the
mechanism of enzyme activity, for instance, by identifying residues critical for catalysis
[123].

Enzyme inhibition can occur reversibly or irreversibly. The latter occurs when the
inhibitor binds tightly to the active site of the enzyme, generally covalently, and dissociates
very slowly from the target.

In reversible inhibition, equilibrium exists between the inhibitor, I, and the enzyme,

E,
E+I=El (1.5)
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The equilibrium constant corresponding to dissociation of the enzyme-inhibitor

complex is known as the inhibitor constant (K;), given by Equation (1.6):

Ki = [E][VEI] (1.6)

Ki is used for calculating the affinity of the inhibitor for an enzyme, similar to the way in
which Ky is a measure of the affinity of a substrate for the enzyme.

Reversible inhibition is further subdivided into competitive, non-competitive,
uncompetitive, and mixed types [124], as summarised in Fig. 1.9. Enzyme activity is fully

restored when the inhibitor is removed from the system in which the enzyme functions.

In competitive inhibition, the substrate and inhibitor compete for the active site of the
enzyme, because the substrate and inhibitor bind to identical or overlapping sites. Due to
the overlapping nature of the binding sites, a ternary complex, in which the substrate and
the inhibitor simultaneously bind to the enzyme, cannot be formed. Accordingly, in the
enzyme-inhibitor complex, the enzyme is completely inactive. The effect of a competitive
inhibitor on the Kinetics of an enzyme-catalysed reaction is illustrated in Fig. 1.8 (A).

The inhibitor concentration [I] is arbitrarily chosen as K; for comparison with the
equilibrium in the absence of an inhibitor. It shows that the rate of reaction rises more
slowly in the presence of an inhibitor and reaches the same vmax Value but at a higher
substrate concentration and the Ky value is increased. The Lineweaver-Burk plots, which
have an intersection on the y-axis and an higher slope, illustrate the fact that vmax IS
unaffected by a competitive inhibitor.

A non-competitive inhibitor can bind to an enzyme with or without a substrate at
different places at the same time. The conformation of the enzyme is changed, and the
substrate is unable to bind to the enzyme effectively so that the enzyme activity decreases.
This inhibition decreases the rate of reaction. As the inhibitor binds to both the enzyme and
the enzyme substrate complex, it decreases the amount of enzyme available for catalysis,
there are fewer available active sites and therefore a smaller vmax. Unlike competitive
inhibition, raising the substrate concentration has no effect. The Lineweaver-Burk plots
show a constant intersection on the x-axis, which means that the Ky value is unchanged by

a non-competitive inhibitor, although v is decreased, Fig. 1.9(B).

33



Uncompetitive inhibition occurs when the inhibitor binds only to the enzyme
substrate complex, not to the free enzyme. Usually, the free enzyme has an inappropriate
binding site for the inhibitor, but, when the substrate binds to the active site of the enzyme,
a conformational change occurs in the enzyme, which makes the binding site accessible to
the inhibitor, yielding a catalytically inactive ESI complex. The effect of an uncompetitive
inhibitor on the enzyme Kinetics, Fig. 1.9 (C) shows that v, Cannot be reached, because at
any inhibitor concentration even an infinitely high substrate concentration will not drive the
entire enzyme to the ES form. However, unlike the non-competitive inhibitor, the
Lineweaver-Burk plots show that the intercept on the x-axis changes, but the slope remains

the same, which means the Ky value is decreased, as well as v ay.

Mixed inhibition is the other major type of inhibition mechanism in which the
inhibitor may bind to the enzyme, whether or not the enzyme has already bound the
substrate, but has a greater affinity for one state or the other. It is called "mixed" because
conceptually it is a mixture of competitive and uncompetitive inhibition.

Reversible enzyme inhibition requires graphical methods for diagnosing the type of
inhibition and the determination of the inhibition constant K;. Besides Lineweaver-Burk
[125], other graphical methods are commonly used such as Dixon [126] and Cornish-
Bowden [127].
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Fig. 1.9 Plots of reaction rate v against substrate concentration [S] according to the velocity
equation in the absence and in the presence of a fixed concentration of an inhibitor for
different types of inhibitions, namely: (A;) competitive, (B1) non-competitive, and (C;)

uncompetitive inhibition. Lineweaver-Burk plots of 1/v against 1/[S] in the absence and in

the presence of three different mechanisms of inhibition: (Az) competitive, (B2) non-

competitive, and (C;) uncompetitive inhibition
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It has been common to use Dixon plots to determine the inhibition type and the
inhibition constants for competitive and non-competitive inhibition, but it cannot
distinguish between competitive and mixed inhibition. The Cornish-Bowden method is
unable to determine the inhibition constant for competitive inhibition. In this work, a new
graphical strategy was used for the determination of the enzyme inhibition mechanism and
will be explained in more detail in Chapter 4.

1.5 Enzymes used in this work

1.5.1 Glucose oxidase

Glucose oxidase (GOx, EC 1.1.3.4) is a flavoprotein which contains the compact
non-covalently bound coenzyme flavin adenine dinucleotide (FAD) and belongs to the
large group of oxidoreductase enzymes. Its molecular weight ranges from approximately
130 kD to 175 kD and consists of two identical polypeptide chain subunits having nearly
equal molecular weights linked by disulphide bonds [128]. Each subunit, or monomer,
folds into two domains: one domain binds to the substrate, B-D-glucose, while the other
domain binds non-covalently to the FAD cofactor, which is a powerful oxidising agent.

FAD is a common component in biological redox reactions.

B-D-glucose D-glucono-é-lactone Gluconic acid

N

GOx - FADH? GOs - FAD

AN

0, — 3 HO,

Fig. 1.10 Glucose oxidation catalysed by the enzyme glucose oxidase (GOXx); when O,

plays the role of electron acceptor.
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The GOx subunit contains one mole of Fe and one mole of FAD, and contains 74%
protein, 16% natural sugar, and 2% amino sugars. GOx is produced predominantly by the
fungi Aspergillus and Penicillium species. GOx catalyses the oxidation of [3-D-glucose to
D-glucono-6-lactone and hydrogen peroxide using molecular oxygen as an electron
acceptor with the concomitant reduction of GOx [129], see Fig. 1.10. GOx-based
biosensors are widely used in the chemical, food, beverage, pharmaceutical, and clinical
industries. Such applications include glucose sensors used in clinical and environmental

monitoring [130].

1.5.2 Tyrosinase

Tyrosinase (Tyrase, EC 1.14.18.1) is a metalloenzyme that contains a binuclear copper
active site responsible for the enzyme existing in three oxidation states. First, it catalyses
the conversion of monophenols (e.g., tyrosine) into o-diphenols (monophenolase activity),
followed by the oxidation of the o-diphenols to the corresponding o-quinone derivatives
(diphenolase activity), see Fig. 1.11. The related catechol oxidases only catalyse the second
reaction, using o-diphenols as substrates [131,132]. Starting from tyrosine, the final product
of the tyrosinase-catalysed reaction is dopaquinone, which is a precursor of melanin [133].

Tyrae Can be produced and extracted through organisms such as bacteria, fungi,
plants, and mammals and studied for specific functioning [134].

OH OH 0
H OH 0
(' H,0 Step 2
Step 1 s +2H +2e
0, +2H +2¢
R R

Fig. 1.11 Reactions of phenols catalysed by tyrosinase

Due to the multiple sources of tyrosinase, its structural properties are diverse in
nature, along with their distribution in tissues and cells, so no common protein is observed

across all species. The difference is found in primary structure, size, in post-modification
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sites like the active site, and in the glycosylation mechanism. The common thing in all
tyrosinases is their binuclear type Ill copper centre containing two copper atoms, each
connected with six histidine molecules in their active site. These copper atoms are linked
with atmospheric oxygen that catalyses the two reactions (1) ortho-hydroxylation of
monophenols and (2) oxidation of o-diphenols to o-quinones [135,136].

Tyrase IS involved in the biosynthesis of melanin in melanosomes causing
pigmentation of the skin, hair, and eyes in mammals, protecting against from ultraviolet
radiation damage. The enzyme plays a crucial part in primary immune response and in
healing of wounds in plants, various invertebrates, as well as sponges. It has significant
importance in spore-forming, protecting tissues and survival after lesions or injuries in
fungi. It has a vital role in the protection of bacteria. Tyrae also plays an important role in
medical applications, including melanin synthesis for therapeutic purposes, production of
L-DOPA production, a drug utilised to treat Parkinson’s disease, manufacturing antibiotic
lincomycin, and treating various neurological disorders. Mushroom Tyrae has clinical
application to treat vitiligo and produces hydroxyl tyrosol that has use as a food additive.
Tyrae Is also employed in the food manufacturing industries, for instance, to make the
aflavins, a collection of compounds in black tea possessing anticancer and other properties
[137-139].

1.5.3 Choline oxidase

Choline oxidase (ChOx, EC 1.1.3.17) is a flavoprotein which catalyses the four-
electron oxidation of choline to glycine-betaine, with betaine-aldehyde as intermediate and
molecular oxygen as primary electron acceptor, see Fig. 1.12.

The reaction occurs through two consecutive FAD-mediated oxidations of the
substrate. The alcohol substrate is oxidised to betaine aldehyde in the first oxidation
reaction; then, the hydrated form of betaine aldehyde, gem-diol choline, is oxidised to
glycine betaine [140].

Choline oxidase was first described in 1977 by Ikuta et al. [141], who reported the
purification and initial characterisation of the enzyme from the soil bacterium Arthrobacter
globiformis. The study of choline oxidase is of considerable interest for several reasons.

From an applied standpoint, the development of biosensors for the detection of
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choline and choline ester derivatives, such as acetylcholine, in serological samples and

foods renders this enzyme of medical and industrial interest.

alcohol oxidation aldehyde hydration aldehyde oxidation
| | | <
N ——> N HO N —— NK)\
Hoo "N~ AN T D —~ - o
Choline F’UDH* betaine aldehyde H,0, gem-gg: choline FASDW glycine betaine
H,0, O H20, O,

Fig. 1.12 Reactions of choline catalysed by choline oxidase.

Furthermore, the recent findings that many bacterial and plant species accumulate
glycine-betaine in response to salt stress or water deficit have prompted considerable
interest in research on glycine-betaine biosynthesis, with the goal of genetically engineering
water/osmotic stress resistance in beneficial bacteria and crop plants.[142,143]. However,
despite a wealth of studies on the biotechnological applications of the enzyme, minimal

mechanistic or structural studies of choline oxidase have been reported to date.

1.6 Electrochemical techniques and microscopy

This section describes briefly the electrochemical techniques used in this work for
analysis and characterisation of modified electrodes: cyclic voltammetry (CV),
chronoamperometry, differential pulse voltammetry (DPV), and electrochemical impedance
spectroscopy (EIS). It also describes the surface analysis techniques used for examining the
nanostructure morphologies: scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and, X-ray diffraction (XRD).

1.6.1 Cyclic voltammetry (CV)

Cyclic voltammetry is the most common electrochemical technique used for
obtaining qualitative information about electrochemical reactions. The main advantage of
cyclic voltammetry results from its ability to rapidly provide crucial information on the

thermodynamics of redox processes, on the Kkinetics of heterogeneous electron-transfer
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reactions, and coupled chemical reactions or adsorption processes. Furthermore, it offers
fast location of redox potentials of the electroactive species and permits the convenient
evaluation of the influence of the media upon the redox process [144]. It consists of
scanning the potential of a stationary working electrode linearly using a triangular potential

waveform, Fig. 1.13.

Emin

Fig. 1.13 Variation of applied potential with time in cyclic voltammetry, showing the initial

potential E;, the final potential Ef, maximum Emax, and minimum Epi, potentials [145].
In cyclic voltammetry, on reaching t = t;, the sweep direction is inverted and swept
until Emin, then inverted and swept to Enax, etc. The important parameters are:
« the initial potential, E;
* the final potential, Es
« the initial sweep direction
* the sweep rate, v
* the maximum potential, Emax
e the minimum potential, Emin
A faradaic current, ls, due to the electrode reaction, is recorded in the relevant zone of
applied potential, where the electrode reaction occurs. There is also a capacitive

contribution: on sweeping the potential, due to changes in the double layer charge; this

contribution increases linearly with increasing sweep rate.
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The total current is:

1=1C+1fzcdil—]f+1f=vcd+1f (1.7)

For a simple electron transfer reaction (R — O + ne’) with only R initially present, the
faradaic current depends on the Kkinetics and transport by diffusion of the electroactive
species. The current increases as the potential becomes more positive but then begins to be
limited by the rate of diffusion of unreacted species to the electrode surface, so that a peak
current appears, l,a. On reversing the potential scan there is a reduction peak current Ipc.

The theoretical description of this problem was first due to Randles and Sev¢ik [146,147].
For fast kinetics (reversible system) the anodic peak current is:

(1.8)

I, = 2.69 x 10°n*/2AD;/ [R] ,,v1/2

I /mA

Reduction

E
pC

E/V

Fig. 1.14 Cyclic voltammetry with the extraction of the peak potentials (Ep,, Epc) and the

peak currents (lp,, Ipc), used for elucidation of the mechanism of electrode reactions.
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If a redox system remains in equilibrium at the electrode surface throughout the
potential scan, the electrochemical reaction is said to be reversible ie. the surface
concentrations of O and R are maintained at the values required by the Nernst equation.
Under these conditions, the following parameters characterise the cyclic voltammogram of
the redox process at 25°C [146]:

Ep independent of v

| Ep — Eprol =56.6/n mV

e Epa—Epc=57.0/nmV

[lp.oflpd =1

For irreversible processes, anodic and cathodic peaks are reduced in height and are
more widely separated, due to the effect of electrode Kinetics. Irreversible systems are
characterised by a shift of the peak potential with the scan rate:

1/2
E = EO _ RT

p agnF

[0.78 —In D"—O/] +1n (“a "‘F)

RT (1.9

where:
e nis the number of electrons transferred in the rate-determining step
e IS the electrochemical charge transfer coefficient for the anodic process.
Therefore, E, occurs at potentials higher than E°, with the overpotential related to ko
and ..

The corresponding peak current for an oxidation reaction, in amperes, is:

I, = 2.99 x 105n(a,n')2AD? [R],,v'/? (1.10)

The peak current is still proportional to the bulk concentration but the peak will be
lower in height (depending upon the value of «j). Assuming «, = 0.5, the ratio of the

reversible-to- irreversible peak currents is 1.11.
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Others parameters are:
o |Ep—Epal =47.7/(an’) mV
e [dEy/dig vl =29.6/(an") mV
e Epdependent onv.

For quasi-reversible systems, the current is controlled by both the charge transfer and
the mass transport. As the ratio increases, the process approaches the reversible case. For
smaller values, the system tends towards irreversible behaviour.

Overall, the cyclic voltammograms for a quasi-reversible system are more drawn out

and exhibit a larger separation in peak potentials compared to a reversible system, Fig.
1.15.

S
>

1/ mA

E/V

Reversible
Quasi - reversible

Fig. 1.15 The effect of increasing irreversibility on the shape of a CV.

If the reagent or product of an electrode reaction is adsorbed strongly or weakly on
the electrode, the form of the voltammetric wave is modified. There are two types of
situations:

o the rate of reaction of adsorbed species is much greater than of species in the

solution;

e it is necessary to consider the reactions of both adsorbed species and those in

the solution.
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The current-potential curve is described by Eq. 1.11

— nFO'AFR,i(bo/bR)e (111)
p [1+(b0/bR)9]2

where

e [I'r i is the surface concentration of adsorbed R species on the electrode

surface of area A, before the experiment begins

e Dbo and brexpress the adsorption energy of O and R

_nF
~RrT’

o=o () -o)

o

The peak current for a reversible reaction, Iy, is described by the equation:

22 .
| = n"FTvAlR i (1.12)
p ART

1.6.2 Chronoamperometry

Potential step chronoamperometry is the basis of all pulse techniques. The principle
of chronoamperometry measurements involves stepping the potential of the working
electrode from a value where no faradaic reaction occurs to a potential at which the surface
concentration of the electroactive species is effectively zero, see Fig. 1.16A.

This |-t relationship response is comprised of two components [148]:

e the current due to charging the double-layer;

e the current due to the electron transfer reaction of the electroactive species at
the electrode interface.

The extent to which both occur depends on the initial applied potential, E;j, and the

final value, Es;, of the potential. When a planar electrode is used in an unstirred solution,
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and the applied potential is sufficient to oxidise or reduce all the electroactive species as
fast as they reach the electrode surface, ie., at a diffusion-controlled rate, the current-time
curve reflects the change of the concentration gradient at the electrode surface. This is
caused by a gradual increase with time of the diffusion layer thickness associated with
depletion of the reactant Fig. 1.16B. The current, at a planar electrode, thus decays with

time, Fig. 1.16C, as given by the Cottrell equation:

TlFADl/Z Coo — kt_l/z (113)

It (t) - (nt)1/2

(A)
©)

E, g
m =
o gJ 3
E 3 5
E 0’ o i
? - 2 ' T 0
o @ V/_

=
E 6 %’
[ T 8
b ot ob ok —T—TT
Time Distance from Electrode f T 21

Time

Fig. 1.16 Chronoamperometric experiments: (A) potential-time waveform; (B) change of
concentration profiles with time; and (C) the resulting current-time response at applying

successive potential steps in opposite directions.

The Cottrell equation states that the product | t*2 should be constant for a diffusion-
controlled reaction at a planar electrode. Deviation from this constancy can be caused by
non-planar diffusion, convection in the solution and slow charging of the interfacial region

during the potential step [144].
For each of these cases, the variation of 1 tY2 when plotted against t is different, and

the current response to a potential step always reflects the mechanism of the electrode
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reaction and, in principle, can be used to distinguish mechanisms of simple or coupled
reactions, etc. Non-planar electrodes such as cylinders can exhibit an increase in I t*2 with

increasing time [144].

1.6.3 Differential pulse voltammetry (DPV)

Differential pulse voltammetry is an extremely useful technique for measuring trace
levels of organic and inorganic species. In differential pulse voltammetry, fixed height
pulses—superimposed on a linear potential ramp—are applied to the working electrode at a
time just before the end of the drop, Fig. 1.17.

I
ﬂ_ T~05-+55

E &

T e AT = T')=5 = 50 ms

e T

-
f

Fig. 1.17Excitation signal for differential pulse voltammetry [146].

The current is measured twice, just before the pulse application (at 1) and again late
in the pulse life (after = 40 ms, at 2, when the charging current has decayed). The first
current is subtracted from the second one, and this current difference [Al = I(t2)-1(t1)] is
plotted versus the applied potential. The resulting differential pulse voltammogram consists
of current peaks, the height of which is proportional to the concentration of the
corresponding analytes:

1
__ MFACD2 (1-0)

'p = JTtn  (1+0)

(1.14)
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in which ¢ = exp [( nF/RT)(AE/2] (AE is the pulse amplitude). The maximum value of the

quotient (1- o)/ (1+o) is obtained for large pulse amplitudes.

The peak potential (E) can be used to identify the species, as it occurs near the half-

wave potential. For an oxidation,

Differential pulse voltammetry allows measurements at concentrations lower than 0.1
uM. DPV can also provide improved selectivity for observing different redox processes
compared with cyclic voltammetry and linear sweep voltammetry [149].

The peak-shaped response of differential-pulse response measurements also results in
improved resolution between two species with similar redox potential, if separated by at
least 50 mV. Such a possibility depends not only upon the corresponding peak potentials
but also on the peak widths. The minimum peak width at half-height, for fast electrode

kinetics is given by:

3.52RT (1.16)
W1/2 = nF

which corresponds to 90.1 mV for n =1 (at 25 °C).

The peak-shaped response makes the technique particularly useful for analyses of
mixtures. The selection of the pulse amplitude and potential scan rate usually requires a
compromise between sensitivity, resolution, and speed [145,148,149]. For instance, higher
pulse amplitudes result in higher and broader peaks. Pulse amplitudes of 25-50 mV,
coupled with a 5 mV/s scan rate, are generally employed. Irreversible redox systems result
in lower and broader current peaks compared with those for reversible systems. In addition
to improvements in sensitivity and resolution, the technique can sometimes provide
information about the chemical form in which the analyte appears, such as oxidation states,

complexation, etc.
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1.6.4 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance is the response of an electrochemical system to an
applied AC potential or current; the frequency dependence of the impedance can reveal
underlying chemical processes. EIS was initially applied for the determination of double-
layer capacitance. It is carried out at different frequencies; that is why it is termed as

impedance spectroscopy [150,151].
Applications of EIS include [152]:

() Interfacial processes: redox reactions at electrodes, adsorption, electrosorption, and

kinetics of homogenous reactions in solution combined with redox processes.

(i) Geometric effects: linear, spherical, cylindrical mass transfer, limited volume

electrodes, porous electrodes, and determination of solution resistance.

(i) Applications in power sources systems (batteries, fuel cells, membranes): corrosion

studies, electrocatalytic reactions, self-assembly monolayers and sensors.

Electrochemical impedance is usually measured by applying a sinusoidal voltage
perturbation superimposed on a fixed potential, to a working electrode and measuring the
current response. The imposed perturbation can also be an applied current. The response to
the applied perturbation, generally linear if the perturbation is sufficiently small, can differ
in phase and amplitude from the applied signal [145].

The excitation signal is expressed as a function of time and has the form:

E(t) = Eg sin(w?) (1.17)

I(t) = lo sin(wt + @) (1.18)

where E(t) is the potential at time t, Eo is the amplitude of the signal, and w is the radial

frequency (expressed in radians/second) related to the frequency f (expressed in Hz):

w = 27f (1.19)
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In a linear system, the response signal, I(t), is shified in phase (¢ is the current-

potential shift) and has a different amplitude, lo. The impedance of the system is:

_E®)  Ejsin(wt) 7 sin(wt)

CI(t)  Ipsin(wt + @) %sin(wt + @) (1.20)
The impedance is expressed in terms of magnitude, Zp, and a phase shift, ¢ [98, 99].
The impedance can be expressed as a complex function:
(1.21)

Z=7"+jl" = |Z|cosp + jZ|sing

and the complex plane plots a representation of the imaginary part of the impedance against

the real part, see Fig. 1.18.

_ZH
Mass transfer
control

Kinetic
control

|
R Rg+ Ry/2 Rg+ Ry Z'

Fig. 1.18 Complex plane impedance plot of a simple electrochemical system: R + ne- — O
[145].

The interpretation of the EIS measurement is often made by correlation between the
impedance data and the electrochemical equivalent circuit representing the physical
processes taking place in the system under investigation. For example, resistors can
represent the cell resistance, Rp (resistance associated with the electrode material internal

resistance, electrolyte solution resistance and electrode contacts), charge transfer resistance
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R, across the interface, or resistance of a film modifier. Capacitors can be correlated with
the capacitance resulting from charge separation in the double layer Cq, or across a surface
film. Inductors, representing induced charge separation, occur at very high frequencies or in
low-frequency relaxation processes [153].

All electrochemical cells can be represented in terms of an equivalent electrical
circuit comprised of resistances and capacitances (inductances only for very high
frequencies). Often, as in the case of this work, capacitors in EIS experiments do not

behave ideally, that is, they act like a constant phase element (CPE), as defined by Eq. 1.22:
CPE = {(cio)*} ™" (1.22)

where C is the capacitance, wis the frequency in rad s, and the exponent, 0.5 <
a < 1, reflects the surface non-uniformity and roughness of the modified electrodes, with
o = 1 corresponding to a complete uniform and smooth surface. A rough or porous surface

can cause a capacitance to appear as a constant phase element with a value a between 0.5

and 1 [100, 101].
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—VVNV— & .
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AN Za

Fig. 1.19 Randles equivalent circuit for a simple charge transfer reaction

The Warburg element, Zy, is given by Z,, = Rpcth[ti®)*] X [t1®)*], where o < 0.5 and
is characterised by a diffusional time constant (t), a diffusional pseudocapacitance (Cp),
and a diffusional resistance (Rp = t/Cp). From the open Warburg element, the value of oy
~ 0.45 is characteristic of a semi-infinite diffusional impedance usually found at ultrathin
modified electrodes [150].
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The Randles circuit, Fig. 1.19, is one of the simplest and most common EC models. It
includes a solution resistance, Rg, a double layer capacitor, Cq and a charge transfer or
polarisation resistance, R or R, and a Warburg element which is used to model semi-
infinite linear diffusion. In a simple situation, the Warburg element manifests itself in EIS
spectra by a line with an angle of 45 degrees in the low-frequency region.

The double-layer capacity is in parallel with the impedance due to the charge transfer
reaction in series with the Warburg impedance element. In addition to being a useful model,
the Randles circuit model is often the starting point for other more complex models, see
[150].

1.7. Electron Microscopy

An electron microscope is a type of microscope that uses a beam of electrons to
create an image of the specimen. It is capable of much higher magnifications and has a
greater resolving power than a light microscope, allowing it to see much smaller objects in
finer detail. For topographical and morphological analysis, scanning and transmission
electron microscopes have been used respectively.

1.7.1 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy
electrons to generate a variety of signals at the surface of solid specimens. The signals that
derive from electron-sample interactions reveal information about the sample, including
external morphology (texture), chemical composition, crystalline structure and orientation
of materials making up the sample. Areas ranging from approximately 1 ¢cm to 5 um in
width can be imaged in a scanning mode using conventional SEM techniques.

When the electron is accelerated in an SEM, it carries a significant amount of Kkinetic
energy, and this energy is dissipated as a variety of signals produced by electron-sample
interactions when the incident electrons hit in the solid sample. These signals include
secondary electrons, backscattered electrons, diffracted backscattered electrons, photons,
visible light and heat. Secondary electrons and backscattered electrons are commonly used
for imaging samples. However, secondary electrons are most valuable for showing the
morphology and topography of samples, and backscattered electrons are most valuable for
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illustrating contrasts in elemental composition in multiphase samples. X-rays are produced
by inelastic collision of the incident electrons with electrons in discrete orbital of atoms in
the sample. As the excited electrons return to lower energy states, they emit X-rays of a
fixed wavelength, due to the difference in energy levels of electrons in different shells for a

given element [154].

Electron gun D Photomultiplier

Electromagnetic @
lenses
Electromagnetic

lens ﬁ
Electromagnetic /
Electrostatic lens

X-Ray detector.
electron detector

with photomultiplier

Fig. 1.20 Components of a scanning electron microscope (SEM)[155].

The column of an SEM contains an electron gun and electromagnetic lenses in such a
way as to produce a very fine electron beam, which is focused on the surface of the
specimen. The beam is scanned over the specimen in a series of lines and frames. Several
things may happen to these electrons: (1) They may be elastically reflected from the
specimen, with no loss of energy; (2) They may be absorbed by the specimen and give rise
to secondary electrons of very low energy, together with X- rays; (3) They may be absorbed
and give rise to the emission of visible light (cathodoluminescence), or they may give rise
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to electric currents within the specimen. All these effects can be used to produce an image
[155,156].

By far the most common is image formation using the low-energy secondary
electrons. Magnification results from the ratio of the area scanned on the specimen to the
area of the image detector. Increasing the magnification in an SEM is therefore achieved by
scanning the electron beam over a smaller area of the specimen.

This image formation in SEM is equally applicable to elastically scattered electrons,
X-rays, or photons of visible light except that the detection systems are different in each
case. Secondary electron imaging is the most common because it can be used with almost

any specimen, Fig. 1.20 shows the essential components of a scanning electron microscope.

1.7.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) provides information on the atomic
arrangement of atoms, due to its very higher spatial resolution (down to a few angstroms
for standard microscopes). Therefore, the crystal structure of crystalline material may be
accessed directly from atomically resolved TEM images, as well as, the evaluation of the
size and shape of an object is also available. In TEM analysis, a high voltage (80-200 keV)
focused electron beam is passed through a thin, solid sample, typically 100-200 nm in
thickness, providing details about the structure’s components and internal composition.
Images are based on the electrons passed through the sample or primary electrons,
differently from SEM in which the images are based on the electrons scattered from the
sample surface or secondary electrons. Electrons can suffer coherent scattering or
diffraction from lattice planes in the crystalline phase of materials, vyielding phase
identification [157].

The probability of scattering is described in terms of the interaction cross-section or
the mean free path and can be elastic or inelastic.

The non-uniform distribution of electrons in the beam that comes out of the sample,
contains all the structural information of the sample [159]. The diffracted electrons
deflected away from the optical axis of the microscope are blocked using an aperture, and
thus the transmitted electron beam generates a contrast on a fluorescent screen, of varying
intensity. For nanomaterial analysis, the crystalline structures interact with the electron
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beam mainly by diffraction, rather than absorption, although the intensity of the transmitted

beam depends mostly on the density and thickness of the material through which it passes.
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Fig. 1.21 Components of a transmission electron microscopy (TEM) [158].

The transmitted electron beam strikes the fluorescent screen and generates an image
of varying contrast. The darker areas are those from which fewer electrons have been
transmitted, while the areas of lower contrast display the areas in the sample which have
less density or thickness, and therefore many transmitted electrons are present [158]. Fig.

1.21 shows the layout of the various components of a transmission electron microscope.

1.8 X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) is a rapid analytical technique used primarily for
phase identification of a crystalline material and can provide information on unit cell
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dimensions. Powder X-ray diffraction is most widely used for the identification of
unknown crystalline materials (e.g. minerals, inorganic compounds).

X-ray diffraction is based on constructive interference of monochromatic X-rays
diffracted from the sample. These X-rays are generated by a cathode ray tube, filtered to
produce monochromatic radiation, concentrated by collimation, and directed towards the
sample. The interaction of the incident rays with the sample produces constructive
interference (and a diffracted ray) when conditions satisfy Bragg's Law, as shown in Fig.
1.22 [160].

Bragg diffraction

For constructive interference,
2 (d sinB) = n

Fig. 1.22 Conditions for diffraction and derivation of Bragg's law [162].

This law relates the wavelength of electromagnetic radiation to the diffraction angle
and the lattice spacing in a crystalline sample. These diffracted X-rays are then detected,
processed and counted. By scanning the sample through a range of 26 angles, all possible
diffraction directions of the lattice should be attained due to the random orientation of the
powdered material. Conversion of the diffraction peaks to d-spacings allows identification
of the sample structure because each has a set of unique atomic spacing (d-spacings).
Typically, this is achieved by comparison of d-spacings with standard reference pattern
[161].

An X-ray diffractometer consists of three basic elements: an X-ray tube, a sample
holder, and an X-ray detector. X-rays are generated in a cathode ray tube by heating a
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filament to produce electrons, accelerating the electrons toward a target by applying a
voltage and bombarding the target material with electrons. When electrons have sufficient
energy to dislodge inner shell electrons of the target material, characteristic X-ray spectra
are produced.
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Incident X-ray
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Fig. 1.23 Schematic illustration of the time-resolved X-ray spectroscopy experimental setup
[163].

These spectra consist of many components, the most common being K, and Kg. The
specific wavelengths are characteristic of the target material (usually Cu, Mo, Cr, or Fe).
Filtering, by foils or crystal monochromators, is necessary for obtaining monochromatic X-
rays. Copper is the most common target material for single-crystal diffraction, with CuK,
radiation = 1.58 A. As the sample and detector are rotated, the intensity of the reflected X-
rays is recorded [161].
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When the geometry of the incident X-rays impinging on the sample satisfies the
Bragg equation, constructive interference occurs. A detector records this X-ray signal and
converts the signal to a count rate. The geometry of an X-ray diffractometer is such that the
sample rotates in the path of the collimated X-ray beam at an angle 6, while the X-ray
detector is mounted on the arm to collect the diffracted X-rays and rotates at an angle of 20.
For typical powder patterns, data is collected at 20 from ~5° to 70°-angles that are present in
the X-ray scan [164]. A typical XRD configuration is shown in Fig. 1.23.
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Chapter 2

Experimental

This chapter contains information about reagents used, about the instrumentation for
the electrochemical measurements and all types of the working electrodes and
electrochemical cells employed. The preparation of some electrodes will be described in
detail, as well as the pre-treatment and modification with redox polymers, enzymes or

proteins.

2.1 Reagents and solutions

All reagents were of analytical grade and used without further purification. The
reagents: Theophylline, anhydrous (purity > 99.00 %), gold (IIT) chloride hydrate (purity >
99.99 %), chitosan from crab shells, minimum 85% deacetylated, Tyramine, 99.9 %, gold
(1) chloride trinydrate (HAUCly*3H,0), 8-anilino-1-naphthalene sulphonic acid, 97 %
(ANSA). bovine serum albumin (BSA), 98 %, glutaraldehyde (GA, 25% viv), catechol,
xanthine, hypoxanthine, L-Tyrosine hydrochloride, dopamine hydrochloride, sodium
hydroxide, choline chloride, anhydrous ethylene glycol, nitric acid (65 %), sulfuric acid (98
%), hydrochloric acid (37 %), acetic acid (99.99 %), and perchloric acid (70 %), NaH,POg,
NayHPO4.2H,0, nitric acid (65 %), hydrochloric acid (37 %), acetic acid (94.74 %),
Dichlorvos PESTANAL®, analytical standard, citric acid, were all purchased from Sigma-
Aldrich. Na;HPO4 and Sodium citrate, dehydrate (purity > 99.00 %) were from Merck,
Germany. NaH,PO4 and D(+) glucose were purchased from Riedel De Haén. Multi-walled
carbon nanotubes (MWCNT) with ~95% purity, 30£10 nm diameter, and 1-5 pm length
were from Nanolab, U.S.A. Birilliant cresyl blue dye (95 %) and Brilliant green dye (95 %)
were purchased from Fluka, Switzerland. For the study of enzyme inhibition, standard 1000
mg L solutions (Tec-Lab, Brazil) of Hg?* (traceable to SRM 3133 NIST, USA), Pb?*
(traceable to SRM 3128 NIST, USA), Cd?* (traceable to SRM 3108 NIST, USA), and Cr"'

(potassium dichromate from Sigma-Aldrich, Germany.
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The enzyme used were: Tyrosinase (Tyrase, from mushroom, activity 2687 U mg?,
CAS number: 9002-10-2), glucose oxidase (GOx, from Aspergillus niger, type X-S,
activity 250 U mg?®, CAS number: 9001-37-0), Choline oxidase (from Arthrobacter
globiformis activity 8-20 U mg™*, CAS number: 9028-67-5) were acquired from Sigma-
Aldrich.

Millipore Milli-Q nanopure water (resistivity > 18 MQ cm) was used for the
preparation of all solutions. Experiments were all performed at room temperature (25 + 1
°C).

2.2 Instrumentation

Cyclic voltammetry and amperometry at fixed applied potential measurements were
performed at room temperature with a computer-controlled Ivium CompactStat potentiostat
(version 2.024, lvium Technologies, Netherlands) using a conventional three-electrode cell
containing a glassy carbon electrode (GCE) or gold electrode AuE (both with geometric
area 0.00785 cm’) modified or not as working electrode, a platinum wire as counter
electrode and an Ag/AgCI (3 M KCI) electrode was used as reference.

Electrochemical impedance measurements were carried out with a Solartron 1250
Frequency Response Analyser coupled to a Solartron 1286 Electrochemical Interface using
ZPlot 2.4 software (Solartron Analytical, UK). A sinusoidal voltage perturbation of
amplitude 10 mV rms was applied in the frequency range between 65 kHz and 0.1 Hz with
10 frequency steps per decade. Equivalent circuit fitting was done with ZView 3.2 software
(Scribner Associates, USA).

A scanning electron microscope (SEM) (JEOL, JSM-5310, Japan) and the
transmission electron microscope (TEM) (JEOL, JEM-1230, Japan) were used for
morphological analysis of the nanostructures.

The pH measurements were carried out with a CRISON 2001 micropH-meter (Crison

Instruments SA, Barcelona, Spain) at room temperature.
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2.3 Buffer solution preparation

2.3.1 Britton-Robinson buffer (BR)

Britton-Robinson buffer (BR) is a universal pH buffer used for the range pH 2 to pH
12. Universal buffers consist of mixtures of acids of diminishing strength (increasing pK,)
so that the change in pH is approximately proportional to the amount of alkali added. The
Britton-Robison (BR) buffer was prepared by mixing phosphoric acid, acetic acid and boric
acid (all solutions of 0.04 M) and adjusting the pH with sodium hydroxide (0.2 M).

2.3.2 Phosphate buffer solutions (PB)

Phosphate buffer solutions (PB) is a buffer solution commonly used in biochemistry
research because it is isotonic and non-toxic to biological elements such as cells, proteins
and nucleic acids, etc. Phosphate buffer solutions (PB) with various pH values were
prepared by mixing standard stock solutions of 0.2 M Na;HPO,4 and 0.2 M NaH,PO, and
adjusting the pH with 0.1 mM hydrochloric acid or 0.1 mM sodium hydroxide.

2.4 Functionalisation of carbon nanotubes (MWCNT)

Due to the hydrophobic nature of MWCNT and the presence of some impurities
obtained from the process of synthesis, its functionalisation and purification are necessary
before use as a modifier. The procedure described in [165] was followed. First, an
appropriate amount of MWCNT in a 5 M nitric acid aqueous solution was stirred for 24 h,
in order to create defects, more edge sites and ensure a better dispersion of the carbon
nanotubes by the creation of carboxylic groups. The latter refers to the creation of terminal
carbons in the shortening of nanotubes, which upon oxidation are converted into carboxyl
groups. Afterwards, the functionalized MWCNT were rinsed with Milli-Q water on a
Millipore filter paper (0.3 um) until a neutral pH was reached, then were collected and
dried at 80 °C overnight.

In order to ensure a stabilised and adherent MWCNT layer on the electrode surface, a
dispersion of MWCNT in chitosan solution was prepared. Chitosan possesses reactive
amino and hydroxyl groups; the positive amino group ensures electrostatic interaction with

negative carboxyl groups of the carbon nanotubes, leading to a robust structure.
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Furthermore, chitosan has a high permeation to water and ions, good mechanical strength,
high film-forming ability and is an excellent matrix for biomolecule immobilisation. It has
been used in enzyme biosensors as binding molecule due to the electrostatic interaction
between its negative hydroxyl and positive charges of the amino groups in enzymes [166].

2.5 Preparation of gold nanoparticles (AuNP)
2.5.1 Synthesis of gold nanoparticles (AuNP) by Turkevich method

A colloidal solution of AuNP was prepared following the method described by
Turkevich [167] with slight modifications. Gold nanoparticles were synthesised by
reduction of HAuCl:-H,O with sodium citrate as follows. A volume of 200 mL of a
solution of 0.01 % HAUCL in water was brought to boiling point, to which 7.0 mL of 1.0 %
sodium citrate was slowly added under stirring and left to react for 10 min. The resulting
gold nanoparticle dispersion was then purified in order to remove the remaining traces of
sodium citrate, and unreacted HAUCl, by centrifugation at 14,000 rpm for 20 min followed
by redispersion of the precipitated solid in 200 mL of Milli-Q water.

2.5.2 Green synthesis of gold nanoparticles (AUNPyreen)

The gold nanoparticles (AuNPgeen) Were synthesised by a green method, according to
the literature [168]. First, C. sinensis was squeezed to extract the juice, which was then
strained through a fine-mesh sieve. The filtered solution was centrifuged at 14,000 rpm for
30 min to remove all undesired impurities and to obtain a clear solution. For the synthesis
of AUNPgreen, 50 mL of 1 mM solution of gold (l1I) chloride trihydrate (HAuCL.3H,O) was
brought to boil with vigorous stirring. A volume of 5 mL of previously purified extract of
C. sinensis was added to this solution and allowed to cool slowly. The colour changed from
yellow to colourless and then to ruby red, this whole process occurring within 5 min. The
colloidal solution was stirred for a further 10 min whilst cooling to room temperature. The
gold nanoparticle dispersion obtained was purified by repeated centrifugation at 14,000 rpm
for 20 min, followed by redispersion of the precipitated solid in 50 mL of Milli-Q water.
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2.6 Preparation of AuUNP-MWCNT/GCE

Different suspensions of MWCNT were prepared: 0.2, 0.5 and 1.0 wiv %. in 1%
(w/v) chitosan dissolved in 1% (v/v) acetic acid and sonicated for 4 h until homogenisation.
In order to prepare the AuUNP-MWCNT composite, dispersions of MWCNT in chitosan
(0.2, 0.5 and, 1.0 w/v %.) were mixed with equal volumes of the gold nanoparticle stock
solution prepared previously, designated AuNP-MWCNTO.10, AuNP-MWCNTO.25, and
AUNP-MWCNTO0.50. The mixture was sonicated for 2 h and then kept at rest for 24 h
before use, in order to facilitate the aggregation of gold nanoparticles in the MWCNT
network. These dispersions were used for drop-casting of 2 uL on the GCE surface.
AuNP/GCE and MWCNTO0.25/GCE modified electrodes were also prepared by the same
procedure. The modified electrodes were left to dry at room temperature for 24 h before
further use.

2.7 Preparation of PANSA and AuNP y..,-PANSA modified electrodes

Poly(8-anilino-1-naphthalene  sulphonic  acid) films  were potentiodynamically
electrosynthesised from a solution containing 0.1 M (anilino-1-naphthalene sulphonic acid)
ANSA monomer in 0.5 M H,SO,4. For the preparation of AuNPgeen-PANSA film, a more
concentrated stock solution of the monomer in a higher concentration of H,SO, was
prepared and this solution was mixed in a ratio of 1:3 v/v with colloidal AUNPgeen Solution
in order to obtain the same concentration of monomer and acid as that used for PANSA
deposition. Oxygen inhibits polymer film growth; hence, in order to avoid its permeation,
before polymerisation, the mixtures were degassed with N, for 20 min, and during
polymerisation, a flux of N, was kept flowing on top of the cell solution. The PANSA film
and AUNPgeen-PANSA film were grown on bare AuE and GCE by potential cycling in the
potential range 0.0 V to 1.1 V vs Ag/AgCI using 50 mV s* as scan rate for 7 cycles, as
previously optimised [169]. After polymerisation, the modified electrodes were carefully
rinsed with Milli-Q water for removal of unreacted monomer and dried before enzyme
immobilisation. An  AuNPgeen/GCE and AUNPgeen/AUE modified electrodes were also
prepared by drop-casting 2 mL of AuNP colloidal solution on the bare and left to dry for 1
h further experiments.
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2.8 Preparation of ethaline-deep eutectic solvent (DES)

Ethaline DES, consisting of a 1:2 molar ratio of choline chloride: ethylene glycol was
prepared by prior heating of solid choline chloride to ~80 °C to evaporate any water,
followed by addition of ethylene glycol under stirring and heating up to 100 °C until a
homogeneous and colourless solution was obtained. After cooling down to room
temperature, ethaline is ready to wuse for the preparation of solutions for
electropolymerisation. Small amount of concentrated acids were added s doping agent to
increase the rate of polymer formed.

2.9 Preparation of poly(brilliant green)(PBG) modified electrodes

PBG films were first formed in aqueous solution by potential cycling on
MWCNT/GCE. The reason is that DES by itself has a low conductivity that can be made
higher by increasing the ionic strength of the solution and the rate of diffusion. This can be
achieved by the addition of small amounts of acid dopant to DES. Thus, the
electrochemical characteristics of each type of PBGy film in the PBG/MWCNT/GCE
configuration formed in aqueous medium were investigated by cyclic voltammetry and the
best acid doping agent was chosen for electropolymerisation in ethaline-DES. The aqueous
acid doping solutions tested were with the anions sulfate (SO4>), nitrate (NO3’), chloride
(CIN, and carboxylate (COQ"). The electropolymerisation solution contained 1.0 mM BG +
0.5 M of the acids, cycling the potential between -1.0 and 1.2 V vs. Ag/AgCI during 10
cycles at a scan rate of 50 mV s*. The best was found to be sulfuric acid.

PBG.q on top of MWCNT was also prepared in an aqueous solution containing 1 mM
BG in Mcllvaine buffer (0.2 M disodium phosphate + 0.1M citric acid), pH 4.0 during 10
cycles at a scan rate of 150 mV s, as in [170], which led to better film growth.

In ethaline-DES, BG was first dissolved with a concentration just above 1.0 mM in a
mixture containing 10 % v/v of water : 90 % v/v ethaline, which was thoroughly stirred and
sonicated in an ultrasound bath in order to completely dissolve the monomer. This was
followed by the addition of a calculated volume of the concentrated sulfuric acid doping

agent, to finally obtain 1.0 mM BG monomer and 0.5 M sulfuric acid, in the final mixture.

64



PBGethaline films on MWCNT/GCE were formed by using the same potential cycling
parameters as in aqueous solution; the influence of the scan rate on the formation of the

films was also investigated.

2.10 Preparation of poly(brilliant cresyl blue)(PBCB) modified electrodes

PBCB films were formed in ethaline+acid in both potentiostatic and potentiodynamic
mode on MWCNT/GCE, and their electrochemical behaviour was compared. A solution
with a concentration just above of 0.1 mM BCB in 10 mL ethaline was prepared, to which a
small volume (less than 100 uL) of different concentrated acids (HNOs3, H,SO4, HCI, and
HCIO,4) was added, to obtain a final concentration of 0.1 mM BCB and 0.5 M of acid.

PBCB was potentiodynamically electrodeposited on MWCNT/GCE by cycling
during 30 scans in the potential range from -0.6 to +1.0 V at scan rates in the range from 50
to 200 mV s™. For comparison, PBCB was also prepared in an agueous solution containing:
0.1 mM BCB + 0.1 M KNO3 + 0.1 M PB (pH 7.0) at a scan rate of 50 mV s as in [171].

PBCB films also were formed in ethalinetacid by potentiostatic mode on
MWCNT/GCE. In potentiostatic electropolymerisation mode, the influence of varying the
applied potential (0.8 V, 1.0 V or 1.2 V vs. Ag/AgCI), as well as the electrodeposition time
(100, 300, 600, 900 s) was assessed.

PBCB films were formed in aqueous solution, PBCB,q, with the same optimised
experimental conditions as used in DES ethaline-HNO3, in both electropolymerisation
modes.

2.11 Biosensor preparation

After optimisation of the modified electrode architectures, the enzymes were
immobilised on their surfaces by cross-linking, using a mixture of an optimised amount of
each enzyme used with glutaraldehyde, as cross-linking agent, and BSA carrier protein.
After drying, the biosensors were immersed in buffer for at least 2 h before use in order to
hydrate the formed membrane and facilitate the diffusion of ionic species. When not in use,
the biosensors were kept in buffer solution at 4 °C to preserve enzyme activity.
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2.11.1 Biosensor for determination of tyramine (Tyr)

In order to optimise the amount of tyrosinase (Tyrae), enzyme solutions were
prepared by dissolving different amounts from 0.1 to 2.0% wi/v of Tyrae in 0.1 M BR buffer
(pH 7.0) containing BSA (2.0% wi/v). For preparation of the tyrosinase biosensors, 1 pL of
the corresponding enzyme/BSA solution was mixed with 1 pL of GA (2.5% v/v) as
crosslinking agent. The mixture was dropped onto the electrode surface and then left to dry
for 1 h at room temperature, after which the biosensors were immersed in buffer solution
(pH 7.0).

2.11.2 Biosensor for the determination of the biotoxic trace metal ions
Hg*", Cd™, Pb**, and Cr"' by glucose oxidase (GOXx) inhibition

GOx was immobilised on the electrode surfaces by cross-linking, using a mixture of
GOx with glutaraldehyde, as cross-linking agent, and BSA carrier protein. The enzyme
solution was prepared by dissolving different amounts in the range 5.0 - 25 mg mL! of
GOx in 0.1 M PB solution, pH 7.0. For all enzyme solutions, the same amount of BSA, 30
mg mL?, was added. For enzyme drop-coating, 1 pL of the enzyme solution containing
BSA was dropped on a modified electrode surface followed by 1 pL of GA (2.5 %). The
electrode assembly was left to dry for 1 h at room temperature, after which the biosensor

was immersed in buffer solution (pH 7.0).

2.11.3 Nanocomposite films as enzyme electrode support for the
determination of glucose and catechol

For assessing the biosensing properties of the MWOCNT/GCE modified with
PBCBethaiine films, PBCB,q films, and bare GCE, the enzymes, glucose oxidase (GOX) and
Tyrosinase (Tyrae) were immobilised for the detection of glucose and catechol,
respectively. For enzyme solution preparation, 2.0 % w/v of GOX or Tyrsse wWas dissolved in
100 yb of 0.1 M PB solution (pH 7.0) containing BSA (2.0 % w/v). For enzyme
immobilisation, 1 pL of the corresponding enzyme/BSA solution, mixed with 1 pL of GA

(2.5 % vlv) as crosslinking agent, was cast on the bare or modified electrodes and then left
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to react at room temperature during 1h. After drying, the biosensors were immersed in PB
solution (pH 7.0) for at least 2 h before use.

2.11.4 Biosensor for the determination of choline and the organophosphorus

pesticide dichlorvos

Choline oxidase (ChOx) was immobilised onto the modified electrode surfaces by
cross-linking with glutaraldehyde (GA) and with bovine serum albumin (BSA) as carrier
protein. The enzyme solution was prepared by mixing 10 mg BSA with different amounts
of ChOx, from 1.0 to 3.5 mg, n 1 mL of 0.1 M PB, pH 7.0. A volume of 1 pL of the
enzyme solution containing BSA was dropped on the modified electrode surfaces, followed
by dropping of 1 puL of GA (2.5 %) and was left to dry for 1 h at room temperature. The
electrode assembly was left to dry for 1 h at room temperature, after which the biosensor

was immersed in buffer solution (pH 7.0).

2.12. Preparation of real samples
2.12.1 Theophylline (TP)

Theophylline was measured in pharmaceutical tablets and in two types of tea (green
and black tea) using the standard addition method. The samples were prepared as described
below. One TP pharmaceutical tablet, labelled with 400 mg TP per tablet, was accurately
weighted and grounded into powder in an agate mortar. The TP powder was dissolved in
100 mL of deionised water and used for determination. For the tea samples, 5 g of each tea
was boiled in 60 mL of deionised water for 20 min in order to extract the theophylline.
After filtration, the filtrate was collected and deionised water added up to a final volume of
100 mL.

2.12.2 Tyramine (Tyr)

Tyramine was measured in dairy products and fermented drinks, obtained
commercially in a local supermarket. Sample preparation was as follows.

A yoghurt sample of 2.5 g was accurately weighed and diluted in 20 mL of 0.1 M BR
buffer (pH 7.0). The same quantity of Roquefort cheese was weighed and treated similarly

by adding the same amount of buffer; it was then homogenised until obtaining a milky-
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looking solution. Yoghurt and cheese dispersions were centrifuged at 14,000 rpm for 20
min and the supernatant collected and stored at 4 °C before use. A volume of 200 uL of
Pilsen-type beer was degassed in an ultrasonic bath for 10 min in order to eliminate the gas
and avoid the excessive formation of foam during manipulation and analysis which may
compromise the measurements. The wine sample did not require any kind of preparation

and was used as received without pre-treatment.

2.12.3 Trace metal ions

The determination of trace metal ions was carried out in milk samples. For this, 50
mL of milk was centrifuged at 14,000 rpm during 20 min, then the supernatants were
collected, and were spiked with known amounts of Hg?*, Cd?*, Pb?*, and Cr*'. The standard
addition method was used to estimate the amount of trace metal ions added in milk

samples. The spiked solutions, when not in use, were kept at 4 °C.
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Chapter 3

AuUNP decorated MWCNT modified electrodes for the electrochemical
determination of theophylline (TP)

Theophylline (TP) is a xanthine derivative commonly utilised as a clinical drug for
the treatment of respiratory system diseases such as bronchial asthma and other
bronchospastic conditions due to its capability of relieving bronchospasms [172]. TP
induces bronchodilation and is used as an expectorant. Nevertheless, TP has to be
monitored clinically to avoid serious toxicological effects because it exhibits a narrow
safety range of 5-20 yg mL™* (27-111 pmol L™).

This chapter describes a simpler electrode configuration which has been prepared
without poly-L-lysine or another aggregation agent, consisting of gold nanoparticles,
prepared by the Turkevich method (see Chapter 2, Section 2.5.1), dispersed in a multi-
walled carbon nanotube-chitosan network, deposited in one step on a glassy carbon
electrode substrate. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were used for characterisation of the modified electrode and differential pulse
voltammetry (DPV) for analytical determination of TP. The morphology and distribution of
the nanostructures were examined by surface characterisation with transmission and
scanning electron microscopy. Optimisation of the parameters influencing theophylline”s
analytical determination is discussed, and application to commercial drug and tea samples
IS demonstrated.

The work described in this chapter has been published in reference [173], (Analytical
Methods, 10 (2018) 5634-5642).
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3.1. Morphological characterisation of nanostructures

The size, shape, and distribution of the AuNP, prepared by the Turkevich method (see
Chapter 2), were visualized by SEM, and the aggregation of the nanoparticles on the carbon
nanotube network was also verified by SEM and TEM. The SEM image of the AuNP, Fig.
3.1A shows nanoparticles with excellent dispersibility and also exhibiting a homogeneous
surface and uniform spherical morphology.

The controlled size of the nanoparticles plays an important role as they are able to
significantly enhance the electrical conductivity of the nanocomposite as compared with
non-dispersed or non-homogenous nanoparticles [174]. The size distribution of the AuNP
was analysed by Image] open source particle analysis software, in which 500 discreet
nanoparticles were used as sample space. From the particle size Gaussian distribution
curve, Fig. 3.1B, the average size of the AUNP was calculated as 18.6 + 0.5 nm. SEM and
TEM were also used to confirm the formation of the nanocomposite and for evaluating the
dispersion of AuNP on the MWCNT network, Fig. 3.1C and 3.1D. AuNP are well
distributed in the MWCNT network with nanoparticles attached to the walls of the carbon
nanotubes in a compact way, Fig. 3.1C.

This proves the formation of the nanocomposite and shows that the new methodology
for depositing nanoparticles on carbon nanotube networks was successfully performed. Fig.
3.1E shows cyclic voltammetry with the modified AUNP-MWCNT) 25/GCE in acidic media
which also confirmed the presence of gold on the carbon nanotubes. A small oxidation
peak, Il;, is observed, which can be ascribed to gold oxide formation. The corresponding

reduction peak is coincident with that of the MWCNT reduction peak I..
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Fig. 3.1(A) SEM image of the morphology of AuNP synthesized and stabilized by sodium
citrate; (B) Size distribution histogram of the AuNP diameter; (C) SEM image of MWCNT
decorated by AuNP; (D) TEM image of individual MWCNT decorated by AuNP; inset

shows network of decorated MWCNT.; (E) CV at (blue) AUNP-MWCNT) »5/GCE and
(red) MWCTy.25/GCE in 0.1 M H,SOy4. Scan rate 100 mV s,
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3.2. Electrochemical characterisation of the modified electrodes
3.2.1 Cyclic Voltammetry

Fig. 3.2 shows cyclic voltammograms at modified and unmodified GCE in 250 uM
TP prepared in 0.1 M BR buffer (pH 6.0) in the potential range of +0.5 - +1.4 V, at a scan
rate of 100 mV s™. One oxidation peak appears at +1.11 V for GCE and AuNP/GCE, at
+1.05 V for MWCNT) 25/GCE and at +0.98 V for AUNP-MWCNT 25/GCE and there is no
reduction peak on the reverse scan, indicating that the oxidation process of TP at bare and
modified electrodes is irreversible. Thus, the potential shifts 130 mV to a less positive
value, corresponding to a significant electrocatalytic effect at AUNP-MWCNT) 25/GCE,

accompanied by a peak current enhancement compared with bare GCE.

06 08 10 12 14
E/Vvs. Ag/AgCI

Fig. 3.2. Cyclic voltammograms for the oxidation of 250 UM TP at different electrode
assemblies: (- - -) GCE; (— - =) AuNP/GCE; (— — —) MWCNT 25/GCE;

(———) AuNP-MWCNTy 25s/GCE in 0.1 M BR buffer (pH 6.0) at a scan rate of 100 mV s
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At AuUNP-MWCNT »5/GCE, the response to TP increased by a factor of 60 compared
with a bare electrode, while at MWCNT, 25/GCE and AuNP/GCE the increase was much
less, of 19 and 6 times, respectively. The peak shift is clear evidence of the electrocatalytic
effect towards TP oxidation, which may be partly attributed to some oxygen-containing
groups on the MWCNT surface (introduced during functionalisation in acid media)
[175,176] and by the addition of the gold nanoparticles. The high effective electrostatic
interaction promoted between TP and surface modified electrode greatly contributes to the
observed electrocatalytic effect. The additional increase of the electroactive area and in
conductivity on introducing AuNP explains the increased current.

The increase in the background current at AUNP-MWCNT), 25/GCE implies that the
effective surface area increases significantly after modification in comparison with the
other electrode assemblies studied. It was verified that, in the second sweep, the peak
current decreased significantly and this is associated with adsorption of TPsoxidation
product at the electrode surface.

3.2.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy was used to characterise the physical and
interfacial properties of the different modified electrodes, Fig. 3.3A. The spectra were
recorded at bare GCE, AuNP/GCE, MWCNTy25/GCE, AUNP-MWCNT) 25/GCE, in the
presence of 250 uM TP prepared in BR buffer solution, pH 6.0 at +1.0 V vs. Ag/AgCI. As
can be seen, all spectra had the shape of part of a semicircle and were fitted with the same
electrical circuit, except for that of bare electrodes, which was simpler. The circuit used to
fit all the spectra, except for bare electrodes, is that illustrated in Fig. 3.3B. It consists of a
cell resistance (Rp) in series with two parallel combinations, one containing a constant
phase element (CPE) and a resistance (R) and the other the same, but except that instead of
a CPE a capacitor (C) was used. For high frequencies, the constant phase element and
resistance are associated with the process occurring at the interface electrode/modifier film
and inside the modifier film, CPEs and Ry, respectively. For low frequencies, the capacitor
and resistance describe the modifier film/solution interface and correspond to the double

layer capacitance Cq and charge transfer resistance, Ry, respectively. For bare electrodes
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only, one parallel combination was used in series with Rq, describing solely the interface of

the electrode with solution.

g (A) (B)

0 .

2 R 8
Z'lkQcm

Fig. 3.3(A) Electrochemical impedance spectra at: (*) GCE, (*) AUNP/GCE,
(*) MWCNT) 25/GCE and (*) AUNP-MWCNT) 25/GCE in the presence of 250 uM TP
in BR pH 6.0 at +1.0 V vs. Ag/AgCI. (B) Equivalent electrical circuit used for

fitting the impedance spectra.

The cell resistance is ~16 Q cm? in all cases, and for bare electrodes Ry = 15.5
kQ cm?, Cg = 312 wF ecm? s** and a = 0.77; for modified electrodes the parameter values
are shown in Table 3.1. For all modified electrodes, there is a big decrease in charge
transfer resistance values compared with bare electrodes, attributed to easier electron
transfer as well as increased surface area; they follow the order R:(GCE) > R.:(AuNP/GCE)
> Rii(MWCNT) 25/GCE) > Re(AUNP-MWCNT) 25/GCE), showing that the fastest electron
exchange occurs at AUNP-MWCNT,25/GCE. This is in agreement with the CV
experiments, in which the sensor prepared with AuUNP-MWCNTy 25 modified GCE
presented the best performance for theophylline measurement.
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Table 3.1. Equivalent circuit element values obtained by fitting of the impedance spectra

from Fig. 3.3 for different electrode configurations.

Electrode configuration Re / Ce/ 0f Ret / Cal
kQcm? pF em? st kQcm?  mFcm?

AuNP/GCE 7.28 330 0.82 2.66 1.08

MWCNT) 25/GCE 5.35 437 0.85 1.93 2.58

AuNP-MWCNT 25/GCE ~ 1.33 1190 0.85 1.04 6.00

The Rt decrease is accompanied by an increase in Cy, due to a greater charge
separation at modified electrodes. Regarding the film capacitance, its values increase with
each modification of the electrode, reaching a maximum at AuUNP-MWCNTy 25, showing
the highest charge accumulation at this electrode assembly. On the contrary, the film
resistance decreases, indicating a lower polarisation at AUNP-MWCNT, 25/GCE. The value
of the exponent « increases with modification, indicating a smoother surface compared with

bare electrodes.
3.3. Electrochemical behaviour of theophylline at modified-electrodes
3.3.1. Effect of scan rate

The electrochemical behaviour of 250 uM TP in BR buffer (pH 6.0) at GCE modified
with AUNP-MWCNTy 25 was investigated by cyclic voltammetry at different scan rates,

Fig. 3.4A. There is a linear relationship between peak current and scan rate, v, between 5

and 100 mV s (not shown), indicating a surface-confined process [146] expressed by:

I, (nA) = 382v'? —0.48 r=0.9976 (3.1)

In addition, a plot of log I, versus log v (Fig. 3.4 B), is linear according to:

log I, = 1.06 logv + 3.05 r=0.9989 (3.2)

The slope of 1.06 is close to the theoretically expected value of 1.0 attributed to a

purely adsorption controlled process [146].
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Fig. 3.4 (A) Cyclic voltammograms for the oxidation of 250 UM TP at AuNP-
MWCNT, »5/GCE at different scan rates: (a) 5; (b) 10; (c) 20; (d) 40; (e) 60; (f) 80; (g) 100
mV s Influence of logarithm of scan rate on the (B) logarithm of peak current and (C)
peak potential. (D) Consecutive cyclic voltammograms at AUNP-MWOCNT 25/GCE
with 50 gM TP in 0.1 M BR buffer solution, pH 6.0, at a scan rate of 100 mV s,

76



The adsorption of TP at AuUNP-MWCNTp25 was also experimentally verified by
cyclic voltammetry, Fig 3.4D, when performing consecutive scans in which a gradual
decrease of peak current with the number of scans was observed. After carrying out CV in
the presence of TP, the modified electrode was cycled in buffer solution without TP and the

peak corresponding to TP was seen, also indicating adsorption at the modified electrode.

3.3.2 Influence of pH

The effect of solution pH on the oxidation of TP was investigated by DPV in the pH
range from 4.0 t0 9.0, Fig. 3.5 A.

Fig. 3.5 (A) Differential pulse voltammograms of 5 uM TP at AuUNP-MWCNT 25/GCE in
BR buffer at different pH values; recorded at 5 mVs™. Amplitude 10 mV, step potential
2 mV, pulse time 10 ms. (B) Effect of pH on the TP oxidation peak current and peak

potential.
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There was an increase of oxidation peak current from pH 4.0 to 6.0, followed by a
decrease from pH 6.0 to 9.0, Fig. 3.5B.

An explanation of this behaviour is the following. In the pH range investigated, TP
molecules in the solution are mostly protonated (pK, = 8.8) [177] and the surface of the
modified electrode is rich in negative charges from AuNP, as well as from carboxyl groups
from MWCNT. With the increase of pH, the extent of positive charge on TP is decreasing,
leading to a decrease in the effective electrostatic interaction between the TP and the
modified electrode. This causes a drop in the peak current at higher pH values [178]. In
light of these results, pH 6.0 was selected as the optimum pH value for TP determination.
With increasing solution pH from 4.0 to 9.0, the oxidation peak potential (Epa) shifted
negatively and linearly, according to the equation: E/V = 1.37 — 0.058 pH (r = 0.9991) with
a slope of = 58 mV pH™?, indicating an equal number of protons and electrons participating

in the oxidation process.

3.3.3 Oxidation mechanism

The electrode reaction was irreversible, as revealed by the lack of reduction peak in
the cyclic voltammograms as well as by the peak potential shifting to positive values with
increasing scan rate. There was a linear dependence between peak potential and logarithm

of scan rate, Fig. 3.4C, according to:
Ep,a=0.036 log v + 1.09 r=0.9956 (3)

Since the oxidation reaction of TP is an irreversible process, Laviron’s equation
[179], gives the slope of the plot as 2.303RT/(canF) where R is the gas universal constant,
T the temperature in K, @, is the anodic charge transfer coefficient, n the number of
electrons transferred, and F the Faraday constant. At 25 °C, the value of ayn was calculated
to be 1.15. It can thus be inferred that the number of electrons is 2, with a; 0.58, in
agreement with [177,180-184].

A possible mechanism for protonated TP oxidation at the pH values used here is
given in Fig. 3.6 [184].
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Fig. 3.6 Possible reaction mechanism for electro-oxidation of TP [184].

The proposed mechanism involves a 2-electron and 2-proton oxidation of an aromatic
carbon sandwiched between electron-withdrawing nitrogen heteroatoms, as is the case of
the structurally similar guanine. Therefore, the formation of the carbonyl moiety is most
likely [185].

3.4. Electrochemical determination of TP at AUNP-MWCNT/GCE

The electrochemical detection of TP was carried out by DPV, which exhibits a higher
sensitivity for analytical measurements than CV, and with a lower background current.
Based on previous optimisation, a BR buffer solution of pH 6.0 was selected as the
supporting electrolyte for the quantification of TP.

It is well known that the oxidation product of theophylline has a very strong tendency
to adsorb, passivating the electrode surface. It has been suggested that pre-concentration of
the analyte can overcome this problem [182,186-188]. Thus, experiments involving pre-
concentration were performed, with a view to enhancing the sensitivity, decreasing the
detection limit and avoiding problems arising from product adsorption. Accumulation was
done at potential values in the range from +0.3 to +1.2 V during 200 s, in intervals of 0.1 V
and for accumulation times of 20, 50, 60, 80, 100, 120, 150, 200, 210 and 250 s. A
maximum peak current was found for an accumulation potential of +0.7 V. It is at this
potential that probably enough species are attracted to the electrode surface, as observed
from Fig. 3.2 and 3.4(A); this is the potential where oxidation begins.

This potential ensures the maximum energy necessary for greater -electrostatic
interaction between the positive charges of the TP and the negatively charged carboxyl
groups on the carbon nanotubes, which were introduced during acidic functionalisation.
The effect of accumulation time on TP oxidation showed an increase in the oxidation peak
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current up to 200 s; above this time no additional increase was observed. Thus, 200 s was
taken as the optimum value and used in further experiments.

The performance of AUNP-MWOCNT modified glassy carbon electrodes was
investigated by using different loadings of MWCNT in the dispersion solution with AuNP.
The determination of TP at these different electrode configurations is presented in Table
3.2.

Table 3.2 Analytical parameters for determination of TP at different electrode assemblies
in BR buffer solution, pH 6.

Electrode configuration Linear range Sensitivity LOD
[ uM [pA cmi> pMt /uMm

GCE 0.5-6.0 0.48 0.50
AUNP-MWCNT), 10/GCE 0.5-10 0.32 0.27
AUNP-MWCNT 25/GCE 0.5-20 1.32 0.09
AUNP-MWCNT, 50/GCE 2.0-20 1.79 0.36

The sensitivity increased with increase in MWCNT concentration, the highest
sensitivity being achieved at AUNP-MWCNT, 50/GCE. However, this electrode presented
the narrowest linear range and the highest limit of detection, LOD = 3.3(SD/slope) [21],
about 4 times higher than that obtained at AUNP-MWCNT) 25/GCE. This is probably due to
a diffusion barrier caused by increased film thickness. The widest linear range and the
lowest detection limit were attained at AUNP-MWCNT, 25/GCE. This electrode also
exhibited the second highest sensitivity. Taking into account the results obtained, this last
configuration was chosen as optimum for further studies.

Differential pulse voltammograms obtained with increasing TP concentrations at
AUNP-MWCNT) 25/GCE are shown in Fig. 3.7.
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E/V vs. Ag/AgCl

60

(B)

40 60 80 100

Fig. 3.7 (A) Differential pulse voltammograms at AUNP-MWCNT), 25/GCE in BR, pH 6.0
containing different concentrations of TP, recorded at 5 mVs™®. Amplitude 10 mV, step
potential 2 mV, pulse time 10 ms. (B) Plot for variation of concentration of theophylline

and peak current for the oxidation of TP.

The oxidation peak current increased linearly with theophylline concentration in the
ranges of 0.5-20 yM and 30-40 uM with a detection limit of 90 nM determined from the
first linear range. The equations for the linear range were j, (WA cm?) =132 C- 012 (* =
0.999, C is in pM) and j, (WA cm?) = 0.28 C + 25.89 (r* = 0.997, C is in uM).
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In the second range, a decrease of the sensitivity (slope) was observed due to Kinetic
limitations, which may be attributed to the adsorption of TP’s oxidation product on the
electrode surface [189].

A comparison of the proposed electrode configuration for TP determination with
other similar electrochemical platforms [182,183,198,190-197] using voltammetric
techniques is given in Table 3.3. It can be seen that the new method for preparation of
AUNP-MWCNT modified GCE offered a reasonable linear range for TP determination and
the low detection limit is comparable with others or even smaller and especially much
smaller than the 2.0 uM achieved at similar architecture electrode with carbon nanotubes
and gold nanoparticles plus poly-L-lysine [190]. Furthermore, the proposed sensor offers
several advantages compared with other modified electrodes for TP determination,
especially less complex architecture and rapid preparation, and lower detection potential.

There is only one report of a lower potential than here [198], but it required an ionic liquid.

3.5 Determination of TP in commercial samples

In order to investigate the applicability of the proposed method, the AuUNP-
MWCNTy 25/GCE was used for TP determination in commercial samples of TP tablets,
green tea and black tea purchased from local market and used for quantitative analysis after
preparation as described in Chapter 2, Section 2.12. Each sample was measured in

triplicate, using the standard addition method, and the results are summarised in Table 3.4.

Table 3.4 Determination of TP in commercial samples

Samples Original Added Found Recovery
(uM) (uM) (uM) (%)
TP tablets 2.26 1.00 3.39 104.0 £ 6.0
Black tea 1.37 1.00 2.40 101.3+4.0
Green tea 1.13 1.00 2.18 102.3+5.0
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The quantity of theophylline found in the original samples is given as the value
obtained in the cell after dilution; in case of the teas a 1:20 and for the tablet a 1:10000
dilution was necessary. From the results in Table 3.4, the detected content of TP was
calculated as 407 mg per tablet (n =3), which is 101.7 % of the labelled value (400 mg per
tablet). The concentration of TP in the green tea and black tea were calculated as 4.07 and
5.93 mg L respectively, which is comparable with values found in the literature [186,187].
The recoveries were in the range of 101.3 % to 104.0 % with RSD less than 10 %, which
clearly indicates the applicability and reliability of the proposed method.

3.6 Interferences

Under the optimum experimental conditions, the effect of potential interferents on the
DPV response of 250 uM TP was evaluated by measuring the peak current corresponding
to TP oxidation in the absence and presence of foreign species. The results are listed in
Table 3.5.

Table 3.5 Influence of potential interferents on the voltammetric response to 250 uM TP
in BR buffer solution, pH 6.0.

Interferents Ratio Signal Change

[Interferent: TP] | %
Glucose 50:1 +3.1
Xanthine 50:1 -6.1
Hydroquinone 50:1 -8.1
Sucrose 50:1 +1.1
Zn** 100:1 -3.1
Mg** 100:1 +4.3
K* 100:1 +4.9
S04~ 100:1 -5.8
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It was found that 50-fold higher concentrations of glucose, xanthine, hydroquinone,
sucrose and 100-fold of Zn?*, Mg?*, K*, SO, do not interfere with the oxidation signal of
TP (signal change less than 8 %) in agreement with the literature [181,192].

3.7 Repeatability, stability and selectivity at AUNP-MWCNT/GCE

The repeatability of the AUNP-MWCNT, 25/GCE electrode was investigated by
measuring the response to 250 yM TP in BR, pH 6.0; the RSD was 3.9 % with 20
successive measurements. The long-term stability of the electrode was investigated by
recording its response to 250 uM TP over 45 days. When not in use, the electrode was
stored at room temperature in a dark environment. After 45 days, the current response of
the sensor remained at 92 % (3 sensors), which is better than that achieved in [183,184].

The results above revealed high stability and a good reproducibility and repeatability
of AUNP-MWCNT 25/GCE for TP determination.

3.8 Conclusions

An electrochemical sensor for the rapid and sensitive determination of theophylline
was constructed, consisting of gold nanoparticles (AuNP) decorated multi-walled carbon
nanotubes (MWCNT) modified glassy carbon electrode (GCE). Morphological studies
revealed that the synthesised gold nanoparticles exhibit excellent dispersibility and
homogenous surface and uniform spherical morphology. Furthermore, a network-like
structure of MWCNT with the presence of AUNP located over its surface was observed.
Under optimal conditions, the proposed electrochemical sensor (AUNP-MWCNT/GCE)
exhibited good promotion of the electrochemical oxidation of TP. The oxidation peak
current of TP was linearly proportional to concentration in the range 0.5-20 mM and the
limit of detection (LoD) was estimated to be 90 nM. The developed method showed good
reproducibility and excellent selectivity. Furthermore, the sensor was successfully applied
to the determination of TP in pharmaceutical tablets and tea samples with excellent

recoveries.
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Chapter 4

Impedimetric sensor and enzyme-based biosensor based on green gold
nanoparticles doped poly (8-anilino-1-naphthalene sulphonic acid)

modified electrodes for tyramine determination

Tyramine (Tyr) is a well-known biogenic amine produced by the decarboxylation of
the amino acid tyrosine, which occurs by degradation resulting from microbial activity. It is
often found in fermented foods and beverages, meat, fish, seafood and dairy products. Tyr
is an indirectly-acting sympathomimetic amine which releases norepinephrine from a
sympathetic nerve ending, and it has been reported that Tyr-containing foods can cause
unnatural and toxic effects when ingested in large quantities[199,200]. Thus, its control and
monitoring have gained attention in food safety protocols.

This chapter describes the development of two novel electrochemical approaches,
namely, an impedimetric sensor and an enzyme-based biosensor for monitoring tyramine in
food samples. The impedimetric sensor configuration consisted of electrodeposited poly(8-
anilino-1-naphthalene  sulphonic acid) (PANSA) films together with attached gold
nanoparticles (AuNPgeen), made by a green synthetic procedure (see Chapter 2, Section 2),
on gold electrodes (AuE) by polymerisation of the monomer in the presence of AUNPgeen.

The biosensor architecture is based on tyrosinase (Tyrae) immobilised on a glassy
carbon electrode (GCE) modified by AUNPgeen/PANSA nanocomposite films. Their
characterisation and optimisation were done using X-ray diffraction (XRD), scanning
electron microscopy (SEM), electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV). Under optimal conditions, the novel electrode configurations were used

for tyramine determination.

This research led to two articles in the literature, references [201] and [202], (Talanta 195
(2019) 604-612) and (Food Chemistry 282 (2019) 18-26).

87



4.1 Preparation of PANSA films and AuNP y..,-PANSA nanocomposite

films

PANSA modified MWCNT(GCE were prepared. The growth profiles of PANSA and
the nanocomposite AUNPgeen-PANSA films electrodeposited on AuE and GCE are shown
in Fig 4.1A-D. Both possess two redox couples with similar voltammetric profiles to
aniline polymerisation [203-205]. ANSA is an N-substituted aniline which has naphthalene
sulphonic acid as a substituent in the amine ring. The redox couples Ii/ll; and 1¢/ Il are
attributed to intrinsic redox processes during polymer formation. The couple I/ll; is the
result of the transformation of aniline in ANSA from the reduced leucoemeraldine state to
the partly oxidised emeraldine state. The second redox couple, I/ ll¢, is due to the transition
of emeraldine to the pernigraniline state, which is accompanied by oxidation of ANSA
[206,207].

The two anodic and two cathodic peaks which appeared at the initial stage of
polymerisation gradually merged into one redox couple (one anodic and one cathodic
peak). For both polymer and nanocomposite films, the anodic and cathodic peaks increased
in height in each of the first 5 cycles indicating successful electrodeposition. However, after
the 5" cycle, the cathodic peaks begin to decrease in height while the anodic peaks shift
slightly to more positive values with an increasingly slower rate of electrodeposition. This
behaviour indicates the self-limiting character of PANSA growth at higher cycle numbers.
This has been attributed to the steric and inductive effect of the naphthalene sulphonic acid
moiety [169,208]. There is also an increase in peak separation for both PANSA and
AUNPgeen-PANSA, indicating less reversible behaviour with increase in film thickness.
This is in agreement with other work, in which it was observed that the
electropolymerisation of aniline often has a self-accelerating character [169], while the
naphthalene sulphonic acid moiety limits the rate of polymerisation [208]. The mid-point
potential between anodic and cathodic peaks for the polymer and the nanocomposite
electrodeposited on different electrode substrate were calculated. For the gold electrode
(AUE), the midpoint potential, between the 2" and 7'" scan, is almost constant: Emigpansa ~
0.47 V and Emigaup-pansa =~ 0.450 V. For GCE, the mid-point potential between anodic
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and cathodic peaks for the polymer and the nanocomposite almost does not vary between
the 2" and 7' scan (= 0.44 V vs. Ag/AQCI).
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Fig. 4.1 Electrochemical synthesis of (A) PANSA/AUE, (B) AUNP-PANSA/ALE, (A)
PANSA/GCE, (B) AUNP-PANSA/GCE in 0.1 M ANSA + 0.5 M H,SO4; scan rate
50 mvs'.

The polymer growth voltammetric profile was very similar in both cases and was
expressed as the ratio of the oxidation peak current in the seventh compared to the first
cycle (I7/11). For PANSA/AUE this factor was 3.21, while for AUNPgeen-PANSA/ AUE it
was 3.14. For PANSA/GCE the factor was calculated to be 5.6, while for AUNP AUNPgreen-

PANSA/GCE it was 5.9. The first cycle oxidation peak currents were also almost the same
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for all cases, see Fig.4.1. Thus, the addition of AuUNPyen to the monomer solution did not
significantly affect the polymer growth rate. However, the inclusion of AUNPgeen in the
polymer matrix was beneficial for tyramine determination as will be shown in the following

sections.

4.2 Characterisation of the nanostructures

4.2.1 X-ray diffraction of AUNPgen

The colloidal solution of gold nanoparticles was dropped on glass slides and dried in
an oven at 60 °C and after subjected to XRD analysis. The Bragg reflections are identified
in the XRD pattern, see Fig. 4.2A. Gold nanoparticles synthesised from C. sinensis, showed
Bragg reflection peaks at 36.4°, 44.3°, 64.9° and 77.8° in the 20 range between 30° and 90°
which can be indexed to (111), (200), (220) and (300) planes respectively in agreement
with the face-centred cubic (fcc) gold crystal structure (Joint Committee on Power
Diffraction Standards - JCPDS, 04-0784). The well-defined and intense peaks revealed that
the  AUNPgeen Was successfully synthesised by the reduction of Au" using C. sinensis
extracts, and shows its crystalline nature [209-211].

The mechanism for the thermal reduction of HAUCL by citric acid from C. sinensis to
form AuNP involves nucleation and growth processes, Fig. 4.2B. The coordination of citric
acid with Au'"'Cl;”  produces citrate—-Au'"'Cl™ complexes which are activated
thermostatically by constant heating of the mixture producing a reduced Au''Cl,™ species,
along with the formation of oxidation products of citric acid such as acetoacetate, CO,, and

dicarboxyacetone. Following this, the subsequent reduction of citrate-Au''ClL,™ and citrate-

AU'Cl,™complexes produce Au’ and Au® nuclei, leading to the formation of AUNPgeen.
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Fig. 4.2 (A) X-ray diffraction pattern recorded from drop-coated films of the colloid
solution of gold nanoparticles synthesised with extract of Citrus sinensis. (B) The
mechanism for the formation of AUNPceen by thermal reduction using citric acid from
Citrus sinensis at 80 °C [212].
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Citrate anions are adsorbed on the AuNP surface and act as surface-stabilising agent
of the nanoparticles. The negative charge of citrate suppresses AuNPgreen aggregation and
leads to a more homogeneous dispersion of the nanoparticles, due to electrostatic repulsion
[212].

4.2.2 Morphological characterisation of the nanostructures

The morphology of AuNPgeen, formed by the green synthesis method, was examined
by scanning electron microscopy (SEM), as shown in Fig. 4.3A. SEM reveals the
predominant presence of spherical and quasi-spherical like-shaped gold nanoparticles with
a relatively well-dispersed distribution. The size of AuUNPgeen Were analysed by Imagel
open source particle analysis software, in which 100 discreet and well-defined
nanoparticles were used as sample space to measure the average size of the nanoparticles.
From the Gaussian fitting curve to the histogram, Fig. 4.3B, the size of the nanoparticles
was calculated to be 18.6 + 2.6 nm. Similar results are found in the literature. Spherical
gold nanoparticles of 30-50 nm diameter were achieved using Penicillium sp [213],
predominantly spherically-shaped gold nanoparticles ranging from 20 nm were synthesized
using biodegradable green surfactants such as VeruSOL-3 [214], quasi-spherical gold
nanoparticles with diameter around 16 nm were obtained using the flower extract of Rosa
damascena as a reducing and stabilizing agent [215].

The surface morphologies of the PANSA and the AuNPgeen-PANSA nanocomposites
are presented in the SEM images in Fig. 4.AC and 4.3B, respectively. For both coatings,
there is a rough fully-covered surface with a uniform distribution of the polymer network
and globular-like formations. Evidence of the uniform distribution of the nanoparticles in
the polymer network was also seen by the presence of small spherical white spots, Fig.
4.3D, over the whole surface.

Polymers are known to stabilise metal nanoparticles mainly by charge transfer
interactions between the metal particles and the functional groups of heteroatoms on the
polymer network [216].
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Fig. 4.4(A) Scanning electron microscopy (SEM) of the gold nanoparticles (AUNPgreen)
obtained by green synthesis; (B) Size distribution histogram of the AuNPyceen; (C) SEM of
PANSA film; (D) SEM of the AUNPyreen-PANSA nanocomposite film; (E) EDS spectrum

of the AUNPgreen-PANSA nanocomposite film.
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In the case of PANSA, a derivative of polyaniline, the aggregation and stabilisation
of AUNPgeen In the polymer network is controlled by the electrostatic attraction between
protonated amines in the polymer film and the negative charge of the nanoparticle citrate capping
groups. This stabilisation of the AuNPgeen In the polymer matrix prevents their leaching when
the modified electrode is immersed in solution. Thus, this new methodology successfully
incorporates nanoparticles in the polymer network through polymerisation of the
corresponding monomer in the presence of gold nanoparticles (AuNPgreen) in solution.

Energy dispersive X-ray spectroscopy (EDS) obtained from a localised area of the
nanocomposite film was performed for evaluating its composition, Fig. 4.3E. The EDS
spectrum reveals the presence of carbon (C), nitrogen (N), oxygen (O) and sulphur (S) both
present in the structure of the polymer. Two characteristic X-ray peaks of gold (Au) in the
spectrum also proved the presence of the AuNPgeen ONn the nanocomposite. The EDS
spectrum confirms that the new methodology for attaching nanoparticles to the polymer

network is efficient.
4.3 Impedimetric sensor for tyramine

A novel impedimetric sensor for the detection of Tyr was developed based on a
nanocomposite:  poly-(8-anilino-1-naphthalene  sulphonic  acid (PANSA) and gold
nanoparticle (AuNPgeen) film modified gold electrode. The gold nanoparticles (AUNPgeen)
were incorporated within the PANSA network during electropolymerisation of the
monomer on gold electrode (AUuE), which contributed significantly to improvement of
conductivity and sensor performance. Quantification of Tyr relied on measuring changes in
the charge transfer resistance at a potential where Tyr is oxidised. Parameters such as
applied potential and pH were optimised. Under the best conditions, the impedimetric
sensor was used for Tyr detection.

In order to optimise the impedimetric sensor, voltammetric characterisation was first

carried out.

94



4.3.1 Electrochemical response of different electrode configurations to

tyramine (Tyr) oxidation

The effect of modifying the electrode surface on the oxidation process of Tyr was
evaluated by cyclic voltammetry, as illustrated in Fig. 4.5. The anodic and cathodic peak
current increased significantly with all modifications tested, being the highest at AUNPgeen-
PANSA/ALUE.

The anodic peak potential shifted to a more positive value and the cathodic to a more
negative value being 0.14 V and -0.22V at AuE, 0.16 V and -0.24 V at AUNPgeen /AUE,
0.18 V and -0.25 V at PANSA/AUE and 0.28 V and -0.27 V at AuNPgreen -PANSA/ALE,

indicating a quasi-reversible oxidation process of tyramine at all electrodes.

|=——AuNP___ /PANSA/AUE

green

— PANSA/AUE
— AuNP__ /AUE

green
1= AuE

06 03 00 03 06 09 12
E/Vvs. Ag/AgC

Fig. 4.5 Cyclic voltammograms for the oxidation of 200 uM Tyr in 0.1 M BR buffer
solution (pH 7.0), recorded at 50 mV s-1, at (--) AuE; (--) AUNPgeen /AUE;
(--) PANSA/AUE; (--)AUNPgreen -PANSA/AUE.
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The significant peak current increase that occurs at AUNPgeen-PANSA/AUE indicates
a higher available active surface area compared with AUE, AUNPgeen/AUE and
PANSA/AUE. There is also a large increase in the background current at AuNP-
PANSAJ/AUE, which can be attributed to the efficient aggregation of AuUNPgeen 0N the
polymer network. AUNPgeen-PANSA/AUE is clearly superior to the other electrode

configurations and was chosen to be used in all further studies.

4.3.2 Dependence of the oxidation process on the scan rate

The influence of scan rate on the voltammetric sensor response was investigated to
ascertain whether it is a diffusion-controlled or a surface-confined process. CVs were
recorded at AUNPgeen-PANSA/AUE for 200 pM Tyr in 0.1M BR buffer pH 7.0 solution at
scan rates from 10 to 100 mV s, Fig. 4.6A. There is a linear relationship between the
anodic peak current, lp,, and the cathodic peak current, lnc, with the scan rate, v, Fig. 4.6B,
according to the equations: lpa (LA) = -0.24 v + 0.05; r=0.9980 and I, (uA) = - 0.046 v —
0.33; r= 0.9985, characteristic of a surface-confined oxidation process [146].

A plot of the logarithm of the oxidation peak current vs logarithm of scan rate (not
shown) has a slope of 1.12, close to the theoretical value of 1.0 for a pure adsorption
controlled electrode reaction [146].

The current also depends on the amount of Tyr in solution which demonstrates that
the adsorption is reversible and that the number of adsorbed species depends on the solution
concentration, and that it can be described by an isotherm. When carrying out consecutive
CV scans, a current decreasing with each scan was observed, since there was not time for
the adsorption/desorption equilibrium of Tyr to be reached.

In other experiments, after performing a scan in the presence of tyramine and then
placing the electrode in pure buffer solution, the CV peak of tyramine oxidation appeared,

also indicating that there is tyramine adsorbed on the modified electrode.

96



1A

100 mvs™

00 03 06
E/V vs. Ag/AgCl

10 20 30 40 50 60 70 80 90 100
v/ mvs*t

Fig. 4.6. (A) Cyclic voltammograms at AUNPgreen-PANSA/AUE in 200 uM Tyr solution
(0.1 M BR buffer, pH 7.0) at scan rates 10 - 100 mVs ™. (B) The linear relationship between

the peak currents and scan rate.
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The separation of the anodic and cathodic peaks increases with increasing scan rate,
typical for a quasi-reversible process. The dependence of the anodic peak potential, Ep, and
the cathodic peak potential, Epe, on the logarithm of scan rate are given by Laviron’s

equations for anodic and cathodic processes [179]:

2.303RT

E,, = <—aanF )logv +K
—2.303RT

Epe = (—aan )logv + K

where @, and o are the anodic and cathodic electron transfer coefficients, n is the number
of electrons involved in the redox process, F is the Faraday constant (F = 96485 C mol™), v
is the potential scan rate (V s?), R is the ideal gas constant (8.314 J K™ mol®), T is the
temperature (K), and K is a constant. The dependence between the peak potential and
logarithm of scan rate are expressed as: Ep, (V) = 0.084 log v +0.0.94 and Ej (V) = - 0.065
log v - 0.10. Taking into account the two-electron process for Tyr oxidation [217], the

charge transfer coefficients were estimated to be ;= 0.40 and . = 0.54.

4.3.3 Electrochemical impedance spectroscopy (EIS)

Impedance spectra were recorded at AUNP-PANSA/AUE at different potentials from
0.0 to + 0.8 V, chosen as explained below in Section 3.5.1. Impedance spectra at +0.6 V,
the best potential for impedimetric detection as will be shown below, for different electrode
configurations AUE, AUNPgeen /AUE, PANSA/AUE, AUNPgeen-PANSA/AUE are shown in
Fig. 4.7A.

All spectra showed a semicircle—like shape and were fitted with the same electrical
equivalent circuit presented in Fig. 4.7B. Although it is expected that the circuit should
contain contributions from the modifier film resistance and capacitance as well as from the
modified electrode-solution interface, the experimental spectra are clearly dominated by
one RC parallel combination with no other semicircles with different time constants

discernible, as usually happens.
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Fig. 4.7 (A) Complex plane impedance spectra recorded at different electrode
configurations: () AuE; (A) AUNPgreen/AUE; (<) PANSA/AUE; (V) AUNPgreen-
PANSA/AUE in the presence of 100 uM tyramine in 0.1 M BR buffer (pH 7.0) at 0.6 V vs.
Ag/AQCI. (B) Electrical equivalent circuit used to fit the impedance spectra: Rq cell

resistance; CPEgy non-ideal capacitance of the double layer; R.: charge transfer resistance.

99



Thus, the circuit comprises Rq, the cell resistance (solution resistance, electrical
contacts etc.) in series with a parallel combination of Ry and CPEy, representing the charge
transfer resistance and non-ideal interfacial capacitance respectively. The CPE is modelled
as a non-ideal capacitor given by CPE = -1/(ioC)* in which the exponent o reflects the
surface non-uniformity and roughness of the modified electrode assembly, where a=1
corresponds to a perfect uniform and smooth surface [171,218]. The results from fitting to
the equivalent circuit are summarized in Table 4.1 and are shown as continuous curves in

the spectra.

Table 4.1 Values of equivalent circuit parameters obtained by fitting of the impedance
spectra at different electrode configurations; +0.6 V (0.1 M BR buffer, pH 7.0). Data from

Fig. 4.7A.
. Ret CPEgy
Electrode configuration ) o1 a
/ kQ cn? [ yF cm? s
AUuE 34.4 27.3 0.84
AUNPgreen/AUE 25.8 31.9 0.84
PANSA/AUE 20.9 35.1 0.85
AUNPgreen-PANSA/AUE  10.8 44.7 0.90

The EIS data show that the double layer capacitance increases with modification of
the electrode reaching a maximum at the AUNPgen-PANSA modified electrode. The
increase in the capacitance values is accompanied by the decrease in the charge transfer
resistance values. A higher value of the exponent a equal to 0.90 was obtained for AuNP-
PANSA/AUE indicating that it has a more uniform surface at the nanoscale compared to the
other electrode configurations, as also verified by SEM morphological studies. The R
values of the modified electrodes of 34.4, 25.8, 20.9, 10.8 kQ cm’ decrease in the order
AUE, AUNPgeen/AUE, PANSA/AUE, AUNPgeen-PANSA/AUE, indicating the easiest
electron transfer at the last electrode configuration. This can be explained if considering a

synergetic effect of nanoparticles and polymer, which led to increase of the electroactive
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area and contributed to the electrocatalytic effect towards tyramine. The impedance spectra

are in agreement with the cyclic voltammetry observations.

4.3.4 Optimisation of the working conditions for tyramine determination
by EIS. Influence of the applied potential and solution pH

For electrochemical impedimetric as well as voltammetric measurements, the applied
potential has a big influence on sensor response since it contributes to a better sensitivity
for detection of the target analyte. In order to optimize the potential for detection of Tyr,
impedance spectra were recorded at different potentials: 0.0, 0.2, 0.4, 0.6 and 0.8 V vs.
Ag/AQCI. These potentials were chosen considering the oxidation peak potential values
from CV and encompass the range of potentials where oxidation and reduction occur.
Moreover, using potentials as close as possible to 0.0 V should minimise interference
effects. Fig. 4.8A shows impedance spectra recorded at AUNPgeen-PANSA/AUE in the
presence of 100 uM Tyr in BR buffer solution, pH 7.0 at the various potentials. Table 4.2
shows the results of fitting the data to the same electrical equivalent circuit used in Fig.
4.7B, where it can be observed that the lowest values of R are obtained at 0.6 V, in
agreement with CV experiments, where the maximum oxidation peak appears around
0.55V, Fig. 4.6A. Therefore, 0.6 V was taken as the best value for Tyr determination by
impedance. The effect of supporting electrolyte pH on the spectra was also investigated to
evaluate the optimum pH for determination of Tyr. Spectra were recorded, as shown in Fig.
4.8B, in the presence of 100 uM Tyr in BR buffer at the pH range from 4.0-8.0 at
AUNPgeen-PANSA/AUE at +0.6 V. As can be seen from Table 4.2, the values of Ry
gradually decreased with increase of pH up to pH 7, then increased, The fact that R
decreases with increase of pH may reflect the lower stability of the chemical equilibrium
dopamine-o-quinone by-products formed during oxidation of Tyr in acid and basic pH

solution, giving a better response at neutral pH [219].

101



[®

30 40 50
Z' | kQem’

Fig. 4.6 Complex plane impedance spectra at AUNP-PANSA/AUE in the presence of

100 uM Tyr in 0.1 M BR buffer.(A) At pH 7.0, applied potential (<) 0.0; (A) 0.2;

(¥)0.4; (A)0.6; (O) 0.8V vs. Ag/AQCL (B) At +0.6 V vs. Ag/AgCI, pH values of
(®) 4.0; ((1) 5.0; (m) 6.0; (A) 7.0; (O) 8.0.
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Table 4.2 Equivalent circuit element values obtained by fitting of the impedance spectra at
AUNPgeen-PANSA/AUE at different potentials (pH 7.0, data from Fig. 4.6A) and different
pH values (+0.6 V, data from Fig. 4.6B).

Experimental conditions Ret CPEq "
/kQ e /W cm 2"

0.0 53.2 19.3 0.85
0.2 103.4 20.8 0.84

Applied 0.4 84.4 18.4 0.85
potential /V 0.6 15.8 19.2 0.90
0.8 30.7 25.0 0.88

4.0 170.2 19.7 0.85

5.0 121.3 19.9 0.83

pH 6.0 70.5 19.6 0.85

7.0 15.8 19.2 0.90

8.0 45.8 19.8 0.86

4.3.5 Impedimetric response for Tyr determination

Impedance spectra recorded under the optimum conditions determined above for Tyr
sensing are shown as complex plane plots in Fig. 4.7A, for concentrations up to 80.0 uM. It
is possible to observe a change in the shape of the spectra, associated with a decrease in the
Ret value, immediately with the first concentration of Tyr added, and this can be associated
with a realistic limit of detection. The errors associated with fitting to electrical circuit were
less than 3% and the changes in Ri were much higher than this. The values of the
equivalent circuit parameters after fitting the spectra are summarized in Table 4.3. It is
clearly seen that Ry decreases with increase of Tyr concentration, while the capacitance

values gradually increase.
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Fig. 4.7(A) Complex plane impedance spectra at AUNPgeen-PANSA/AUE with different
concentrations of Tyr in 0.1 M BR buffer (pH 7.0) at 0.6 V vs. Ag/AgCI: (@) 0.0; (A) 0.8;
(V) 1.0; (O) 5.0; (@) 10.0; (A) 20.0; (M) 30.0; (O) 40.0; (@) 60.0; (<>) 80.0 uM.
(B) Calibration curve of ARt versus log ([Tyr]/uM).
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The calibration curve in Fig. 4.7B plots the change of charge transfer resistance ARy
(Ret(butfery - Ret(tyr)) Vversus log [Tyr] according to the equation ARy (k) = 144.1+ 29.4
(log[C/uM]) with a correlation coefficient of 0.9987. The reason for the logarithmic
dependence can be attributed to the adsorption of Tyr’s oxidation product on the electrode
surface. The detection limit was calculated to be 0.04 uM based on three replicates. The
good performance of the novel Tyr impedimetric sensor considering its ease of fabrication
and simplicity of architecture is mainly attributed to a high area-volume ratio, excellent
conducting capabilty and interface-dominated properties 0f AUNPgreen, Which, in
combination with the properties of the PANSA polymer network, provide an effective
modifier for Tyr oxidation.

Table 4.3 Equivalent circuit element values obtained by fitting of the impedance spectra at
AuNP-PANSA/AUE with different Tyr concentrations. Data from Fig. 4.7A.

[Tyramine] Ret , / CP'%ZH s o

Y / kQ cm uF cm*®s

0.0 204 18.0 0.87
0.8 63.1 22.3 0.88
1.0 49.1 38.2 0.89
5.0 31.5 42.6 0.89
10 25.8 45.5 0.86
20 16.1 57.8 0.85
30 13.8 63.6 0.84
40 10.9 72.9 0.85
60 1.7 75.3 0.90
80 4.2 84.9 0.89
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The analytical performance of the nanocomposite AUNPgreen-PANSA/AUE for Tyr
determination was compared with other electrode configurations (no reports on impedimetric
sensing were found) and the results are listed in Table 4.3. The novel impedimetric sensor
used for Tyr detection showed a superior performance to those found in the literature with the
lowest limit of detection and a sufficiently broad linear range, comparable to more complex
architectures that use carbon nanotubes and/or tyrosinase (Tyras). Although in some
configurations Tyrosinase was used [222,223], as enzyme substrate, their performance was
not better than here. The sensors that used DPV for analytical Tyr determination [217,221]
presented a higher limit of detection despite the high sensitivity conferred by DPV. This can
be attributed to the accentuated adsorption that compromises the detection by voltammetric
techniques, as verified in previous studies [217,220-223]. Hence, the proposed novel
nanocomposite with impedimetric measurement has the advantage of easy and rapid

preparation with a very low limit of detection.

4.3.6 Repeatability, stability, and selectivity

Uric acid 7}
Hypoxanthine ;‘
Xanthine -\
Sucrose ;‘

SOy

Interferent

%

Na+ \

Kt N

Tyramine

0 10 20 30 40 50 60 70 80 90 100
Relative response / %

Fig. 4.8 Influence of potential interferents on the impedimetric sensor response in the
presence of 100 uM Tyr, ratio with interferents (1:1).



The repeatability of impedimetric measurements at the AUNPgeen-PANSA/AUE was
investigated by successive measurements of the response to 100 uM Tyr in buffer BR, pH 7.0.
The R value was 95 % of the initial value after 25 successive measurements (RSD = 4.39 %;
n= 3). Concerning storage stability, the EIS response of the sensor lost just 10 % of the initial
signal in terms of the R. value, after a storage period of 20 days in the dry state at room
temperature.

The influence of potential interferents on sensor response was also evaluated. For this,
the possible interferents tested were: organic (uric acid, hypoxanthine, xanthine, sucrose) and
inorganic species (5042, Zn**, Na*, K*) in the ratio 1:1(m/m) with Tyr and the results are
shown in Fig. 4.8. As can be seen, these species did not produce significant changes in the R
values (all less than 5 %), demonstrating good selectivity. This selectivity is comparable to
that reported in the literature [224,225].

4.4 TYr a5/ AUNP yreen-PANSA/GCE biosensors for tyramine determination

In this part of the work on tyramine determination, a novel biosensor architecture based
on tyrosinase (Tyrase) immobilised on a glassy carbon electrode modified by a nanocomposite
consisting of a AUNPgeen / poly(8-anilino-1-naphthalene sulphonic acid) modified glassy
carbon electrode was developed and used for amperometric detection of Tyramine. Some
parameters were optimised, namely enzyme loading, pH and applied potential. Under optimal
conditions, the analytical performance of the biosensor is discussed, including enzyme

Kinetics, calibration curve, sensitivity and limit of detection for tyramine.

4.4.1 Optimisation of the amperometric biosensor
4.4.1.1 Effect of the amount of tyrosinase

In order to determine the optimal amount of Tyrae immobilized on AUNPgeen-
PANSA/GCE for Tyr determination, different Tyr.e loadings ranging from 0.1 to 3.5% (w/v)
were tested, the concentrations of GA and BSA being fixed at 2.5% (v/v) and 2.0% (V/v),
respectively. The amperometric response to 100 pM Tyr was tested for different enzyme
loadings, using the same experimental conditions. The cathodic current increases as the
amount of Tyrse is increased, reaching a maximum for 2.0% (w/v) of Tyrae. For higher
loadings, there is a decrease in biosensor sensitivity. This indicates that high amounts of
enzyme compromise biosensor performance, this being attributable to diffusion limitations

and to a too low concentration of dissolved oxygen, a natural cofactor for enzyme
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regeneration [226]. Therefore, 2.0% (w/v) of the enzyme was chosen as the best for biosensor

construction.

4.4.1.2 Influence of pH solution for Tyr determination

The literature reports that the enzymatic activity of Tyrs is lost below pH 4.0 and
above pH 9.0 [227,228]; hence the influence of solution pH on the oxidation of 100 uM Tyr
was investigated by DPV in the pH range from 4.0 to 9.0.
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Fig. 4.9(A) Differential pulse voltammograms of 100 uM Tyr at Tyrase/AUNPgreen-
PANSA/CGE in 0.1 M BR buffer at different pH values recorded at 5 mV/s™*. Amplitude 10
mV, step potential 2 mV, pulse time 10 ms. (B) Effect of pH on the Tyr oxidation peak

current and peak potential.
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As can be seen in Fig. 4.9A, the maximum oxidation peak current was obtained at pH
7.0. Therefore, this pH was selected as optimum pH and used in Tyr determination. With
increasing solution pH from 4.0 to 9.0, the oxidation peak potential shifted negatively and
linearly, Fig. 4.9B, according to Epa (V) = 1.06 — 0.060 pH with a correlation coefficient of
0.9987, the slope being close to the theoretical value of 59 mV pH™ at 25 °C for an electrode
process involving equal number of protons and electrons. The peak width at half height, Wy,
= 3.52 RT/nF, where R is the universal gas constant, T the temperature in K, and F the
Faraday constant gives an indication of the reversibility of the electrode reaction and the
number of electrons involved. The minimum peak width for a reversible one-electron process
is 90 mV and for a reversible two-electron process is 45 mV [146].

As seen in Fig. 4.9A, Wy, was approximately 45 mV over the pH range studied.
Therefore, it can be assumed that two electrons are involved in the reaction [222,223], as

proposed in the mechanism described in the following section.

4.4.1.3 Influence of the applied potential

The applied potential has a big influence on biosensor performance since it contributes
to its sensitivity and selectivity. The biosensor response to 100 uM Tyr in 0.1 M BR buffer
(pH 7.0) was studied between — 0.5 and + 0.3 V vs. Ag/AgCI.

18
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E/V vs. Ag/AgCl

Fig. 4.10 Effect of cathodic current-applied potential dependence in 0.1M BR (pH 7.0) and

100 uM tyramine under constant stirring.
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The current increases rapidly as the potential becomes less negative from — 0.5 to - 0.3

V, with a maximum at - 0.3 V and then decreases up to - 0.1 V, above which the response is
almost constant, Fig. 4.10. .1)
Tyrae catalyses the hydroxylation of Tyr (eq. 4.1) as well as the oxidative conversion ot

the resulting dopamine to o-dopaquinone (eq. 4.2). The enzymatically generated o-
dopaquinone by-product can easily undergo electrochemical reduction at a potential close to
0.0 V [222,223] (eq. 4.3). This reaction is verified in CVs, Fig. 4.11B, since a reduction peak
appears at a potential close to - 0.3 V in the presence of Tyr [229]. The sensing principle of
the biosensor is based on measuring the increase of the cathodic amperometric signal related
to the electrochemical reduction of o-dopaquinone enzymatically generated on the biosensor

surface that involves 2 electrons and 2 protons.

. Tyrosinase .
Tyramine + % O3 > Dopamine
Tyrosinase
Dopamine + % O, > 0-Dopaquinone + H,O
. 3 Tyrosinase .
o-Dopaquinone + 2H" + 2e y > Dopamine

Independent cyclic voltammetry measurements at tyrosinase modified glassy carbon
electrodes, and AUNPgeen-PANSA/CGE were carried in the presence of dopamine and
tyramine, Fig. 4.11A and B.

In the presence of dopamine, two redox couples appear with midpoint potentials -0.160
V and +0.250 V; the couples Il at more positive potentials is ascribed to
dopamine/dopaquinone and the more negative one, |, to dopaquinone reduction. With
tyramine only, an additional anodic peak Ill, appears, corresponding to irreversible tyramine
oxidation. Thus, as can be seen, the reduction of dopaquinone occurs at - 0.3 V. In cyclic
voltammetry at Tyrase/AUNPgeen-PANSA/GCE, Fig 4.11B, the adsorption of tyramine and its
oxidation products in the modifier films led to a very broad redox couple, and it was not
possible to distinguish the processes. However, the determination of tyramine by fixed
potential amperometry was carried out successfully and with better analytical parameters at
the Tyrase/AUNPgeen-PANSA/GCE biosensor than without the presence of AUNPgeen-PANSA

nanocomposite, see Section 4.7.
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Fig. 4.11Cyclic voltammetry at (A) Tyrae/GCE in the presence of 200 uM dopamine and
200 M tyramine in 0.1 M BR (pH 7.0), at 50 mV s™and (B) Tyrase/AUNPgeen-PANSA/CGE
in the presence of 100 uM tyramine in 0.1 M BR (pH 7.0), at 50 mV s™.

Thus, in the light of the results obtained, an applied potential of - 0.30 V was selected to
be used in further experiments for Tyr determination. Moreover, this potential, close to 0.0 V,

minimises the likelihood of potential interferences from common electroactive species.

4.4.2 Analytical performance

The amperometric responses Of Tyrase/AUNPgreen-PANSA/GCE, Tyrase/PANSA/GCE,
TYrase/AUNPgreen/GCE and, Tyrase/GCE biosensors for Tyr determination under the optimised
conditions were evaluated. The biosensors show a rapid bioelectrocatalytic response, reaching
95% of the steady-state current within 8 s after each Tyr addition. Fig. 4.12A is a

representative chronoamperometric profile for Tyr determination, showing a linear increase of
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the change in cathodic current with Tyr concentration for all the biosensor assemblies tested.

Fig. 4.12B displays the calibration plots obtained from the amperometric responses.
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Fig. 4.12(A) Amperometric response of Tyrase/AUNPgreen.PANSA/CGE biosensor to tyramine
in 0.1 M BR buffer (pH 7.0); (B) Calibration curves for tyramine in 0.1 M BR buffer (pH 7.0)
at —0.30 V for AuNPgeen-PANSA/GCE and PANSA/GCE, the insert shows for
AUNPgreen/GCE and GCE.
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Table 4.4 Comparative performance of different biosensor configurations for tyramine
determination.

Modified electrode Principle of Applied Linear range  LOD KM Ref
configuration detection potential/ vV [ uM [ uM [ uM
-0.25
Tyrs/PO,-PPY/PtE  Amperometry 4.0-80 0.57 62.6 [222]
(Ag/AgCI)
Tyrase—SWCNT-
Amperometry  -0.20 (SPE) 5.0-180 0.62 88.5 [223]
COOH/SPE
TyOx/AgNP/L- +0.25
Amperometry 17-250 10.0 - [230]
Cys/AuE (Ag/AgCI)
PSAO- +0.40
) Amperometry 10-300 3.0 - [231]
Nafion/MgO,/CPE (Ag/AgCI)
Tyrase/ TIO,/CMK- Cyclic
. 6.0-130 15 66 [232]
3/PDDA/Nafion/GE voltammetry
SPCureE 0.0 (SPCE) 2.0-456 2.1 -
Amperometry [233]
HRP/SPCE 0.0 (SPCE) 0.2-21.4 0.2 -
+0.26
PAO/HOMFc/SPCE  Amperometry 2.0-164 2.0 - [234]
(Ag/AgCI)
TYrase/ AUNP Green- -0.30 This
Amperometry 10-120 0.71 79.3
PANSA/GCE (Ag/AgCI) work

Tyrae/POsPpy/PtE - Tyrosinase/polypyrrole doped with phosphate ions on platinum disk electrode; Tyrase—SWCNT-COOH/SPE -
screen-printed carbon electrodes modified with carboxyl functionalized Single-Walled Carbon Nanotubes; TyOx/AgNPs/L-Cys/AuE -
tyramine oxidase onto citricacid-capped silver nanoparticles bound to surface of Auelectrode through cysteine self-assembled monolayer;
PSAO-Nafion/MgO,CPE- Pea seedling amine oxidase immobilized with nafion on carbon paste modified with manganese dioxide as
mediator; Tyra/Ti02/CMK-3/PDDA/Nafion/GE - tyrosinase immobilized into mesoporous carbon CMK-3, titania dioxide sol,
poly(diallyldimethylammonium chloride) and Nafion onto graphite electrode; P AO/HOMFc¢/SP CE - plasma amino oxidase immobilized on

screen printed carbon electrode using hidroxymethylferrocene as mediator.
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The Tyrase/ AUNPgeen-PANSA/GCE biosensor presents the highest sensitivity of 19 nA
cm? pM‘l and lowest limit of detection (LoD) of 0.7 uM, following the linear regression
equation: Aj (LA cm®) = -3.58 x 107 + 1.90 x 1072 [Tyr] (uM), with a correlation coefficient
(R?) equal to 0.9987. For the Tyr../PANSA/GCE biosensor, the sensitivity was calculated to
be 10 nA cm? uM™ and the LoD was 1.35 uM, where Aj (A cm?) = -0.10 + 1.0 x 1072 [Tyr]
uM, (R? = 0.9985). The Tyrase/ AUNPgeen/GCE biosensor presented a sensitivity of 3.20 nA
cm? uM™? and LoD of 2.91 uM, with Aj (A cm?) = -0.016 + 3.2 x 107 [Tyr] uM, (R® =
0.9987). Finally, the Tyr./GCE biosensor had the lowest sensitivity of 1.20 nA cm? uM™*
and highest LoD of 3.98 uM, where Aj (uA cm?) = -0.014 + 1.2 x 107 [Tyr] uM, (R? =
0.9987).

To evaluate the binding affinity of the immobilised enzyme (Tyrae) with its substrate
Tyr, the Hill constant, h, was estimated from the slope of the relationship of log (I / Imax)
versus log [Tyr] using the values obtained in the calibration curves. For the non-cooperative
binding, the Hill constant is equal to 1.0; values of h < 1 indicate negative cooperative
binding; this means that the binding of ligand makes the further binding more difficult.
Positive cooperativity is reflected in values of h >1, meaning that binding of ligand makes
further binding easier.

From the Hill plot, the slopes for Tyrase/AUNPgeen-PANSA/GCE, Tyrase/PANSA/GCE,
Tyrase/ AUNPgeen /GCE and Tyrase/GCE biosensors were calculated to be 1.43, 1.13, 0.89 and
0.76, respectively, which indicate a strong affinity between Tyr,e and Tyr at the new
modified electrode support (AuNPgeen-PANSA/GCE). This result indicates that the reaction
between the enzyme and the target analyte (Tyr) has Michaelis-Menten type Kinetics, as
suggested previously [235,236]. The apparent Michaelis-Menten constant, KM, (half the
maximum, saturation response of the biosensor), for Tyrase/AUNPgeen-PANSA/GCE, was
estimated to be 79.3 uM, a similar value to those obtained by Apetrei et al., 2013 (62.65 uM)
and Apetrei et al., 2015 (88.52 uM).

A comparison of the electroanalytical properties of recently reported Tyr sensors is
summarised in Table 4.4. The detection limit of the new platform, Tyrase/AUNPgreen-
PANSA/GCE was similar or lower than that of other reported biosensors. The same
observation can be made for the linear range of the developed biosensor. Besides this, the
novel Tyrase/AUNPgeen-PANSA/GCE has several advantages, such as easy and rapid electrode
modification, as well as a lower limit of detection and applied potential, compared with other

biosensors for Tyr detection that have more complex architectures.
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4.4.3 Repeatability and stability of Tyrae/AUNPyen-PANSA/GCE biosensor

The repeatability of the Tyrase/AUNPgeen-PANSA/GCE biosensor was investigated by
amperometrically measuring the response to 100 uM Tyr (BR, pH 7.0). After 20 successive
assays the current was 97.5% of the initial value (RSD = 4.3%, n= 3). When not in use, the
biosensors were kept in buffer (BR, pH 7.0) at 4 °C. After 20 days, the amperometric
response of the biosensor for Tyr determination was 94.3% (RSD = 4.3%, n= 3) of the
original, showing that the biosensor has favourable long-term stability, comparable to those
reported in the literature [222,223,232].

4.4.4 Interference studies

Selectivity, a very important parameter for application to real samples, was evaluated
amperometrically at -0.30 V fixed potential by the sequential addition of possible interferents
after the mitial addition of 100 uM Tyr. The mterferents added were xanthine (100 pM),
hypoxanthine (100 uM), L-tyrosine (100 uM) and dopamine (100 uM) after which a second
addition of Tyr was made. The compounds xanthine, hypoxanthine, and L-Tyrosine led to a
change in the current of less than 2%. Dopamine presented a reduction in current similar to
Tyr, which is to be expected since it is converted to o-dopaquinone by tyrosinase. However,
dopamine is not normally present in food products, the object of application of the present
biosensor. For the second addition of Tyr, there was no significant change in the current
response, compared with the first addition.

4.5 Determination of tyramine in food and beverages

To illustrate the practical and potential applications of the optimised electrode
configuration used as impedimetric sensor (AUNPgeen-PANSA/AUE) and biosensor proposed
(Tyrase/AUNPgeen-PANSA/GCE), a variety of commercial food samples including yoghurt,
Roquefort cheese, red wine and beer were purchased from a local supermarket to evaluate the
presence of Tyr. Amperometric and impedimetric measurements under optimal experimental
conditions were applied for the quantification. Each sample was measured in triplicate, using
the standard addition method, to minimise the matrix effect when analysing complex samples.
The quantity of Tyr found in the original samples is given as the value obtained in the cell
after dilution; which was 1:20 for dairy foods and 1:100 for fermented drinks. The results are

summarised in Table 4.5 and 4.6.
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Table 4.5 Determination of tyramine in fermented drink and dairy products at AUNPgreen-

PANSA/AUE.
Determined Added Expected Found RSD Recovery

Sample

(uM) (uM) (HM) (HM) (%) (%)
Roquefort

4.36 2.00 6.36 6.28 2.16 98.7
cheese
Yoghurt 0.18 2.00 2.18 2.13 4.79 97.7
Red wine 1.58 2.00 3.58 3.51 3.18 98.0
Beer 1.69 2.00 3.69 3.76 4.12 101.9

Table 4.6 Determination of tyramine

TYrase/ AUNPgreen-PANSA/GCE.

in  fermented drink and

dairy products at

Determined Added Expected Found RSD Recovery

Sample

(uM) (uM) (uM) (uM) (%) (%)
Roquefort

4,57 2.00 6.57 6.38 3.19 97.1

cheese
Yoghurt 0.22 2.00 2.22 2.15 4.44 96.8
Red wine 1.46 2.00 3.46 3.22 4.18 93.1
Beer 1.82 2.00 3.82 3.67 4.67 96.1
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For the AUNPgeen-PANSA/AUE electrode, Table 4.5, the calculated amounts of Tyr
found in Roquefort cheese and yoghurt were 59.8 mg L™ and 2.47 mg L™, respectively. For
the fermented drinks, it was 8.66 mg L™ in red wine and 9.27 mg L™ in beer samples.
Recovery measurements gave values in the range from 97.7 % to 101.9 with RSDs less than
2.5%. For the Tyrase/AUNPgeen-PANSA/GCE biosensor, it was calculated that Roquefort
cheese and yoghurt contained 62.7 mg L' and 3.07 mg L™ while red wine and beer contained
7.98 mg L and 9.65 mg L, the recovery measurements gave values in the range from 97.7
% to 101.9 % with RSD values of less than 5.0 %, Table 4.6. The values found in each food
sample were in agreement with those expected [237-239], indicating the reliability of the two
electrochemical approaches proposed for Tyr quantification and their usability for practical

applications in food safety control.

4.6 Conclusions

This study has demonstrated the possibility of developing of two electrochemical
approaches, namely impedimetric-based (AUNPgeen/PANSA/AUE) sensor and an enzyme
based-biosensor (Tyrase/AUNPgreen/PANSA/GCE) for monitoring tyramine in food samples.
Green synthesised gold nanoparticles (AuNPgeen) were attached on poly(8-anilino-1-
naphthalene sulphonic acid)(PANSA) films obtained by polymerisation of the monomer in
the presence of AUNPgeen. The formation of AuNPgeen Was initially monitored by visual
observation and then characterised by using X-ray diffraction (XRD) and scanning electron
microscopy (SEM). The XRD study showed that the biosynthesised AuNP are crystalline in
nature and morphology of the particles synthesised consisted globally in a spheric-like
structure with particle size at ~ 20 nm, similar size to the AuNP synthesised by the classical
Turkevich method, see Chapter 3. SEM images also show that the nanocomposite was
successfully obtained by the presence of AuNPgeen covering all PANSA network indicating
the efficiency of the method used for attaching gold nanoparticles. Under optimal conditions,
both electrochemical approaches showed excellent electrochemical properties for detection of
tyramine in food samples. Furthermore, both electrochemical approaches have been
successfully applied to determine tyramine in commercial food products with good

recoveries, auguring well for their use in food safety control.
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Chapter 5

Glucose biosensor based on poly (brilliant green) (PBG) - ethaline deep
eutectic solvent (DES) /carbon nanotube modified electrode for biotoxic
trace metal ion detection

This chapter describes the development of a novel biosensor based on GOx immobilised
on ultra-thin poly(brilliant green) (PBG) films electrodeposited in ethaline DES on multi-
walled carbon nanotube (MWCNT) modified glassy carbon electrodes (GCE) for enzyme
inhibitive amperometric detection of Hg?*, Cd**, Pb?*, and Cr¥\. The influence of different
acid doping agents (S042", NO3", CI, and COO" anions) and scan rate on the electrodeposition
of PBG was probed. The performance of the nanocomposite modified GCE was evaluated by
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Scanning
electron microscopy (SEM) was used to examine the morphology of the nanostructures and
their influence on electrochemical properties. Comparison with PBG films electrodeposited in
aqueous solution was also made. In the fabrication of the biosensor, other factors were also
considered, such as the degree of inhibition of the activity of GOx by injection of different
trace metal ions, operational stability, sensitivity, and reproducibility. The elucidation of the
mechanism of inhibition was estimated by a new graphical method, instead of the classical
Dixon and Cornish-Bowden plots.

This research has been submitted for publication.

5.1 Polymerisation in aqueous media - the influence of the acid dopant on
PBG film growth

The polymerisation of brilliant green was first carried out on MWCNT/GCE in
aqueous medium, by cycling the potential between -1.0 and 1.2 V vs. Ag/AgCl ina 0.5 M
solution of the acids H,SO4, HCl, HNO; and CHs;COOH at 50 mV s, Fig. 5.1. The
supporting electrolyte plays an important role in the growth of conducting polymers. In the
case of PBG, this has a significant influence, since the protonic acid doping of the polymer
leads to a different mechanism of nucleation. This affects both the vyield and the
electrochemical behaviour of the formed films, as seen in in the different voltammetric
profiles in Fig. 5.2. The mechanism of polymerisation of BG begins with the oxidation of the
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secondary amino groups which form cation radicals and attack benzene rings in a free ortho-
position relative to the amino group, initiating the polymerisation. In different acid solutions,
Fig. 5.1, similar behaviour was observed for all electropolymerisations, having one redox pair
with midpoint potential value at~ 0.5 V, with currents increasing in all cases, except for nitric
acid solution, in which the peaks decrease. In HySOy4, an oxidation peak at~ 0.8 V was also

observed, which is attributed to monomer oxidation [240].
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Fig. 5.1 CVs recorded during electropolymerisation of brilliant green on multi-walled carbon
nanotube modified glassy carbon electrode in a solution containing 1.0 mM of BG in different
acid media, 0.5M: (A) H,SOq4; (B) CH;COOH; (C) HCI; (D) HNO3 aqueous solution at
50 mV s
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Fig. 5.2 Cyclic voltammograms of PBG/IMWCNT/GCE formed in different acidic aqueous
media: (—) sulfuric, (- - --) acetic, (- - - - - ) hydrochloric and (- - - - - ) nitric acid, in
0.1 M PB solution (pH 7.0) at 50 mV s scan rate.

After electropolymerisation for 10 cycles, the anodic peak currents at ~0.5 V were
found to be 10.8, 4.94, 3.98, and 0.5 pA cm?, for PBG formed in solutions of the acids
H,SO,4, HCI, HCOOH, and HNO3 respectively. In the case of HNOg, the polymer film was
not stable as evidenced by the fact that the anodic peak current decreased with the number of
cycles. Cyclic voltammograms recorded in 0.1 M PB pH 7.0 after polymerisation, Fig. 5.2,
also showed that the current peak corresponding to the polymer,~0.5 V, was the highest for
the film deposited in H,SO4. Taking into account the better-defined polymer peaks during
polymerisation, the presence of monomer oxidation peak, as well as higher polymer peak
currents after polymerisation the conclusion was that H,SO4 would be the best choice of acid-
dopant for polymerisation in DES.

5.2 Influence of the scan rate on BG polymerisation in ethaline — DES

For BG electropolymerisation in DES, a solution of 1.0 mM BG with 0.5 M H,;SO4 in a
10 % v/v of water: 90 % v/v ethaline mixture was prepared, see Chapter 2 Section 2.9, for
more details. The PBG film was grown on MWCNT/GCE at scan rates in the range from 50
to 200 mV s, during 10 cycles, sweeping the potential between -1.0 and 1.2 V vs. Ag/AgCl.
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As seen in Fig. 5.3A-D, the peak current increased with increasing scan rate, up to the highest

at 150 mV s; the decrease above this can be ascribed to diffusion limitations [241].
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Fig. 5.3 CVs recorded during electropolymerisation of BG on MWCNT/GCE in ethaline +
(0.5 M H,SO, + 10 % H,0) at scan rates: (A) 50 mV st: (B) 100 mV s; (C) 150 mV s; (D)
200 mV s; (E) electropolymerisation of BG in aqueous Mclivaine buffer solution pH 4.0 at
150 mV/ s,
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Cyclic voltammograms recorded in ethaline-H,SO4 (pH 2.0), Fig. 5.3A-D, for all sweep

rates are quite similar, and the redox peaks are shifted toward more positive potentials

compared with those of PBG, electrodeposited in Mcllivaine buffer (pH 4.0)

aqueous

solution, Fig. 5.3E. This shift is directly related to the pH, with protons being inserted from

the solution into the polymer during the oxidation processes, and expelled during reduction.

The oxidation peak currents recorded during the first five cycles increase continuously and

indicate the formation of cation radicals. However, from the 5" to 10" cycles this

increase

slows down, due to the polymer deposited during the first cycles impeding further oxidation

of the monomer on the electrode surface, so that hardly any radical cations and/or polymer are

formed at this stage. Therefore, 10 cycles were selected for further electropolymerisation

studies. The same tendency is observed in the cyclic voltammograms for the polymerisation

of BG in aqueous solution, Mcllvaine buffer (pH 4.0), at 150 mV s, Fig. 5.3E.

5.3 Characterisation of the nanostructured films

5.3.1 Cyclic voltammetry

140 05 00 05 10 15
E/V vs. Ag/AgCl

Fig 5.4 CVs of PBG/IMWCNT/GCE in 0.1M PB solution (pH 7.0) at 50 mV s

(——) PBGetnaline150-MWCNT/GCE; (— — —) PBGethaline200-MWCNT/GCE; (-
PBGethaline100-MWCNT/GCE; (- - - - -) PBGethaline50-MWCNT/GCE;
(-----) PBGiq- MWCNT/GCE,
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To evaluate the electrochemical behaviour of PBG films electrodeposited on
MWCNT/GCE, cyclic voltammograms of the modified electrodes were recorded in 0.1 M PB
solution (pH 7.0) at a potential scan rate of 50 mV s *.

Fig. 5.4 shows CVs of MWCNT/GCE modified with PBGpes electrodeposited at
different scan rates, and PBG,q electrodeposited at 150 mV s™. As observed, the anodic and
cathodic peak currents corresponding to PBGpgs films increase with the electropolymerisation
scan rate, up to 150 mV s*. The decrease for PBGpes films electrodeposited at 200 mV s™
may be attributed to the viscosity of the DES that makes diffusion of ionic species at higher
sweep rate more difficult, as seen in [242]. PBG formed in aqueous medium, Mcllivaine buffer
(pH 4.0), exhibits lower peak currents than PBGpgs films. The PBGpes film electrodeposited
at 150 mV s presented the highest currents and was therefore chosen as the best electrode

platform for glucose oxidase immobilisation.

5.3.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was used to analyse the interfacial properties
of MWCNT/GCE modified with PBGethaine films obtained at different scan rates
(PBGethaline50-MWCNT/GCE, PBGethalinel00/MWCNT/GCE, PBGethaline150-MWCNT/GCE,
and PBGethaline200-MWCNT/GCE, respectively) and PBGgl50-MWCNT/GCE film (PBG
obtained in Mclivaine buffer solution, pH 4.0 at 150 mV s!). The applied potential was 0.5 V
vs. AgQ/AQCI, the approximate value of the midpoint potential of the PBG redox process in all
cases, chosen from cyclic voltammograms recorded at the modified electrodes, Fig. 5.5.
Complex plane impedance spectra are illustrated in Fig. 5.5A and were fitted to the equivalent
electrical circuit in Fig. 5.5B. The circuit comprises a cell resistance, R, in series with a
parallel combination of a resistance, R; and constant phase element (CPE;) which is modelled
as non-ideal capacitor expressed by CPE = 1 / (iwC)“, where C is the capacitance, o is the
frequency in rad s and the exponent, 0.5 < a < I, reflects the surface non-uniformity and
roughness of the modified electrodes, o =1 corresponding to a perfect uniform and a
smoothed surface. This is used to fit the semicircle in the high-frequency region of the
spectra, describing the process occurring at the electrode/modifier film interface. The medium
frequency region is modelled by a mass transport finite-diffusion Warburg element Zy. The
Warburg element, Z,, results from the equation: Z,, = Rpcth[ti®)*] X [ti®)*], where a < 0.5,
and is characterised by a diffusional time constant (t), a diffusional pseudocapacitance (Cp)

and a diffusional resistance (Rp = t/ Cp) [153]. Finally, a second combination of a resistance,
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R, and a second constant phase element, CPE, describes both the charge separation at the
polymer/solution interface and the polarisation of the polymer films. This electrical circuit
was also used to fit the spectra obtained from the poly(methylene blue) films electrodeposited
on MWCNT in ethaline [243].

The data obtained from fitting to the equivalent circuit are summarised in Table 5.1. As

seen in Fig 5.5A.

1A

60 70

(B)

CPE, CPE,

Fig. 5.5 (A) Complex plane impedance spectra recorded at (®) PBGethaline150-MWCNT/GCE;
(O) PBGethaline200-MWCNT/GCE;(®) PBGethaline100-MWCNT/GCE; (C1) PBGethaline50-
MWCNT/GCE; (I>) PBG44150-MWCNT/GCE in 0.1M PB solution (pH 7.0) at 0.5 V vs.

Ag/AQCI. (B) Electrical equivalent circuit used to model the spectra.
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There is a gradual decrease of the high-frequency semicircle diameter with increase
of scan rate used for the electrodeposition of PBGethaline, COrresponding to a decrease in the
charge transfer resistance. The charge separation is influenced by the polymer bulk
structure, reflected by the increase of the capacitance values up to PBGethaline
electrodeposited at 150 mV s, then at 200 mV s, there is a decrease. The
PBGag150/MWCNT/GCE film presents a broad semicircle at high-frequency regions with a
higher charge transfer resistance and smaller capacitance value.

The values of diffusional resistance, Z,, for PBGethaiine increased up to 150 mV s
(PBGethalinel 50-MWCNT/GCE) at polymer films electrodeposited in ethaline, much higher
than for that in aqueous solution (Mclivaine buffer solution, pH 4.0), which may due to the
formation of thicker films, thicker with increasing electropolymerisation scan rate, as
revealed by SEM, see below. The average o,y =~ 0.44, which is close to 0.5, is characteristic
of a semiinfinite diffusional impedance usually found at ultrathin modified electrodes
[240].

Lastly, the R, values of the nanostructured films are in the order:
PBGag150/MWCNT/GCE > PBGethaline50/MWCNT/GCE > PBGethaiine100/MWCNT/GCE >
PBGethaline200/MWCNT/GCE > PBGethaline 50/MWCNT/GCE. This indicates that the
easiest electron transfer occurs for the final electrode configuration, in agreement with

cyclic voltammetry observations.

5.3.3 Morphological characterisation of nanostructures

Fig. 5.6 displays SEM images of PBG films formed by electropolymerisation on
MWCNT modified carbon film electrodes formed in aqueous Mcllvaine buffer solution
(pH 4.0), and in ethaline-DES at scan rates 50, 100,150 and 200 mV s™. For comparison, an
image of MWCNT on the carbon electrode support without electrodeposited polymer is
also shown. The SEM image in Fig. 5.6A shows a randomly entangled and cross-linked of

MWCNT network spread over the electrode surface.
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Fig. 5.6 SEM images on carbon film electrodes of (A) MWCNT; (B) PBG,/MWCNT
(electropolymerised at 150 mV s™%); (C) PBGethaline50/MWCNT; (D)
PBGethalinel00/MWCNT; (E) PBGethaline150/MWCNT; (F) PBGethaline200/MWCNT.
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The PBG formed by electropolymerisation in aqueous Mclivaine buffer (pH 4.0), exists as
a relatively thin film on the MWCNT surface, see Fig. 5.6B, which leads to only a slight
increase in the diameter of the MWCNT.

The morphology of PBGethaiine films, that is those formed in ethaline, was examined as
a function of the electropolymerisation scan rate, Fig. 5.6C-F. The thickness of the polymer
films is greater than that in aqueous Mclivaine buffer (pH 4.0). The PBGethaiine films from
electropolymerisation at 50 mV s, Fig. 5.6C, exhibit a visibly rough and porous surface
structure; at higher scan rates, there is formation of more compact and thicker
nanostructures. For the PBGetatine film made at 100 mV s, a mix of compact and smooth
areas with porous structures is observed, but for the films prepared at 150 and 200 mV s,
the formation of a more uniform and smooth surface is seen. This is in agreement with the
literature [244,245], and can be explained based on the relative rates of nucleation and
polymer growth. At slower scan rates, the number of nucleation sites generated on the
MWCNT surface is smaller and the relatively large amount of time spent in the potential
range of polymer oxidation leads to rapid growth of PBG nuclei. As a result, a thinner and
rougher film is formed.

On the other hand, at a higher scan rate, formation of more PBG nuclei is favoured,
but less growth. As a result, Fig. 5.6C-F, a successively smoother and more compact

surface is obtained, as the scan rate increases.

5.4 GOX/PBGpgs150/MWCNT/GCE biosensor for glucose determination

Enzyme biosensors for glucose determination using glucose oxidase (GOX)
immobilised on the best performing PBG modified MWCNT/GCE, with PBG deposited at
150 mV s*. GOx was immobilised on the optimised modified electrode, and the novel
biosensor under optimal conditions was tested for both determination of glucose and

biotoxic trace metal ions by enzymatic inhibition method.
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5.4.1 Influence of the applied potential — optimisation for glucose

detection
The influence of the applied potential on the GOX/PBGethaiinel50/MWCNT/GCE

biosensor response towards 100 uM glucose was performed in the range of -0.9 to -0.2 V

vs. Ag/AQCI, Fig. 5.7.
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Fig. 5.7 Dependence of the glucose response at GOX/PBGethaline] 50/MWCNT/GCE on
applied potential in 0.1 M PB solution (pH 7.0) in the presence of 100 uM glucose.

As can be seen, the response to glucose increments increases at a less negative
potential, between -0.9 and -0.4 V, where the maximum was achieved, and then begins to
decrease slightly. Therefore, an applied potential of -0.4 V vs. Ag/AgCI, was selected for
further experiments.

5.4.2 Amperometric biosensing for glucose determination

Fig. 5.8A displays the amperometric response for glucose at the
GOX/PBGethalinel50/MWCNT/GCE biosensor. Stock solution of 1 mM and 2 mM glucose
in 0.1 M PB (pH 7.0) were prepared for glucose determination. The measurements were
performed by the addition of aliquots of the stock glucose solutions to an electrochemical

cell containing 0.1 M PB (pH 7.0) electrolyte solution, under continuous stirring at an
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applied potential of - 0.4 V vs. Ag/AgCI. A well-defined response rapidly reaching a stable

plateau was recorded after each glucose addition that was linear with glucose concentration

in the range from 5 uM to 100 uM, Fig. Fig. 5.8B.
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Fig. 5.8 (A) Amperometric response of GOX/PBGethaline]150/MWCNT/GCE biosensor to

glucose in 0.1 M PB solution, pH 7.0; applied potential -0.4 V vs. Ag/AgCI. (B) Calibration
curve obtained from injection of increasing concentrations of glucose (0-150 uM).

The calibration curve followed the equation: Aj (A cm®) = 1.33+0.54 [glucose] pM,
and the Lmit of detection was estimated to be 2.33 uM, which is the best electrochemical
performance compared with some of the most recent GOx biosensors for glucose
determination in the literature [246-250]. The binding affinity of the immobilised enzyme
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GOx with its substrate (glucose), the Hill constant, h, was estimated from the slope of the
plot of log (I/lmax) Vversus log [glucose]. The Hill plot slope was 1.24; this value reflects
positive cooperativity, h >1, [235] meaning a high binding affinity of the immobilised
enzyme (GOX) with its substrate and indicates that the reaction between enzyme and target
analyte has Michaelis-Menten type Kinetics. The Michaelis-Menten constant  for
GOX/PBGpesl50/MWCNT/GCE was estimated to be 53 uM.

5.5 Optimisation of the biosensor for inhibition procedures

In order to evaluate the inhibition of the activity of glucose oxidase (GOX),
amperometric measurements were made in 0.1 M PB solution (pH 7.0) at -0.4 V vs.
Ag/AQCI. After stabilisation of the baseline current, a chosen glucose concentration was
added, and the steady current recorded (lp). Next, known concentrations of trace metal ions
were added to inhibit the enzyme activity and the current was measured (l1). The decrease
in current is proportional to the concentration of inhibitor in solution. The percentage of

inhibition, 1 %, is calculated according to [251]:

1% ="2=11%100 (5.1)
I

0

5.5.1 Influence of the enzyme loading

The influence of the amount of immobilised enzyme was investigated at a constant
concentration of BSA (30 mg mL™) and varying the concentration of GOx (5.0, 10.0, 15.0,
20.0, 25.0 and 30.0 mg mL™) immobilised on the optimised PBGethalinel 50/MWCNT/GCE
electrode support, as described in the experimental section. The amperometric response to
0.5 mM glucose was tested for different enzyme loadings at an applied potential of - 0.4 V
vs. Ag/AQCI. The total anodic change in current increases as the amount of GOX increases,
reaching a maximum at 25.0 mg mL* GOx. For higher loadings, there is a decrease in
biosensor response, indicating that high concentrations of enzyme compromise biosensor
response due to diffusion limitations.

The degree of inhibition for each enzyme loading was also assessed by evaluating the

GOx activity in the presence of glucose by the addition of 20 nM of each metal ion in
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individual experiments. For all metals studied, the percentage of inhibition increased with
increase in enzyme loading up to 20.0 mg mL*' above which it remained the same.

Therefore, 20.0 mg mL™ of the enzyme was chosen as optimum.

5.5.2 Influence of the pH

The enzyme biosensor response can depend significantly on the pH of the solution.
The effect of the pH was investigated by comparing the sensitivities of the calibration
curves obtained from additions of each inhibitor at GOX/PBGethalinel 50/MWCNT/GCE with
0.5 mM glucose as enzyme substrate, see Table 5.2.

Table 5.2 Effect of pH on amperometric response to 20 nM of different metal ions in 0.1 M
PB (pH 7.0) at PBGethaline] 50/MWCNT/GCE biosensor in the presence of 0.5 mM glucose
at applied potential -0.4 V vs. Ag /AgCl.

Metal ion Sensitivity (uA cm® nM™) Inhibition % (20 nM)

pH6.0 pH7.0 pHS8O0 pH60 pH7.0 pHBO

Hg?* 0.98 1.26 0.78 16.5 24.2 14.9
Cd?* 0.90 1.16 0.84 17.0 22.2 11.3
Pb** 0.94 1.23 0.73 5.2 8.8 3.7
crV 0.86 1.15 0.78 11.2 23.2 7.2

Amperometric measurements were performed at pH values between 6.0 and 8.0, at a
fixed applied potential of -0.4 V vs. Ag/AgCl. The sensitivity to all trace metal ions
increased from pH 6.0 to pH 7.0 and at pH 8.0 became lower again. This trend in the GOx
response is the same as without the presence of inhibitors. Hence, pH 7.0 was selected as

the more suitable pH value.
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5.6 Determination of the mechanism of inhibition and analytical
determination of Hg®, Cd**, Pb**, and Cr” ions through enzyme
inhibition

The mode of interaction between the metal ions and the active site of GOX, in the
mechanism of reversible inhibition of Hg?, Cd®*, Pb®* and, Cr”! was deduced from plots of
the percentage of inhibition wversus inhibitor concentration, for various substrate
concentrations. The traditional method requires both Dixon and Cornish-Bowden plots to
fully elucidate the type of inhibition because Dixon plots for mixed and competitive
inhibition are similar and from the Cornish-Bowden plot it is not possible to determine the
inhibition constant for competitive inhibition [126,127]. In the new method [252], the effect
of different substrate concentrations on Iso (concentration of inhibitor necessary to inhibit
50 % of the initial response to the substrate) is evaluated. Here, three different glucose
concentrations: 0.25, 0.5, and 1.0 mM were employed, as shown in Fig. 5.9.

For competitive inhibition, when the substrate concentration increases, the values of
Iso also increase, and the maximum inhibition decreases, observed for Hg?* and Cd**, Fig.
5.9A and 5.9B. On the other hand, when the values of Isy decrease with increasing substrate
concentration, and the maximum inhibition value increases, the mechanism is
uncompetitive inhibition, as seen for Pb?*, Fig. 5.9C. Finally, for mixed inhibition, only a
slight change in Iso occurs, as happens with Cr¥', Fig. 5.9D. For verification purposes, the
mechanism of inhibition was also evaluated from Dixon, and Cornish-Bowden plots; the
same tendency was found. The mechanism of inhibition for each metal ion agrees with that
reported in the literature[253-255].
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Fig. 5.9 Plots for determination of the mechanism of inhibition of the trace metal ions in
0.1 M PB solution (pH 7.0), according to [252], in the presence of three different
concentrations of glucose at applied potential -0.4 V vs. Ag/AgCI.

As seen above, the concentration of the enzyme substrate needs to be carefully
chosen, Fig. 5.9, that gives the response for 0.25, 0.5, and 1.0 mM glucose, shows that for
0.25 mM enzyme-substrate, after the first addition of inhibitor, more than 10 % inhibition
occurs. On the other hand, the maximum inhibition decreases with increase in glucose
concentration, except for Pb?*. Hence, the intermediate concentration of 0.5 mM glucose
was chosen as the best value for inhibitor quantification.

Under these conditions, the trace metal ions were determined at the
GOX/PBGethaline150/MWCNT/GCE biosensor, and the limit of detection was calculated
based on a signal-to-noise ratio of 3 (S/N=3).
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From Fig. 5.9A, the linear range obtained for Hg®* was 2.5-100 nM, with a LOD of
2.30 nM. For Cd®*, Fig. 5.9B, the linear concentration range was 10 -100 nM and the
calculated LOD was 1.75 nM. Fig. 5.9C shows a linear response to Pb?* from 10 -120 nM
presenting a LOD of 2.70 nM. Finally, for Cr*, the linear range was from 2.5-60 nM with
the LOD of 2.44 nM.

The enzyme inhibition constant (K;) was estimated from the equations of the
relationship between Iso and Kj, valid for all type of inhibition, as proposed by Amine et al.
[252], Table 5.3. Hg?*, Cd** and CrV' show the smallest values of K;, which indicates a
greater binding affinity, in agreement with the amount of these metal ions, expressed by I,
necessary to inhibit enzyme activity, demonstrating their higher toxicity. On the other hand,
Pb?* presented a higher value of K;, revealing its weaker inhibitor capability [256].

The analytical performance of the novel GOX/PBGpes/MWCNT/GCE biosensor for
detection of these toxic trace metal ions by the enzyme inhibition strategy was compared
with the most recent relevant recent reports, Table 5.4. The novel biosensor showed
superior electroanalytical performance to those found in the literature with the lowest limit
of detection until now. Furthermore, it does not require any pre-treatment after each
measurement for restoring GOXx activity such as immersion of the electrodes in the buffer

and/or metal chelating agent (EDTA) solution for a long period.

5.7 Selectivity, repeatability, and stability

Concerning biosensor selectivity, potential interferents ions were tested, the cations
(K*, Na*, Fe*, zn**, N#*, Cu?*and Co?") and the anions (NO3", SO, and CI), Fig. 5.10.
Inhibition at the GOX/PBGpesl50/MWCNT/GCE biosensor was tested in the presence of
0.5 mM glucose at the previously optimised applied potential of — 0.4 V vs. Ag/AgCI; the
concentration of the interferents was 200 nM. This value corresponds to the maximum
degree of inhibition achieved by all the trace biotoxic metal ions that are the object of this
study. The degree of inhibition observed with the interferents had no significant influence
on the initial response of glucose, less than 10%, for the high concentration of each

interferent evaluated.
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10 20 30 40 50
Inhibition (%0)

Fig. 5.10 Inhibition caused at GOX/PBG/CNT/GCE by the presence of different interferents
in 0.1 M PB solution (pH 7.0) in the presence of 0.5 mM glucose at applied potential - 0.4
V vs. Ag/AgCI. Concentration of interferents: 200 nM.

The repeatability of the GOXPBGethaiinel50/MWCNT/GCE  biosensor — was
investigated by measuring the same concentration, 20 nM, of each trace metal ion at ten
different modified electrodes prepared in the same way. The relative standard deviations
were less than 4.5 %. The stability of the biosensor was monitored daily by measuring the
response of glucose, during 20 days, after successive inhibition experiments for all metal
ions at the same modified electrode. When not in use, the biosensors were kept in buffer
(PB, pH 7.0) at 4 °C. After 20 days, the glucose response lost just 13 % of its initial value.
However, such a loss of the enzyme activity does not compromise the use and the

effectiveness of the inhibition biosensor.

5.8 Application of the inhibition enzyme based-biosensor for

determination of trace metal ions in contaminated milk samples

To demonstrate the feasibility of the biosensor for food monitoring, the determination

of trace metal ions in milk samples was carried out by the standard addition method.
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Table 5.5 Determination of trace metal ions in milk samples

Metal ion Added Expected Found Recovery
(nM ) (M) (nM ) (%)
Hg?* 20.0 20.0 19.9+0.2 99.5
Cd** 20.0 20.0 20.2+0.1 100.1
Pb** 20.0 20.0 19.8+ 0.2 99.0
cr’ 20.0 20.0 19.8+0.2 99.0

Milk samples were spiked with known amounts of Hg?*, Cd?*, Pb?* and Cr"' ions, and
the recoveries were calculated Table 5.5. The average recovery was in the range 99.5 —
100.1 %, which indicates that the proposed biosensor is efficient for practical applications

with an excellent level of reliability.

5.9 Conclusions

PBG polymer films with unique nanostructures have been successfully synthesised in
a mixture containing 10 % v/iv of water: 90 % v/v ethaline with the addition of 0.1 M
H,SO, in the final DES optimised mixture. The scan rate used during electropolymerisation
was a crucial factor in influencing the nanostructure and morphology, and thence the
electrochemical properties of the resulting PBGethaiine films. Comparison with PBGyq
revealed that all PBG films obtained from ethaline DES exhibited higher redox currents and
a significantly lower charge transfer resistance than PBGz. Among the PBGethaiine films
analysed, the more uniform observed in the SEM images was PBGethaiinel50, which can be
correlated with its superior electrochemical properties, namely the polymer faradaic
currents and lowest charge transfer resistance. The GOX/PBGethaline]l50/MWCNT/GCE
biosensor was used for detection of trace metal ions through enzyme inhibition. The
mechanism of reversible inhibiton was found to be competitive for Hg?* and Cd**,

uncompetitive for Pb?* and mixed for CrY'. The novel enzyme inhibition biosensor
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exhibited a lower limit of detection than the biosensors reported in the literature, with good
selectivity and stability. It was successfully applied for detection in milk samples with

excellent recoveries, which augurs well for its use in environmental trace metal ion
monitoring.
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Chapter 6

Poly (brilliant cresyl blue) (PBCB) - ethaline deep eutectic solvent/carbon

nanotubes characterisation and biosensing applications

This chapter concerns the development, characterisation and application of a novel
nanocomposite based on poly(brilliant cresyl blue) (PBCB) films formed on carbon
nanotube modified glassy carbon electrodes by using fixed potential potentiostatic (PTD)
and potentiodynamic cycling (PDD) -electropolymerisation methods. The polymerisations
were carried out in acid-doped ethaline deep eutectic solvent (DES) solution or aqueous
medium. Different ionic species, ie. NOs, SO4%, CI, ClOs were added to the
polymerisation solution, and their influence on polymer growth was assessed. The effect of
scan rate on PBCBpgs films was also investigated. Furthermore, the influence of deposition
time and applied potential on the rate of growth during potentiostatic polymerisation and on
the electrochemical properties of the polymer films were also studied. The nanocomposite
films produced in different experimental conditions were characterised by scanning
electron microscopy, cyclic voltammetry and electrochemical impedance spectroscopy.
Under optimal conditions, the PBCBpgs-aCid/MWCNT and PBCB;/MWCNT
nanocomposite films were used as electrode support for the enzymes glucose oxidase and
tyrosinase for the biosensing of glucose and catechol, respectively. A comparison between
biosensors with polymer films produced by both deposition methods was carried out. The
best sensing platform was chosen as enzyme support for choline oxidase for biosensing of
choline and of the organophosphorus pesticide dichlorvos through the enzyme inhibition
strategy.

This research led to the publication of two articles, [257] and [258], (Electrochimica Acta
317(2019)766-777) and (Sensors Actuators B Chemical 12(2019) 126862 (1-9).
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6.1 Potentiodynamic PBCB film deposition

6.1.1 Influence of the composition of the polymerisation solution on PBCB
film growth

The electrodeposition of PBCB by potential cycling electropolymerisation can be
influenced by factors that include the composition of the supporting electrolyte, pH,
monomer concentration, temperature, applied potential, scan rate, etc. Figs. 6.1A-6.1E
show CVs for the electropolymerisation of BCB on MWCNT/GCE in an ethaline-acid
solution containing different acids as anion sources, H,SO4, HNO3, HCI, HCIO4 and, for
comparison, in 0.1 M PB (pH 7.0) + 0.1 M KNO3 aqueous solution, at a scan rate of 50 mV
s, BCB species oxidise at high potentials (~ +0.80 V), and it has been proposed that the
amino group oxidises to form a cation radical. The cation radicals are cross-linked by
electropolymerisation via a C-N coupling reaction forming stable PBCB [259,260]. Thus,
in this work, the potential range chosen was from -0.6 V to +1.0 V vs. Ag/AgCI. In all
polymerisation media, the CV shows an increase of the peak currents with increasing
number of cycles indicating nucleation and growth processes [261].

For CV of BCB electrodeposited on MWCNT/GCE in ethaline-acid, Fig. 6.1A-D,
three redox couples marked as la/l¢, 4/l and 114/l appear. The ./l couple is assigned to
the oxidation/reduction of the monomer units trapped in the polymer film and the other
redox pairs are due to alternating oxidised and reduced repeat units in the polymer
structure. The unpaired electrons can be localized at either the nitrogen atom or the other
carbon atoms in the benzene ring. The cation radicals are more concentrated near the
electrode surface; their diffusion rate is high, they may find a neutral monomer to react with
or, more likely, they react with other radicals forming dimers and trimers. This new
structure can undergo deprotonation and form intermediate polymerisation products [262].

For BCB electropolymerised in aqueous solution, Fig. 6.1E, only two redox peaks are
seen, I/l and 1ly/1l;; the redox peaks l./lc continuously decrease with the number of cycles
while 1/l increases and there is no formation of intermediates. Interestingly, the redox
peaks of PBCB electrodeposited on MWCNT/GCE from ethaline-acidic media (pH 2.0) are

at more positive potentials than those of PBCB electrodeposited in aqueous solution (pH
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7.0). This means that the redox process is directly related with protons being released into
the solution from the polymer during its oxidation, and vice versa for reduction. This
behaviour has also been found for other polyazines e.g., poly(methylene blue),
poly(brilliant green), poly(Nile blue), and for polyaniline [170,263,264].

The mechanism of electropolymerisation of BCB on MWCNT has been reported
elsewhere in the literature [260,265,266]. The sidewall curvature of MWCNT, the n-n
conjugative structure and highly hydrophobic surface, allow them to interact with BCB
monomer, through m-m interactions and/or hydrophobic interactions. Electrostatic
interactions can also occur at sufficiently high pH, due to carboxylate groups at the defects
and extremities of the functionalized MWCNT attracting the positively charged amino
groups of BCB. In the acidic polymerisation media used here, the former mechanism will
take place. The formal potential (E° = (Epa + Epc)/2) of the monomer units within the
polymer film structure was calculated from the redox couple I4/l¢, in the CVs obtained at 50
mV s scan rate. The formal potential was calculated for the 1st cycle and 30th cycle, and

the values were, vs. Ag/AgCI:
PBCBethaline-H2SO4/MWCNT/GCE: E°1=0.24 V and E®3p=0.26 V;
PBCBethaline-HCUMWCNT/GCE: E®;=0.25V and E®3,=0.27 V;
PBCBethaline-HNO3/MWCNT/GCE: E®;=0.25V and E®30=0.27 V;
PBCBethalineHCIO4/MWCNT/GCE: E®; =0.15V and E®3,=0.16 V;
PBCB./MWCNT/GCE: E°;=-0.084 V and E®3,=-0.073 V.

Only very small differences in the values of the formal potential of PBCB
electrodeposited in the presence of ethaline with different acids are seen, except for HCIO,.
The large difference in the formal potentials for PBCB electrodeposited from aqueous
solution compared with PBCB electrodeposited from ethaline is due to the higher pH. Very
little change in the E© values occurs during polymer growth.
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Fig. 6.1 Potential cycling electrodeposition of PBCB on MWCNT/GCE at scan rate 50 mV
s from a solution containing 0.1 M BCB in: (A) ethaline + 0.5 M H,SOy4; (B) ethaline +
0.5 M HNOg3; (C) ethaline + 0.5 M HCI; (D) ethaline + 0.5 M HCIO4;
(E) 0.1 M KNO3 + 0.1 M PB solution (pH 7.0).
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The polymer growth rate expressed as the ratio between the oxidation peak current in
the thirtieth and the first cycle, laso/las was calculated. For PBCBethaline-
H,SO4/MWCNT/GCE is 10.0, for PBCBethaline-HCVUMWCNT/GCE is 7.3, for PBCBethaline-
HNO3/MWCNT/GCE is 11.7, for PBCBethaline-HCIO4/MWCNT/GCE is 3.2 and for
PBCB./MWCNT/GCE, is 3.9.

From this point of view, HNOj3 is the best acid dopant, closely followed by H,SO,. It
was previously observed [171,267] that NO3 acts as a polymerisation accelerator, and it can
also serve as a shielding agent since it neutralises the positive charge of BCB molecules.
On the other hand, some other anions (CIO,", BF;") are known to form tight ionic pairs with
BCB", precipitating the BCB monomer and/or produce polymer films with an irregular
nanostructure [171,267,268], see Fig. 6.5F.

6.1.2 Influence of the scan rate on PBCB film growth

The influence of scan rate on BCB electropolymerisation in the range 50 to 200 mV
st was investigated in ethaline + HNO3 solution since, in this medium, PBCB exhibited the
best growth profile, Fig. 6.2A-D. The peak currents corresponding to the polymer redox
processes increased with increase of scan rate from 50 to 150 mV s, but decreased at 200
mV st this is in agreement with previous observations for poly(methylene blue) in [242].
This behaviour may be explained as follows. The scan rate during polymerisation
influences the mass transport of the monomer from the solution to the electrode, as does the
viscosity of the solution. In viscous solutions, ion movement is more difficult, but an
increase in scan rate will increase the diffusion of the monomer in the solution towards the
electrode surface owing to the concentration gradient created by its oxidation. However, at
higher scan rates, the monomer cannot be replenished at the electrode surface sufficiently
fast, due to the high viscosity, so that a decrease in monomer oxidation current will be
observed. This will limit polymer growth, and the effect is already seen at 200 mV s™ scan
rate. The formal potential is not influenced by the scan rate, being E°; = 0.25 + 0.02 V and
E®30=0.27£0.02 V.
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Fig. 6.2 Potential cycling electrodeposition of PBCB on MWCNT/GCE from a solution of

0.1

M BCB in ethaline + 0.5 M HNOg3 at different scan rates: (A) 50; (B) 100; (C) 150;
(D) 200 mV s,

The polymerisation growth rate for different scan rates (cycle 30 divided by cycle 1

peak current) was calculated as 11.7, 11.9, 12.5 and 6.4 for 50, 100, 150 and 200 mV s*,
respectively. Thus, among the scan rates investigated for polymer growth, the best was 150

mVv s

! in agreement with results in [242].
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6.2 Electrochemical characterisation of the nanocomposite films

6.2.1 Cyclic voltammetry of the nanocomposite films

To evaluate the electrochemical behaviour of PBCB on MWCNT with a view to
applications, CVs of the modified electrodes were recorded in 0.1 M BR buffer solution
(pH 7.0) at a potential scan rate of 50 mV s. Fig. 6.3A displays CVs of the
PBCB/MWCNT nanocomposite films formed in the various media described in the
previous sections.

The CV profiles of PBCB electrodeposited in ethaline containing different acids
show the same two redox couples, a less well-defined I./l; attributed to entrapped BCB
monomer and a well-defined Il,/Ilc corresponding to the polymer film, while PBCB
electrodeposited in aqueous solution presents just one redox couple l./l; shifted to more
negative potentials; the same tendency was also verified during electropolymerisation.

The CVs clearly evidence that PBCB films obtained in ethaline containing different
acids have higher peak currents, which may be attributed to a greater amount of polymer
electrodeposited than that of PBCB formed in aqueous solution. The peak-to-peak
separation (AE, = Epa - Epc) Was calculated to be 0.08 V in aqueous solution and ~0.13 V in
ethaline-acid media. The surface coverage (I') of the nanocomposites was estimated using
the equation [179]:

I'=Q/nFA (6.1)

where T is the surface concentration (mol cm@), QO is the charge(C) obtained by integrating
the corresponding area of the cathodic peak Il;; after baseline correction, n (=2) is the
number of electrons transferred (calculated in Section 3.5), F is the Faraday constant
(96485 C mol), and A is the electrode geometric surface area (0.00785 cn).

The calculated order of increasing I' values was 9.31 x 10 < 1.04 x 107" < 1.93 x 10”’
<2.31x107 <4.27 x 107 mol cm?, for PBCBa/MWCNT, PBCBethaline-HCIO4/MWCNT,
PBCBcthaline-HCUMWCNT, PBCBethaline-H2SO4/MWCNT and PBCBethaline-HNO3/MWCNT
modified GCE, respectively. The order of these values is in agreement with what is

observed in Fig 6.1, in which the BCB polymerised in ethaline containing NO3™ presented
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the highest increase in current during polymerisation. Fig. 6.3B shows CVs for PBCBpgs
HCIO,/MWCNT/GCE with PBCB electrodeposited at different scan rates from 50 to 200
mV sl As expected, the peak currents increased with increase of electropolymerisation
scan rate up to 150 mV s, where the highest peak current was achieved, decreasing for 200

mvV s?.

g]®

—— Aqueous

'10- —T1 . 1 *+ 1 T r 1 r Tr_ r Tr °r T _ T T 7
1,0 -08 06 -04 -02 00 02 04 06 08 10
E/V vs. Ag/AgCl

1916 I

—150mVs*

——200mVs*

——100mVs*

c — 50mVs?

1.0 -0.8 -0.6 -04 02 0.0 02 04 06 0.8 1.0
E/Vvs. Ag/AgCI

Fig. 6. 3(A) CVs of PBCBegthaine-acid modified MWCNT/GCE in 0.1 M BR buffer solution

(pH 7.0) at 50 mVs™; (B) CVs of PBCBethaline-HNO3 modified MWCNT/GCE, for PBCB

films formed at different scan rates: from 50-200 mVs™ in 0.1 M BR buffer solution (pH
7.0) at 50 mvst.
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The values of AE, for PBCBethaline-HNO3 films were 0.133 V, 0.113 V, 0.102 V and
0.110 V for films electrodeposited at 50, 100, 150 and 200 mV s. Mirroring the trend in
polymer film growth, the AE, values decrease with increasing scan rate up to 150 mV st
The surface coverage (I') was estimated to be 4.27 x 1077 < 4.84 x 107 < 5.74 x 107" > 5.05
x 107" mol cm?, for PBCBpes-HNO3 electrodeposited at 50, 100, 150 and 200 mV s,
respectively. Therefore, the electropolymerisation of PBCB in ethaline containing NO3™ at
150 mV s? scan rate led to the formation of polymer/MWCNT structures with the best
electrochemical properties.

6.2.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was used to examine the interfacial
properties of the PBCB films electrodeposited under different experimental conditions. The
measurements were carried out at an applied potential of - 0.10 V vs. Ag/AgCI, chosen
from cyclic voltammograms recorded at the modified electrodes, Fig. 6.3A, corresponding
to the approximate formal potential value for oxidation/reduction of the polymer, peaks
I1:/1lc. BR buffer solution (0.10 M, pH 7.0) was used as supporting electrolyte, the same as
for characterisation by cyclic voltammetry.

In all cases, the spectra obtained present three regions: a semi-circular part at high
frequencies corresponding to the electron transfer processes and two linear parts at medium
and lower frequencies corresponding to diffusional and charge separation phenomena,
respectively. The spectra in the low-frequency region are very similar for all types of
modified electrode; the main differences only appearing in the high-frequency region.

Complex plane impedance spectra are illustrated in Fig. 6.4A, for PBCB polymer
films obtained from ethaline + different acids (H,SO4, HNO3, HCI and HCIO,4) and aqueous
solution (PB+KNO3), and Fig. 6.4B are spectra of PBCB films obtained at different scan
rates (50, 100, 150 and 200 mV s*). The spectra were all fited to the electrical circuit
depicted in Fig 6.4C. The circuit comprises a cell resistance, Rq, in series with a parallel
combination of a resistance R; and CPE; which is modelled as non-ideal capacitor
expressed by CPE = 1 / (ioC)*, where C is the capacitance, o is the frequency in rad s and

the exponent, 0.5 < a <1, reflects the surface non-uniformity and roughness of the
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modified electrodes, o =1 corresponding to a perfect uniform and smooth surface [150].
The constant phase element (CPE;) and the resistance (R;) are associated with the processes
which occur at the electrode/modifier interface at high frequencies. The intermediate
frequency region is modelled by a mass transport finite-diffusion Warburg element Z\y. The
Warburg element, Z,, results from the equation: Z,, = Rpcth[ti®)*] X [tim)*], where a <
0.5, and is characterised by a diffusional time constant (t), a diffusional pseudocapacitance
(Cp) and a diffusional resistance (Rp = t/Cp) [150]. For low frequencies a second constant
phase element was used, CPE,, corresponding to the charge separation at the modifier
film/solution interface and within the film. Values of the circuit parameters obtained by
fitting the spectra are presented in Table 6.1.

The charge separation processes occurring at the electrode/modifier interface are
influenced by the nanocomposite structures, reflected by the different values of CPE;
obtained. For all PBCB polymer films prepared in ethaline, there is a decrease in Ry values
accompanied by an increase in Ci, attributed to greater charge separation, and easier
electron transfer compared with PBCB films produced in aqueous solution. Values of R;
decrease in the order: (PBCBa/MWCNT/GCE) > (PBCBethaiine-HCIOs/MWCNT/GCE) >
(PBCBethaline-HCUMWCNT/GCE) > (PBCBegthatine-H2SO4/MWCNT/GCE) > (PBCBethatine-
HNO3s/MWCNT/GCE), the fastest electron transfer occurring at PBCBethaline-
HNO3s/MWCNT/GCE. The average a; ~ 0.85, for films obtained in ethaline, reflects a
relatively high surface uniformity of the polymer films at the nanometric scale.

For PBCB films formed in aqueous solution, oy was 0.77, revealing a less smooth
film, as also verified in SEM analysis, see below. The values of R; for PBCBethaline-
HNO3s/MWCNT/GCE obtained at different electropolymerisation scan rates were in the
order: 50 mV st > 100 mV s > 200 mv s > 150 mV s, Values of CPE; also show a
scan rate dependence, in the inverse sense, with films prepared at 150 mV s giving the

highest charge separation. This is in agreement with the CV results.

152



-Z" 1 kQem?

0.12

_AAA, Zw { CPE, —

Fig. 6.4 Complex plane impedance spectra at PBCB/MWCNT/GCE in 0.1 M BR buffer
solution (pH 7.0), PBCB film synthesised (A) at 50 mV s in (O0) 0.1 M KNO3 + 0.1 M PB
solution (pH 7.0); (») ethaline + 0.5 M H,SOy4; (O) ethaline + 0.5 M HCI; (©) ethaline +
0.5 M HCIOy4; (V) ethaline + 0.5 M HNO3, (B) in ethaline + 0.5 M HNOg3 at scan rates:
(1) 50; (V) 100; (O) 150 and (@) 200 mV s. (C) Electrical equivalent circuit

used to fit the spectra.
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The values of diffusional resistance obtained from the Warburg element increased
at polymer films electrodeposited in ethaline compared with those in aqueous solution,
spectra in Fig. 6.4A, which may be attributed to a thicker film, as also observed from
the values of t, which were also a bit higher. The exponent « calculated from the
Warburg element was close to 0.45, as usually found in thin films [269]. From fitting
the spectra in Fig. 6.4B, the scan rate seems to have little influence on diffusional
resistance values.

In relation to CPE,, the trend is the same as for CPE;. Varying the acid dopant
significantly influences the values, being highest for HNO3, and the values of a, also
increase, being very similar for H,SO, and HNOj3 dopants. There is not much influence

of scan rate on CPE, or the «, values.

6.2.3 Effect of pH on peak current and peak potential at the modified
electrodes

Due to the presence of amino groups in polyazines, protons are involved in the
electrode reactions. Hence, the effect of solution pH at PBCBpes-HNO3/MWCNT/GCE,
with PBCB electrodeposited at 150 mV s, was investigated by differential pulse
voltammetry (DPV) in 0.1 M BR buffer solution in the pH ranging from 3.0 to 10.0.
The parameters used in DPV were: amplitude 10 mV, step potential 2 mV, scan rate 50
mV st and pulse time 10 ms.

As seen in Fig. 6.5A, with increase in pH, the oxidation peak potential (Epa) shifts
linearly to negative potentials, according to the equation: Eps/V = 0.32 — 0.056 pH, the
slope of = 56 mV pH*, Fig. 6.5B, indicating an equal number of protons and electrons
participating in the oxidation process. DPV also demonstrated that the peak current
increases with increase in pH up to pH 7.0, where the highest response is exhibited, and
then decreases. Therefore, this pH was selected for further experiments.

The peak width at half-height (W1) gives an indication of the reversibility of
electrode reaction and the number of electrons involved. The value of Wy, in pH 7.0 BR
buffer solution was estimated to be 42 + 3 mV (three measurements), suggesting that
the total number of electrons transferred in the oxidation of the electroactive centres in

the polymer is equal to 2, together with 2 protons.
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Fig. 6.5 (A) Differential pulse voltammograms at PBCBpes-HNO3/MWCNT film

modified electrodes in BR buffer solution at different pH values (from 3.0 to 10),

recorded at 50 mVs™. Amplitude 10 mV, step potential 2 mV/, pulse time 10 ms.
(B) Plots of oxidation peak currents and peak potentials vs. pH, data from Fig. 6.5A.

There are contradictory reports in the literature regarding the number of electrons
involved in BCB oxidation, the number seeming to be dependent on the electrode
support material and experimental conditions. It was found that the electron transfer is a
one-electron process in [171,270], but a 2 electron process in [166,265], in agreement

with what was obtained here.
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6.2.4 Effect of the scan rate at modified electrodes

The effect of the scan rate in 0.1 M BR buffer solution, pH 7.0 was investigated at
PBCBpessHNO3s/MWCNT/GCE with PBCB films electrodeposited at different scan
rates namely, 50, 100, 150 and 200 mV s* and with PBCB,/MWCNT fim
electrodeposited at 150 mV s™*.

254
194
131

(o2}
1

j/ mAcm?®
2.2

-13_-
_19_-
_25_-
10 -08-06-04-02 00 02 0.4 0.6 0.8 1.0 12
E/Vvs.Ag/ AgCl

0.04

& 003
5002 |
Lo.01q &
] =0.00

~ —

a 04 -0.01] I
o V]

-2 0.02

-4 -0.03

6] C 0.04 ‘ ‘ ‘ ‘ ‘
O] 000 002 004 006 008 010
-8 v/Vvs?
-10
-12 T T T T T T T T T T T T T T T
0.00 0.02 0.04 006 008 010 0.12 014 0.16

v/Vs?

Fig. 6.6 (A) CVs for PBCBethaiine-HNO3s/MWCNT modified GCE in 0.1 M BR buffer

solution (pH 7.0) at scan rates 10-100 mV s™); (B) Plots of peak current vs. scan rate.

The anodic and cathodic peak currents increase with increase of scan rate from
10-100 mV s*, as illustrated in Fig. 6.6A for the PBCBethaline-HNO3/MWCNT/GCE
with film electrodeposited at 150 mV s, and which exhibited the highest peak currents.
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For all nanocomposite films, there is a linear relationship between the anodic peak
current, lpa and the cathodic peak current, lpc, with scan rate, v, Fig. 6.6B, as also
observed in [271,272] for other PBCB modified electrodes. The following equations
were obtained: for the redox couple (la/lp) jpia= 0.006+0.26 v and jp1,= 0.007- 0.32 v and
for the redox couple (I1a/llp) jpna= 0.05+42.1 v and jpup = - 0.23- 31.2 v, where the
current densities (j) are expressed in mA cmi? and the scan rates (v) are in V s2.

The relationship log (jpiia / MA cm?) vs log (v / V s) (not shown) was plotted for
all modified electrodes. The slopes (S) were calculated to be 0.98, for
PBCB,/MWCNT/GCE at 150 mV s, for PBCBetnaline-HNO3/MWCNT/GCE the values
were 0.96 (50 mV s%): 0.96 (100 mV s%), 0.97 (150 mV s™*), and 0.96 (200 mV s%), all

close to the theoretical value of 1.0, characteristic of a surface-confined process [145].

6.3 Morphological characterisation of the nanostructured films

The morphology of the nanostructured PBCB films electrodeposited in ethaline in
the presence of different acids as anion source and in aqueous solution was examined by
SEM, Fig. 6.7. SEM images of MWCNT without, Fig. 6.7A, and with polymer
electrodeposited, Fig. 6.5B-6.5F, were recorded. Fig. 6.5A shows the MWCNT
morphology prior to polymer deposition, with the presence of agglomerates of MWCNT
entangled bundles, of uniform diameter and smooth surface, and without any indication
of metallic catalysts obtained from their synthesis, which indicates the success of the
acid treatment. An SEM image of PBCB electrodeposited on MWCNT in aqueous
solution is shown in Fig. 6.7B. The diameter of the MWCNT increases after deposition
of the PBCByq film, as observed by comparing the SEM images before and after PBCB
electrodeposition. However, a non-uniform and very thin film is formed, that is, BCB
polymerisation from aqueous solution did not change the owverall morphology of the
MWCNT surface revealed by the presence of some exposed MWCNT bundles in the
composite film, as also reported in [273-275] for other polyazines synthesised in
aqueous solution.

Figs. 6.7C-6.7F show the morphology of PBCB films electrodeposited in
ethaline-DES in the presence of different acids as anion source, namely HNO3 H,SOy,
HCIl, and HCIO4. In contrast to aqueous solution, the use of DES for BCB
polymerisation shows the formation of rough and compact nanostructures covering all
the MWCNT bundles for all four systems evaluated.
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Fig. 6.7 SEM micrographs on carbon film electrodes of (A) Multi-walled-carbon
nanotubes (MWCNT); (B) PBCBa/MWCNT nanocomposite film; (C) PBCBethaline-
HNO3/MWCNT nanocomposite film; (D) PBCBethaline-H2SO4/MWCNT nanocomposite
film; (E) PBCBethaline-HCVMWCNT nanocomposite film; (F) PBCBethaline-
HCIO4/MWCNT nanocomposite film.
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This can explain their enhanced electrochemical properties, namely the higher polymer
oxidation and reduction currents in CVs and the lower charge transfer resistance in EIS
compared with PBCB synthesised in aqueous solution, Fig. 6.3A and Table 6.1.
Furthermore, the use of different anion sources played an important role in the
nanocomposite film morphology. PBCBethatine-HNO3/MWCNT presents a more uniform
surface than the other nanocomposite films that may explain the best electrochemical
performance. PBCBethaline-H2SO4/MWCNT nanocomposite film reveals the presence of
a thicker film and less uniform surface with the presence of agglomerates. PBCBethaline-
HC/MWCNT nanocomposite film has a relatively smooth surface but appears brittle,
that may be responsible for its lower stabilty and less good electrochemical
performance than PBCBethaline-HNO3s/MWCNT and PBCBethaline-H2SO4/MWCNT.
PBCBethaline-HCIO4/MWCNT presents an irregular sponge-like surface, which may be
due to a change in the mechanism of polymer deposition in the presence of CIO, that,
during the initial formation of the polymer film, hinders direct access of unreacted
monomers to the electrode surface leading to formation of an irregular, thinner and less

conductive film than the other polymer films prepared in ethaline [276].

6.4 Application of the PBCBpes-HNO:/MWCNT nanocomposite film in

enzyme biosensors

After optimisation of the best conditions for PBCB electrodeposition in DES and
corresponding  film  characterisation, application of the nanocomposite-modified
electrode (with PBCB electropolymerised at scan rate 150 mV s) in enzyme biosensors
was investigated. Fixed potential amperometry was carried out by successive addition of
glucose or catechol aliquots in buffer, and the corresponding enzyme (GOX or Tyrase
immobilised on PBCBethaline-HNO3/MWCNT/GCE) catalysed response measured, see
Fig 6.8A and 6.9A, respectively. For comparison, the enzymes were also immobilised
on PBCB:/MWCNT/GCE and unmodified GCE, as described in the experimental
section. All experiments were repeated three times; each set of measurements consists
of 16 successive analyte injections. No enzyme leaching from the electrode was

observed after these measurements.
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6.4.1 Amperometric enzyme biosensor for glucose determination

Fig. 6.8B displays calibration plots at the glucose oxidase biosensors following
sequential additions of glucose under continuous stirring at an applied potential of - 0.4
V vs. Ag/AgCI in 0.1 M PB solution (pH 7.0), as in [277]. To compare the sensitivity of
the three biosensor configurations GOX/PBCBethaline-HNO3s/MWCNT/GCE,
GOx/PBCB.,/MWCNT/GCE and GOX/GCE, the same amount of glucose oxidase was

immobilised on all types of electrode.
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Fig. 6.8 Typical amperometric response of (A) GOX/PBCBethaline/ MWCNT/GCE
biosensor to glucose at-0.4V, and (B) Corresponding calibration plots for the
biosensors with enzyme immobilised on PBCBethaiine and PBCB,q modified
MWCNT/GCE. Insert: GOx /GCE.
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The first biosensor assembly, with PBCB deposited in DES, exhibited the highest
sensitivity of 700 pA cm? mM™ and the lowest limit of detection of 2.9 uM. The
second, with PBCB deposited in aqueous solution, had a 30 % lower sensitivity of
500 pA cm? mM? and higher limit of detection of 4.2 pM. GOX/GCE showed
significantly inferior analytical parameters: a sensitivity of 5.0 pA cm? mM™ and limit
of detection of 12.1 uM. The apparent Michaelis-Menten constant, Ky, is the
concentration corresponding to half the maximum, saturation response of the biosensor.
Km can be estimated as around 80 puM for the first two biosensor assemblies with PBCB
and around 400 uM for the GCE without it.

Comparison ~ of  the  analytical  parameters of  GOXPBCBethaline-
HNO3s/MWCNT/GCE with the most recent glucose oxidase-based electrochemical
biosensors was made. The novel approach offers better characteristics (limit of detection
and sensitivity) than other glucose biosensors recently reported in the literature. For
example, when GOx was adsorbed onto a nanoporous TiO; film layer on the surface of
an iron phthalocyanine (FePc) vertically-aligned CNT-modified electrode, the biosensor
exhibited a sensitivity of only 8.25 pA cm®> mM™, the linear range was from 50 uM to
4.0 mM and a much higher detection limit of 30 uM [278].

Mani et al. [279] developed a biosensor for glucose, by immobilisation of GOXx on
electrochemically reduced graphene oxide-MWCNT hybrid modified GCE; the
sensitivity of this biosensor was 7.95 pA cmi? mM™, the linear range was 10 pM — 6.5
mM and the limit of detection was 4.70 uM. Luo et al. [280] proposed a glucose
biosensor, by immobilisation of GOx on a reduced graphene oxide/PAMAM-silver
nanoparticles nanocomposite (RGO-PAMAM-Ag), the sensitivity being 75.75 pA cm?
mM™, the linear range was between 320 pM and 6.5 mM and the limit of detection 4.50
uM, higher than in this work.

6.4.2 Amperometric enzyme biosensor catechol determination

The same platforms were used to prepare Tyrae biosensors for the amperometric
detection of catechol. Amperometric measurements were carried out in 0.1 M PB
solution (pH 7.0), at an applied potential of -0.2 V vs. Ag/AgCI, as in [281]. Aliquots of
known concentration of catechol were injected into the electrochemical cell under
stirring, as for glucose and Fig. 6.9B shows the corresponding calibration plots. The
TYrase/PBCBethatine-HNO3/MWCNT/GCE presented the best performance for catechol
determination, as occurred for glucose with GOx, with the highest sensitivity of 750 pA
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cm? mM™* and lowest limit of detection of 3.9 uM. The Tyrae/PBCB:/MWCNT/GCE

biosensor exhibited a sensitivity of 330 pA cm> mM™ and a limit of detection of 5.3 uM

whereas Tyr/GCE presented a sensitivity of 30 pA cm mM™ and a limit of detection of

43 uM. The values of Ky are around 80 puM for the first two biosensor assemblies with
PBCB and around 1000 uM for GCE without PBCB.
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Fig. 6.9 Typical amperometric response of (A) Tyrase/PBCBethaline/ MWCNT/GCE
biosensor to catechol at -0.2 VV vs. Ag/AgCI in PB (pH 7.0). (B) Corresponding
calibration plots for the biosensors with enzyme immobilised on PBCBethaline and
PBCB,q modified MWCNT/GCE. Insert: Tyrase /GCE.
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The analytical parameters of the Tyrase/PBCBethaiine-HNO3/MWCNT/GCE
biosensor were also compared with the most recent biosensors reported in the literature.
Tembe et al [282] dewveloped an electrochemical biosensor for catechol using
Tyrosinase enzyme entrapped in an agarose—guar gum composite matrix with sensitivity
1 pA cm®> mM?, the linear range was 65 uM — 1.0 mM and a limit of detection of 6 pM.
Lopez and Ruiz [283] proposed a biosensor based on the immobilisation of Tyr,e onto
microparticles prepared by polymerisation of the ionic liquid 1-vinyl-3-ethyl-
imidazolium bromide (VIiEtIm'Br") for catechol determination having a sensitivity of
17.96 pA cm?® mM™?, the linear range was from 39 uM to 2.5 mM and a limit of
detection of 20 uM. Ldépez and Merkogi [284] also developed a biosensor for catechol
determination using Tyrae immobilised on MWCNT decorated by magnetic
nanoparticles modified screen-printed electrode with a sensitivity of 4.8 pA cm? mM™,
the linear range was between 10 uM — 120 pM and limit of detection of 7.61 uM.

Additional experiments were performed to evaluate if the absence of oxygen
influences the electroactivity of the PBCBpes-HNO3/MWCNT for both GOx and Tyrase
for glucose and catechol biosensing. Cyclic voltammograms were recorded in the
presence and absence of oxygen, and no significant changes were observed, either in the
voltammograms shape or in the peak current. Compared with other sensors used for
biosensing glucose and catechol, the proposed platform exhibited the lowest limit of
detection, highest sensitivity and comparable linear range. These results also suggest
that the novel PBCBpes-HNO3s/MWCNT platform has the best affinity for enzyme
immobilisation, presenting an excellent performance for enzyme electrochemical

biosensors.

6.5 Potentiostatic PBCB film deposition

Poly(brilliant  cresyl blue) films were also formed on MWCNT/GCE
potentiostatically at a fixed applied potential, and a comparison was carried out with
PBCB films electrodeposited potentiodynamically by potential cycling at 150 mV s*, as
optimised in Sections 6.1 to 6.3. The following terminology will be used to distinguish
the electropolymerisation methods: PBCB"'P (potentiostatic deposition of polymer
film) and PBCB"PP (potentiodynamic deposition of polymer film). Polymerisation was
carried out in ethaline DES-HNOj3 solutions and aqueous solution. For the optimisation

of the best conditions for PBCB film electrodeposition in potentiostatic mode, the
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influence of composition of the polymerisation solutions, applied potential and

deposition time were investigated.

6.5.1 Influence of the applied potential and deposition time

The applied potential used for the potentiostatic, fixed potential, polymer
synthesis has a significant influence on the amount of polymer film formed. Fig. 6.10
shows chronoamperometric curves (j — t) of PBCBenaine ' °-HNO3;  film
electrodeposition at values of the applied potential of 0.8, 1.0 and 1.2 V vs. Ag/AgCl,
during 300 s (the PBCBethaiine’ ' >-HNOj3 films did not grow when less positive potentials

were employed).
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Fig. 6.10 Potentiostatic formation of PBCB films on MWCNT/GCE from solutions
containing 0.1 mM BCB in 0.5 M HNO3 — ethaline (A) at different applied potentials
(0.8,1.0and 1.2 V vs. Ag/AgCI) for 300 s. (B) CVs of PBCB films in 0.1 M PB (pH

7.0) at 50 mV s formed at different applied potentials.
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Fig. 6.11 Potentiostatic formation of PBCB films on MWCNT/GCE from solutions
containing 0.1 mM BCB in 0.5 M HNOj3 — ethaline (A) for 900 s deposition time. (B)
CVs of PBCB films during different electropolymerisation times.

The curves show the characteristic profile of potentiostatic polymerisation. First,
there is a rapid increase in current attributed to double layer charging and oxidation of
monomer close to the electrode surface and following this, when the current begins to
decay, nucleation takes place accompanied by continuous and gradual polymer growth.

The higher initial currents with increasing applied potential reflect a higher rate of
nucleation. An increase in applied potential during potentiostatic polymerisation may
result in two opposite effects. One is an increase in the polymerisation rate as mentioned
above. The other effect is the enhancement of degradation processes by overoxidation at
more positive potentials, influencing the polymer’s electrochemical activity, equivalent

to the loss of a certain amount of polymer.
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That this happens is shown by the lower peak currents in the CV of the PBCBpes-
HNO3 films, Fig. 6.10A, obtained at 1.0 and 1.2 V vs. For 1.2 V polymerisation
potential, the peak currents in the CV profile are not as well-defined as for 1.0 V.
Similar behaviour has been reported for other polymers e.g., PEDOT and polypyrrole
[285,286].

The surface coverages (I') were calculated to be: 3.72 x 107 < 4.23 x 107 < 5.05 x
107" mol cm?, for PBCBpes-HNOj3 electrodeposited at 1.2, 1.0 and 0.8 V respectively.
The electrochemical response of the PBCBethaline-HNO3 films obtained at 0.8 V s.
Ag/AgCI was higher and was chosen as the best.

The influence of the deposition time on the amount of PBCBpgs-HNO3 film
formed was also assessed. PBCBpessHNO3 films were electrodeposited at 0.8 V vs.
AgQ/AQCI, as previously optimised, Fig. 6.11A and deposition were stopped after
periods of 100, 300, 600 and 900 s. The CV profile of the polymer films, Fig. 6.11B, all
present two redox couples (la/lc and Il/1l;), in which on increasing the deposition time
from 100 to 300 s, a significantly greater amount of polymer film is deposited, as
revealed by higher peak currents. For longer deposition times of 600 and 900 s, the peak
currents have almost the same magnitude as for 300 s, indicating little further
deposition. The surface coverage (I') was calculated to be 2.15 x 10, 5.80 x 107, 5.82 x
1077, and 5.85x 10" mol cm? for 100, 300, 600, and 900 s deposition time, respectively.

Thus, a deposition time of 300 s was chosen as optimum.

6.5.2 Influence of the electrodeposition mode on PBCB film

morphology

Fig. 6.12 shows SEM images of PBCB films on MWCNT-modified carbon film
electrodes produced under the optimized conditions described previously. The
morphology of the PBCB films depends considerably on the -electropolymerisation
method and the medium in which it was carried out.

In aqueous medium and for the PBCByq" P film, Fig. 6.12A, only a small amount
of polymer is electrodeposited with incomplete coverage. The owverall morphology of
the MWCNT surface did not change, revealed by the presence of some exposed
MWCNT bundles in the nanocomposite film, as also reported in [273,274,287].
Conversely, the PBCB, '° film, Fig. 6.12B, revealed a thicker morphology covering all
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MWCNT bundles indicating a greater polymer film mass, besides the presence of some
globular-like shape nanostructures.

The difference in the morphologies of the PBCB films may be attributed to a
secondary nucleation process on the previously-formed polymer, often found for
potentiostatic electrodeposition [288]. Polymer films formed in ethaline DES-HNO3 by
the two electropolymerisation methods present a more compact surface than PBCB
films prepared in aqueous solutions. However, in the case of PBCBgtnaiine-HNO3"PP
film, Fig. 6.12C, some irregularities are observed with a rougher surface. For the
PBCBethatine-HNO3" TP, Fig. 6.12D, a completely smooth and uniform surface was

obtained.

Fig. 6.12 SEM micrographs of PBCB films on MWCNT/CFE electrodeposited in: (A)

0.1 M KNO3 + 0.1 M PBS (pH 7.0) at 150 mVs; (B) 0.1 M KNO3 + 0.1 M PBS (pH

7.0) at 0.8 V vs. Ag/AGCI during 300 s; (C) ethaline + 0.5 M HNO3 at 150 mVst; (D)
ethaline + 0.5 M HNO3at 0.8 V vs. Ag/AgCI during 300 s.
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The structures with greater roughness observed for the film grown by
potentiodynamic mode are most likely associated with the effects of the entry and
expulsion of counter ions during each voltammetric cycle. Under potentiostatic
conditions, the polymer grows continuously at a faster rate, and the counter-ions are
accumulated throughout the whole polymerisation procedure and a smoother surface is

formed. These results are in agreement with the observations of Zhang et al. [288].

6.6 Application of ChOx/PBCB,qand ChOx/PBCBpgs-HNO; biosensor
to choline detection

Choline biosensors were prepared by immobilising choline oxidase on the four
types of optimised PBCB modified MWCNT/GCE, i.e., PBCB formed by potentiostatic
and potentiodynamic modes and, for each, prepared in DES or aqueous medium, as
discussed above. Amperometric measurements of choline for the different biosensor
configurations were carried out in 0.1 M PB solution, pH 7.0, at an applied potential of
-0.3 V vs. Ag/AQCI as optimised in [289], in which 3.5 mg mL™* ChOx was used as
enzyme loading. A typical chronoamperogram for the response to choline at
ChOX/PBCBpes-HNOs"T°/MWCNT/GCE is shown in Fig. 6.13A, evidencing an
increase of the change in cathodic current with increase of choline concentration for all
biosensor assemblies tested. Fig. 6.13B displays calibration plots for all biosensor
configurations with the corresponding analytical parameters summarised in Table 6.2.

As observed, the highest sensitivity of 107 pA cm? mM™ and lowest limit of
detection  (LoD) 1.55 uM  was reached at the ChOX/PBCBegthaline-
HNOs"TP/MWCNT/GCE biosensor, following the linear regression equation: Aj(uA cm
) = 0.61 + 0.11 [choline](uM). For the ChOX/PBCBethaline-HNO3" °P/MWCNT/GCE
biosensor the sensitivity was 77 pA cm?> mM™and the LoD was 1.91 uM, where
Aj(RA cm®) = 0.35 + 0.077 [choline](uM).

The ChOX/PBCBaqPTD/MWCNT/GCE biosensor presented a sensitivity of 41 pA
cm? mM? and LoD of 2.43 pM, with Aj(pAcm?®) = 0.69 + 0.041[choline](LM).
Finally, the ChOX/PBCB,q "' "/MWCNT/GCE biosensor had the lowest sensitivity of 21
uA e mM ™ and LoD 3.41 puM, with Aj(rA cmi?) = 0.05 + 0.021 [choline](uM).

The ChOX/PBCBethatine-HNO3"PP/MWCNT/GCE biosensor has the best or similar
electrochemical performance compared with some of the most recent ChOx biosensors
for choline determination found in the literature.
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Fig. 6.13 (A) Amperometric response of ChOX/PBCBethaline-HNO3" P biosensor to
choline. (B) Calibration curves for choline in 0.1 M PBS (pH 7.0) at —0.30 V for:
(a) ChOX/PBCBethaline-HNO3" TP/MWCNT/GCE biosensor; (b) ChOX/PBCBethaline-
HNO3"PP/MWCNT/GCE biosensor; (c) ChOX/PBCB,q ' "/MWCNT/GCE biosensor;
(d) ChOX/IPBCB,q °® MWCNT/GCE biosensor.
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Table 6.2. Analytical performance of different biosensor configurations towards

choline.
Biosensor Configuration on LOD/ Sensitivity /
MWCNT/GCE uM pA cm? mMt
ChOX/PBCB,, "°° 3.41 21
ChOX/PBCByq """ 2.43 41
ChOX/ PBCBethaline-HN O3 ™" 1.91 77
ChOX/ PBCB gthaline-HNO3 ' 1.55 107

*PPP_ polymer films electrodeposited by potential cycling, 30 cycles

*PPT_ polymer films electrodeposited at fixed potential: 0.8V during 300s

For instance, an amperometric choline biosensor consisting of choline oxidase
immobilised on a PB-FePO, nanocomposite modified GCE, exhibited a sensitivity of
752 pA mM ' cm? and LoD of 0.4 uM [290]. Yang et al. [291], developed a bi-
enzymatic biosensor for choline determination based on ChOx and horseradish
peroxidase (HRP) immobilised on polythionine film modified carbon paste electrodes;
the sensitivity of this biosensor was 0.75 pA mM ' cm? and LoD was 3.0 uM. Rahimi
et al. [292], proposed a choline biosensor by immobilisation of ChOx on RTIL/NH;-
MWCNT/GCE; the sensitivity being 125.8 pA mM * cm 2 and with LoD of 3.85 puM.
Yu et al. [293], also developed a biosensor based on the immobilisation of ChOx on
manganese dioxide (MnO;) nanoparticle modified GCE, which exhibited a sensitivity of
786 8 pA mM ' and LoD of 5.0 pM. Thus, ChOX/PBCBethaiine-
HNO3"PP/MWCNT/GCE was chosen as the best biosensor configuration for inhibition

studies.

6.7 Inhibition measurements
6.7.1 Influence of the pH, applied potential, and enzyme loading

The dependence of the degree of inhibition on pH was assessed in the pH range
from 6.0 to 8.0. The response of the biosensor to 20 nM dichlorvos, in the presence of
0.5 mM choline, varied significantly with pH as illustrated in Fig. 6.14A. The inhibition
measurements were initially carried out at an applied potential of -0.3 V vs. Ag/AgCI

and 3.8 mg mL™' enzyme loading. As can be observed, the change in amperometric
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response due to inhibition rises with increase of pH from 6.0 to 7.0, where the
maximum is reached, and then decreases again. Thus, pH 7.0 PB solution was chosen
for further inhibition experiments.

The influence of the applied potential was also assessed by measuring the
amperometric response to 20 nM dichlorvos using the same concentration of choline
and ChOx at fixed potentials ranging from -0.4 to + 0.2 V vs. Ag/AgCI, Fig. 6.14B. The
response to dichlorvos increases from -0.4 to -0.3 V vs. Ag/AgCI and then decreases as

the applied potential was shifted to less negative potential values. The highest degree of
inhibition is exhibited at-0.3 V vs. Ag/AgCI, which was chosen as optimum.
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Fig. 6.14 Influence of (A) pH and (B) applied potential on the amperometric response to
20 nM dichlorvos in 0.1 M PBS at ChOX/PBCBethalineHNO3" ' "/MWCNT/GCE
biosensor in the presence of 0.5 mM choline. (C) Calibration plots for the determination
of dichlorvos in 0.1 M PBS pH 7.0 for three different ChOx concentrations in the
presence of 0.5 mM choline. Applied potential - 0.3 V vs Ag/AgCI.

172



The enzyme concentration can also influence the enzymatic activity under
inhibition conditions. The effect successive additions of dichlorvos on the response to
0.5 mM choline was tested by measuring the activity for three different loadings of
choline oxidase (ChOx) (1.0, 2.5 and 3.5 mg mL?*) immobilised on PBCBethaline-
HNO3;"T® MWCNT/GCE. Fig. 6.14B shows calibration plots and an increase of the
sensitivity to inhibitor is clearly observed when the ChOXx concentration was increased:
628, 764 and 950 pA cm? pM™ for 1.0, 2.5 and 3.5 mg mL? enzyme loading,
respectively. The highest sensitivity was achieved for 3.5 mg mL™? ChOx immobilised
on PBCBegthaline-HNO3"TPMWCNT/GCE and therefore was chosen as optimum and used
in further enzyme inhibition experiments.

6.7.2 Mechanism of inhibition and analytical performance of the

inhibition biosensor for dichlorvos detection

To study the mode of interaction between the dichlorvos and the active site of
ChOx, the same graphical method used at PBGethalinel50/MWCNT/GCE biosensor for
the determination of reversible inhibition type was employed. Three choline
concentrations, namely 0.3, 0.5 and 1.0 mM, were used, as shown in Fig. 6.15A. After
successive additions of known concentration of dichlorvos in the presence of different
concentrations of choline; the values of Isp decreases whilst the substrate concentration
increases, and maximum inhibition increases, tendency characteristic of an
uncompetitive mechanism of inhibition [252]. The mechanism of inhibition was also
evaluated from the classical Dixon and Cornish-Bowden plots. The Dixon plot, Fig.
6.15B1 showed parallel lines and Cornish-Bowden plots, Fig. 6.15B2, showed an
intersection of the lines on the left side of the y-axis, above the inhibitor axis, both in
agreement with the uncompetitive inhibition mechanism.

The enzyme inhibition constant (K;) was estimated by equation 6.3, from the
relationship between lso and K;, for an uncompetitive inhibition mechanism, as proposed
by Amine et al [252].

where Ky = 39.2 puM, is the Michaelis-Menten constant of the enzyme without the

presence of inhibitor and [S] = 0.5 mM, is the substrate concentration.
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The enzyme inhibition constant (K;) was calculated to be 19.8 nM, close to the
value obtained from the intercepts of the curves of the Cornish-Bowden plots, 19.2 nM,

corresponding to good agreement between the two approaches.
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Fig. 6.15 (A) Plots for determination of the mechanism of inhibition of dichlorvos in 0.1
M PB (pH 7.0), according to [252], for three different concentrations of choline.
(B) Cornish-Bowden (B1) and Dixon (B2) plots for three different concentrations
of choline. Applied potential -0.3 V vs. Ag/AgCI.
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Amperometric  measurements  of  dichlorvos at the ChOX/PBCBethaline-
HNO3;" T°PMWCNT/GCE were carried out in 0.1 M PB, pH 7.0 at an applied potential of
- 0.3 V vs. Ag/AQCI, as previously optimised. As seen above, the concentration of the
enzyme substrate can greatly influence the degree of inhibition for each inhibitor
aliquots injected. Thus, the concentration of the enzyme substrate needs to be carefully
chosen. Independently of the mechanism of inhibition, a higher concentration of the
enzyme substrate can lead to a decrease of enzyme inhibition by the inhibitor. On the
other hand, when the concentration of the substrate is low, saturation of the enzyme
activity is observed in the presence of low inhibitor concentrations, compromising its
response. To minimise these effects, an intermediate value of 0.5 mM choline, Fig.

6.15A, was chosen for calibration plots.
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Fig. 6.19 (A) Differential pulse voltammetry for oxidation of dichlorvos at PBCBetnhatine-
HNO3" T°PMWCNT/GCE in 0.5 M Na,SOy4, recorded at 5 mVs™*. Amplitude 10 mV,
step potential 2 mV, pulse time 10 ms. (B) Calibration plots for voltammetric

determination of dichlorvos.
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In some inhibition studies, the limit of detection is calculated based on a signal-to-
noise ratio of 3 (S/N=3) and others consider l1p value (concentration necessary for 10 %
inhibition of the initial response of the substrate). The LoD and l1o were calculated to be
1.59 and 9.96 nM, respectively. From the linear response between 2.5 and 60 nM, the
following equation was obtained: Aj (WA cm?) = -1.47+1.15 [dichlorvos] (nm).
Independently of the method of calculation, the present biosensor exhibited the lowest
of the detection limits reached until now for dichlorvos detection, see Table 6.3.

Besides this, the novel ChOX/PBCBethaiine-HNO3"T® /MWCNT/GCE biosensor
has several advantages, such as easy preparation, fast response, and low applied
potential compared with the other biosensors for dichlorvos detection in Table 6.3.

Furthermore, it did not require any kind of special procedure for restoring the
ChOx activity such as immersion of the electrodes in buffer solution and/or successive
potential scans, to restore the original activity.

Additional experiments were also carried out for direct detection of dichlorvos by
differential pulse voltammetry, Fig. 6.19A. The peak current increased linearly with
dichlorvos concentration in the range from 0.8 to 30 uM, Fig. 6.19A. The linear
equation was calculated as Aj (WA cm 2) = 0.16+0.26 [dichlorvos] (uM) with a limit of
detection of 0.65 uM. However, the limit of detection achieved is not as low as the
nanomolar detection limit obtained by the enzyme inhibition method, that can quantify

concentration values less than those considered hazardous for living organisms.

6.8 Repeatability, stability, and selectivity

Repeatability and stability are also important factors for practical application of
enzyme biosensors. Good repeatability with a relative standard deviation (RSD) less
than 5.0 % was obtained by evaluation of five different ChOX/PBCBethaline-
HNO3"T°/MWCNT/GCE biosensors by the injection of the same concentration of
dichlorvos, 20 nM. Additionally, the stability of the ChOx biosensor was assessed by
monitoring the 0.5 mM choline amperometric response after 10 consecutive injections
of 20 nM dichlorvos every day for 20 days. After 20 days the choline response still
retained 95.6 % of the initial response, demonstrating excellent stability of the
biosensor. To identify potential interferents and selectivity of the ChOX/PBCBethaline-
HNOs"T°/MWCNT/GCE biosensor, interference studies were carried out in the

presence of several interfering species, which are known to be able to inhibit enzyme
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activity and which could be present in waters or agricultural produce. These were trace
metals ions (Cu?*, Fe**, N#*, Co?*, Cd**, Hg**, and CrV') and the pesticides cyanazin

and terbutryn, Fig. 6.16.
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Fig. 6.16 Inhibition caused at ChOX/PBCBenaine-HNO3" T °/MWCNT/GCE by the
presence of different interferents in 0.1 M PB (pH 7.0) in the presence of 0.5 mM
choline at applied potential - 0.3 V vs. Ag/AgCI. Concentration of interferents: 100 nM.

The inhibition caused by each interferent was evaluated in independent
experiments in relation to the initial response to 0.5 mM choline at an applied potential
of — 0.3 V vs. Ag/AgCI, as previously optimised; the concentration of each interferent
injected in the electrochemical cell was 100 nM. The degree of inhibition for all
interferents tested had no significant influence over the initial response of choline, less
than 5%. In general, the ChOX/PBCBpes-HNOs"T°/MWCNT/GCE biosensor exhibited
good selectivity towards the dichlorvos response, which suggests its use for monitoring

trace dichlorvos in agricultural produce, and for monitoring in water.

6.9 Application of ChOx/ PBCBeaine-HNO3" > biosensor for dichlorvos

determination in orange juice
To evaluate the feasibility of the biosensor for environmental monitoring,
application to the determination of dichlorvos in orange juice by the standard addition

method was examined. Prior to measurements, the extracted orange juice was strained

through a fine mesh sieve.
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Table 6.4. Recovery test of dichlorvos spiked in orange juice.

Added Expected Found Recovery
Sample
/ nM /[ nM / nM (%)
1 10 10 10.22 + 0.04 102.2
2 20 20 19.94 + 0.02 99.7
3 30 30 31.05+0.04 101.5

Afterwards, the orange juice was centrifuged at 14,000 rpm for 20 min, then the
supernatants were collected and kept at 4 °C before use. The juice samples, after pre-
treatment, were spiked with three known concentration of dichlorvos, Table 6.4. The
average recovery was in the range of 99.7 — 103.2%, which indicates the efficient

applicability of the biosensor for practical analysis.

6.10 Conclusions

PBCBpes films were electrodeposited by fixed potential and potentiodynamic
cycling electropolymerisation. SEM studies demonstrated that morphology of the
nanostructures obtained are greatly dependent on the composition of the polymerisation
solutions and electrodeposition mode, which the polymer films produced from ethaline-
HNO;z in potentiostatic mode showed a smoother and more compact surface. The
enzymes GOx and Tyrse were immobilised on PBCBethaline-HNO3s/MWCNT/GCE
(PBCBpes film electrodeposited by potentiodynamic cycling electropolymerisation),
presenting excellent biosensing performance for glucose and catechol. PBCBpes
electrodeposited by fixed potential also demonstrated excellent biosensing properties
towards choline and this configuration was used for detection of dichlorvos through
ChOx enzyme inhibition. The novel enzyme inhibition biosensor exhibited a lower limit
of detection, in the nanomolar range, with good selectivity and stability, than those in
the literature. These results demonstrated that the novel nanocomposite developed is a
promising sensing platform for enzyme immobilisation and fabrication of novel enzyme

biosensors.
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Chapter 7

Conclusions and Perspectives

The research undertaken in this work concerned the development of novel
electrode architectures and their applications as electrochemical sensors and/or
biosensors, having as goal the efficient use of the different conducting nanomaterials
and preparation procedures to improve the electrochemical sensing properties of the
modified electrodes proposed. Below follows a summary of the principal results

obtained together with perspectives and suggestions for future research work.

A novel and simple electrode configuration based on AuUNP dispersed in a
MWCNT-chitosan network deposited in one step on CGE substrate is proposed to
investigate the electrochemical behaviour of theophylline (TP). The optimised AuUNP-
MWCNT).25/GCE sensor showed the best electrocatalytic effect for the oxidation of TP,
exhibiting the greatest enhancement of the oxidation peak current, which can be
attributed to the larger effective surface area and the synergetic effect obtained by the
efficient aggregation of AuNP on the MWCNT network that increased the conductivity.
The sensor showed similar analytical performance to other modified electrodes but
offers the important advantages of lower detection potential, easy and fast preparation
and less complex architecture. It was successfully applied to determine TP in
commercial samples with very good recoveries, which indicates its application to
therapeutic drug monitoring of TP and in the quality control of tea.

An easy to prepare and sensitive novel nanocomposite modified electrode based
on the electrochemical deposition of poly-(8-anilino-1-naphthalene sulphonic acid)
together with attached AUNPgeen by polymerisation of the monomer together with the
gold nanoparticles was dewveloped. The nanocomposite was  successfully
electrodeposited on both gold electrode and glassy carbon electrode surfaces. The
modified electrodes were used to develop an impedimetric sensor and an amperometric
biosensor by the immobilisation of tyrosinase for the detection of the biogenic amine
tyramine.  Electrochemical impedance was demonstrated to be a wvery sensitive
electrochemical technique for the analytical determination of tyramine. The

impedimetric sensor proposed possesses good selectivity, reproducibility, stability and
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high selectivity, with fast response and low micromolar limit of detection. The novel
amperometric biosensor exhibited a low limit of detection and a wide linear range,
similar to values found for more complex architectures. From the Hill constant h > 1, a
strong interaction between the enzyme and the electrode substrate was revealed, as well
as from the Michaelis-Menten profile. The developed biosensor showed good
selectivity, stability, repeatability. Furthermore, both electrochemical approaches were
successfully applied to determine tyramine in commercial food products with good
recoveries, auguring well for their use in food safety control.

Ethaline deep eutectic solvent (DES) was successfully used as medium for the
electropolymerisation of brilliant green (BG) and brilliant cresyl blue (BCB) (PBCB
prepared in both potentiodynamic and potentiostatic mode) on MWCNT modified
glassy carbon electrodes. The ethaline DES permitted the formation of polymer
nanostructured films with superior sensing characteristics compared with films formed
in aqueous solution. The optimised sensitive nanocomposites were used as support for
enzyme biosensing applications.

A glucose (GOXx) inhibition biosensor for trace metal ion detection based on
poly(brilliant green) — ethaline deep eutectic solvent/MWCNT exhibited a lower limit of
detection, with good selectivity and stability, compared with those in the literature. The
mechanism of reversible inhibition was investigated, and was found to be competitive
for Hg?" and Cd**, uncompetitive for Pb** and mixed for Cr¥'. To confirm the sensitivity
and applicability of the novel biosensor approach, the modified electrode was
successfully applied to trace metal ion detection in contaminated milk samples with
excellent recoveries.

Brilliant cresyl blue was successfully electropolymerised in ethaline-DES
permitting the formation of polymer nanostructured films with superior electrochemical
performance compared with films formed in aqueous solution in both potentiostatic and
potentiodynamic polymerisation modes. The composition of ethaline-acid solutions and
the mode of deposition had an important role in PBCB growth, also influencing their
nanoscale morphology, and thence electrochemical behaviour. For potentiodynamic
deposition, the polymer films electrodeposited in ethaline-HNO3; presented a more
uniform morphology and better electrochemical performance than with the other acid
dopants studied. The influence of scan rate was also an important factor in polymer
electrodeposition, PBCBethaiine electrodeposited at 150 mV s* exhibited the best

electrochemical characteristics. The enzymes GOx and Tyrae Were immobilised on
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PBCBethatine-HNO3/MWCNT/GCE (PBCBegtnaiine electrodeposited at 150 mV s™), which
presented excellent biosensing performance for glucose and catechol determination.

PBCBethaline-HNO3 films electrodeposited in potentiostatic mode presented a
smoother and more compact nanostructure than those prepared by potentiodynamic
mode, which also influenced in its electrochemical sensing properties. These were
found to be the best in the construction of a choline biosensor and its application to
determine dichlorvos by enzyme inhibition. The mechanism of choline oxidase
inhibition by dichlorvos was found to be uncompetitive, in agreement with the classical
Dixon and Cornish-Bowden plots. The novel enzyme inhibition biosensor exhibited a
lower limit of detection than reports in the literature, in the nanomolar concentration
range, with good selectivity and stability, and was successfully applied to dichlorvos
detection in orange juice with excellent recoveries. These properties demonstrate that
this novel nanocomposite film modified electrode is very promising for future
applications in electrochemical enzyme biosensors.

Future perspectives, regarding continuation of the present direction of research in
sensors and biosensors as well as other related topics, could include:

- Investigation of electropolymerisation of other phenazines such as neutral red,
Nile blue, methylene green, etc. in different eutectic solvents besides ethaline (e.g.
reline and glyceline) on metallic and semiconductor nanoparticle or other carbon based-
material modified electrodes. After characterisation and optimisation of the film
preparation, their catalytic properties towards detection of various analytes can be
exploited to develop novel electrode architectures for sensing applications. Moreover,
due to their excellent properties as redox mediators, they could possibly be exploited as
an efficient signal amplification strategy for electrochemical immunosensor and enzyme
biosensor assemblies for the detection and monitoring of physiologically important

analytes such as cancer and cardiac biomarkers, and neurotransmitters.

- New strategies for electrode modification, such as electrospinning of conducting
polymer nanofibres modified with metal nanoparticles or carbon based-materials,
leading to a web of conductive nanofibres. The nanofibres will be electrospun onto
different electrode substrates, such as metals (e.g. gold, copper, platinum), boron-doped

diamond electrode, glassy carbon, etc. After optimisation and appropriate chemical
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functionalisation; the new conducting nanomaterials will be used as electrode substrates

for immobilising different oxidase enzymes for biomedical sensing applications.

- New strategies for enzyme immobilisation without loss of activity will be
explored, particularly involving the encapsulation and cross-linking methods. The sol-
gel technique for enzyme immobilisation will also be optimised and tested by analysing
the physical properties of various oxysilane sol-gel precursor mixtures. Furthermore, the
layer-by-layer (LBL) self-assembly strategy will be also assessed. A general process of
LbL assembly consists in assembly between cationic polyelectrolytes and anionic
proteins (enzyme) as an example. The LBL self-assembly process results in films of
nanometer-scale thickness and can be conducted in an aqueous solution under mild
ambient conditions. The driving force for the LbL assembly is mainly electrostatic
interaction, but hydrogen bonding and metal coordination, can also be used. It should be
possible to align the enzymes on the surface to maximise access to the active centre.
Other advantages of this strategy include enzyme functional stability, and more efficient

use of enzymes.
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