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ABSTRACT
This thesis reports the synthesis of different nanocomposites such as multiwall carbon nanotubes
incorporated with iron oxide nanoparticles, polyaniline nanofibers incorporated with cobalt oxide
nanoparticles, amino functionalized copper metal organic frameworks and polyethylene oxide-
silica-cobalt oxide nanofibers. Different synthesis methods that includes in-situ flame synthesis,
interfacial polymerization, precipitation oxidation, amorphous MOF-mediated recrystallization
approach and electrospinning method were used. The characterization of these nanocomposites
was carried out using Transmission Electron Microscopy (TEM), Scanning Electron Microscopy
(SEM), Energy-Dispersive X-Ray Spectroscopy (EDX), X-Ray Diffraction Spectroscopy (XRD),
Fourier Infrared Spectroscopy (FTIR), Ultraviolet-Visible Spectroscopy and Raman Spectroscopy.
The synthesized nanocomposites were further used to develop electroanalytical methods for
qualitative and quantitative analysis of malaria biomarker (B—Hematin, Plasmodium falciparum
histidine-rich protein 2) and antimalarial drugs (primaquine, proguanil). All the electrochemical
studies were done using a conventional three electrode electrochemical workstation. A glassy
carbon electrode, platinum wire and Ag/AgClI/KCl were used as working, counter, and the

reference electrode, respectively.

The first electroanalytical method was based on the application of multiwall carbon nanotubes-
iron oxide nanocomposite for electrochemical detection of proguanil in pharmaceutical
formulation. Differential Pulse Voltammetry (DPV) and Cyclic Voltammetry (CV) were used to
study the electrochemical oxidation of proguanil. The selectivity of the sensor was investigated in
the presence of organic and inorganic interfering agents. Furthermore, spiked human urine samples
and pharmaceutical formulations were used to evaluate the utility of the sensor. Under optimum
conditions, the sensor showed a detection limit of 1.96x10® M. The second part involved the
fabrication of an electrochemical sensor with polyaniline-cobalt oxide nanofibers for simultaneous
detection of antimalarial drugs (primaquine and proguanil) using Differential Pulse Voltammetry
and Cyclic Voltammetry. Additionally, the practical applicability of the sensor was studied in
human urine with different interfering agents. Under optimum conditions, this developed method

gave a detection limit of 2.07 nM and 1.42 nM for primaquine and proguanil, respectively.

The third electroanalytical method involved the fabrication of amino functionalized copper metal

organic frameworks for electrochemical detection of malaria biomarker (B-Hematin).

XXIV



Electrochemical studies were carried out using Electrochemical Impedance Spectroscopy (EIS),
Cyclic Voltammetry and Diffractive Pulse Voltammetry. Additionally, the feasibility of the
modified electrode was investigated in some organic and inorganic interfering species. Under
optimum conditions, a detection limit of 4.08 uM was obtained. Lately the fourth part was based
on the fabrication of electrospun polyethylene oxide silica cobalt oxide nanofibers for
electrochemical detection of malaria biomarker (Plasmodium falciparum Histidine-Rich Protein
2). Electrochemical Impendence Spectroscopy was used to study the electrochemical behavior of
the biosensor towards Plasmodium falciparum Histidine-Rich Protein 2. A detection limit of 12
ag/mL and 18.3 ag/mL was obtained for Plasmodium falciparum Histidine-Rich Protein 2 in

phosphate buffer saline and sheep blood serum respectively.

All the developed electroanalytical methods showed good reproducibility, selectivity, and

sensitivity towards the selected analytes.
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CHAPTER ONE

1.1 INTRODUCTION

1.1.1 Overview of malaria cases

Malaria is a parasitic disease, which has become public health problem. This disease is mostly
found in tropical and subtropical areas as shown in Figure 1:1. In the year 2000, the World Health
Organization (WHO) reported approximately 262 million cases of malaria in which 839 000
resulted in death [1-3]. Fifteen years later in 2015, nearly 214 million cases of malaria were
reported in which 469 000 resulted in death [2—4]. From the year 2000 to 2015 there is a decrease
in the number of cases of about 48 million. Although the number of cases decreased, malaria is
still a dominant disease in tropical and sub-tropical countries. In 2018 an estimated 228 million
cases of malaria were reported worldwide, 405 000 cases resulted in death. Most of the malaria
cases are reported in Africa with 213 million cases of which 380 700 resulted in death, nineteen
countries with the world's biggest malaria problem are in sub-Sahara Africa and India, and account
for 85% of the global burden[4,5]. Figure 1:2 represent the estimated number of cases and death

caused by malaria.

Malaria can be prevented and treated using different strategies as recommended by WHO.
However the lack of rapid diagnostic tools with good selectivity and sensitivity is still a challenge.
Another problem is high prevalence of counterfeit antimalarial drugs. These drugs are dominant
in most African countries since the cost of medicine is high and some countries lack good quality

control and verification processes.



Figure 1:1 World malaria map [5]

Figure 1:2 (A) 2010-2018 World Health Organization (WHO) global estimated malaria cases (B)
global estimated malaria death [3,5]

1.1.2 Role of nanomaterials in electrochemical sensors

Several analytical methods have been reported for the detection and quantification of malaria and
antimalarial drugs. For diagnosis of malaria WHO recommends the use of parasite-based
diagnostic testing such as microscopy or rapid diagnostic tests. While quality control for

antimalarial drugs is done using different methods such as reflectance and refractive index,



colorimetry, spectroscopic techniques, chromatography and mass spectroscopy. However most of
these methods are time consuming and require tedious sample preparation methods. They also
require a high level of technical expertise and complex laboratory equipment. Therefore, there is
a need to develop a rapid, selective, and sensitive method for qualitative and quantitative analysis

of malaria biomarkers and antimalarial drugs.

In the past decade, significant progress has been made in the development of nanomaterials-based
electrochemical sensors for the detection of various diseases and pharmaceutical drugs. The
interesting properties of nanomaterials that make them suitable to be used in electrochemical
sensors include a high surface-to-volume ratio, high adsorption, and reactive capacity.
Nanomaterials also provide platforms for immobilization of biomolecules, catalysis of
electrochemical reactions, enhancement of electron transfer rate, and labeling of biomolecules [6—
8]. These properties result in improved selectivity, sensitivity, reproducibility, and stability of

electrochemical biosensors and chemical sensors.

Nanocomposites material have been studied in recent years because of their unique and fascinating
properties. These unique properties arise from the synergistic effect of the individual components
that make up the composite. The choice of individual materials is based on their unique physical,
chemical and biological properties. In this thesis nanocomposites of different metal oxides
nanoparticles (MONps), metal organic frameworks (MOFs), carbon nanotubes (CNTs), polymer
nanofibers and conducting polymers (CP) were used to develop electrochemical sensors for

quantification of selected antimalarial drugs and malaria biomarkers.

Metal organic frameworks were selected because of these properties: high porosity, high
crystallinity, large surface to volume ratio, tunable pore size and are compatible for immobilization
of biomolecules. Carbon nanotubes were selected because of their fast electron transfer rate, high
surface area, and wide electrical potential window. Conducting polymers are known to have
special properties such as flexibility, scalability, resistance to corrosion and they can be moulded
for a particular need. These polymers have a wide range of electrical conductivity which is similar
to that of metals. The unique properties of metal oxide nanoparticles includes higher surface area,
mechanical strength, and lower melting point make them suitable to be used in electrochemical
sensors. Metal oxide nanoparticles enhance the electron transfer between redox centers in proteins

and electrode surface because they have good conductivity. The catalytic property of metal and
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metal oxide nanoparticles is also useful in electrochemical sensors because they act as catalysts to

increase electrochemical reactions.

1.1.3 Electrochemical techniques used in chemical and biosensors

In electrochemical methods, the detection occurs between the interface of the analytes and the
modified working electrode. Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV),
Linear Sweep Voltammetry (LSV), Square Wave Voltammetry (SWV), and Electrochemical
Impedance Spectroscopy (EIS) are among the commonly used electrochemical techniques during
the development of an electrochemical sensor. These techniques have several advantages such as
wide linear concentration range, consumption of small reagents, real-time monitoring of analytes
and they are easy to use [9]. They also have high sensitivity with good precision and accuracy.
Cyclic voltammetry is based on changing the applied potential of the working electrode in both
the forward and reverse direction while measuring the corresponding current [9—11]. While
differential pulse voltammetry uses a series of potential pulses with a fixed pulse amplitude that is
superimposed on a slowly increasing potential staircase [9—11]. The current is measured just before
and after the application of each pulse. In square wave voltammetry, the square is superimposed
on a potential staircase [9—11]. The square wave pulse consists of a forward and reverse pulse. The
difference between the forward and reverse currents is measured. In linear sweep voltammetry, the
current is measured while the potential between the working and reference electrode is swept
linearly in time [9]. In electrochemical impedance spectroscopy, the change in impendence on the

surface of the working electrode is measured [11].

1.1.4 Properties of nanomaterials

The term nanotechnology was coined in 1974 by Professor Nario Taniguchi. This was inspired by
the 1959 talk titled ‘there’s plenty of room at the bottom’’ given by the Noble laureate Richard
Feynman at the American Physical Society Meeting [12]. Over the years, advances have been
made in understanding the physical, chemical, and biological properties of nanomaterials.
Nanotechnology is usually referred as a field that deals with the manipulation of matter at a scale
that is within 1-100 nm [13—15]. Depending on the overall shape, nanomaterials can be classified
as 0D, 1D, 2D, and 3D. There are different types of nanomaterials that have been reported to date.
These nanomaterials can be grouped as organic, inorganic, and hybrid nanomaterials as shown in

Figure 1:3. The unique properties of nanomaterials that make them different from their bulk



counterparts include high surface to volume ratio, size, shape, tunable pore size, crystallinity,
solubility, and size distribution [16-20]. Also, nanomaterials have unique surface chemistry such
as zeta potential, tension, charge, and reactive sites [16,18,20]. Thus these properties make them
suitable for different applications such as diagnostic tools, wastewater treatment, energy,
biological fields, and catalysis. Although nanomaterials are used in different fields, their properties
are mostly influenced by the composition, degree of purity, size, shape, and agglomeration. These

factors can be controlled by varying various parameters during the synthesis process.

Figure 1:3 Classification of nanomaterials

1.1.5 Synthesis and properties of selected nanomaterials

Several methods can be used to synthesize nanomaterials. These methods can be categorized as
the bottom-up and top-down approach. The top-down approach involves the breaking down of
bulk material to required sizes and shapes [13,21]. This is normally done by lithographic processes
such as grinding, sputtering, and laser ablation [13,21]. In the bottom-up approach, the required
structures are formed molecule by molecule or atom by atom through supermolecular or covalent
interactions [13,21,22]. Common methods for the synthesis of nanofibers, carbon nanotubes, metal

organic frameworks, and conducting polymers are described below.

1.1.5.1 Nanofibers
Nanofibers are defined as solid fibers with diameters that range from a few hundred to nanometers
[23]. These fibers are also long with lengths of up to several meters. The application of nanofibers

in filters, food, energy, packaging, medicine, diagnostics, and textile is increasing due to their
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special properties [24,25]. These properties include high specific surface area, controllable
morphology, high porosity, and large aspect ratio [23]. They also have good encapsulation
efficiency, biocompatibility, and high chemical and thermal stability. Several methods such as
phase separation, electrospinning, mechanical drawing, met blowing, temple-assisted and self-
assembly techniques are being used to fabricate nanofibers [26-31]. In this study, the
electrospinning method was used because it is cost-effective, versatile, and produces continuous
nanofibers. The morphology and diameter of the nanofibers can be controlled by changing
spinning parameters such as applied voltage, tip to collector distance, flow rate, and needle
diameter [32—34]. Also, the polymer viscosity, molecular weight, concentration, conductivity, and
incorporation of nanomaterials play a crucial role. The electrospinning technique is made up of
four components (high voltage power supply, syringe pump, needle, and conductive collector) as
shown in Figure 1:4. The principle of electrospinning is based on applying a high voltage to a
polymer solution inside a syringe pump which results in the ejection of continuous nanofibers from

the tip of the needle to the conductive collector [35].

Polymer Solution Nanofibers

dle|d uonv3||oD

M
—

Applied Voltage

Figure 1:4 Typical electrospinning technique [36]

1.1.5.2 Metal-organic frameworks

Metal-organic frameworks (MOFs) are crystalline porous materials formed by coordination
between metal ions and organic linkers. These materials have unique properties that make them be
used in various applications such as sensing, catalysis, energy storage, wastewater treatment,
biomedical imaging, and drug delivery [37-39]. The attractive features of MOFs include; high

porosity, high crystallinity, large surface to volume ratio, and tunable pore sizes [20,40—42]. These



features of MOFs can be improved by compositional manipulation, pre-synthesis modulation,
morphology control, and post-synthetic treatment. Metal-organic frameworks can be synthesized
using several methods such as microwave, hydrothermal, electrochemical, and mechanochemical
methods. During the synthesis process, the most important parameters include temperature, pH,
concentration, solvent, metal ion, capping agent, and organic linkers [42—45]. In this study
hydrothermal method was selected to synthesize MOFs. The hydrothermal method involves the
use of an autoclave as shown in Figure 1:5. The autoclave is made up of a stainless steel chamber
lined with Teflon material. This method has several advantages such as the ability to dissolve the
reactant by adjusting the temperature and applied pressure. The size, shape, and size distribution
can be preciously controlled by varying these reaction parameters. This approach is also a reliable

method to produce crystalline nanomaterials.

Figure 1:5 Diagram of the autoclave used in hydrothermal synthesis [46].

1.1.5.3 Carbon nanotubes

Carbon nanotubes (CNTs) are defined as cylindrical large molecules that are made up of the
hexagonal arrangement of hybridized carbon atoms. Depending on the number of graphene sheets,
carbon nanotubes can be categorized as single-walled, double-walled, and multi-walled. Single-
walled and double-walled carbon nanotubes are made up of a single and a double layer of graphene
sheet with a diameter of 1-3 nm respectively [47,48]. While multiwall carbon nanotubes are made
up of multiple layers of graphene sheets with diameters ranging from 2-50 nm [47,48]. It is

important to note that single-wall carbon nanotubes (SWCNTs) are more stable than multiwall



carbon nanotubes (MWCNTs). This is due to the undefined diameters and inbuilt structural defects
in MWCNTs [47,49]. CNTs are used in different areas such as transistors, capacitors, biosensors,
nanomedicine, and wastewater treatment [50—53]. This is because of their special properties such
as small size, high aspect ratio, high specific surface area, lightweight, good thermal conductivity,
and high electrocatalytic properties [47,53,54]. The method used to synthesis carbon nanotubes
plays a significant role in their length and purity. Different methods such as flame synthesis,
plasma-assisted growth, chemical vapor deposition, laser ablation, arc-discharge, and vapor phase
growth have been used to produce SWCNTs and MWCNTs [47,53-55]. In this study a novel
simply flame synthesis method was used as shown in Figure 1:6. The setup is made up of a source

of fuel, an oxidizer, and a cooling system.

Figure 1:6 Novel simple flame synthesis of multiwall carbon nanotubes

1.1.5.4 Conducting polymers nanostructures

A polymer is defined as a large molecule built up by repetitive bonding together of many smaller
units called monomers [56]. The unique properties of different polymers make them suitable to
be used in different areas such as electrical and biological fields. In the electrical field, polymers
are mostly used as insulators for electrical conducting wires [57]. However, there is a class of
polymers that are called conducting polymers, these polymers have a wide range of electrical
conductivity which is similar to that of metals. Conducting polymers (CP) are defined as a class
of unique polymers that can conduct electricity via the extended conjugation present within their

structure [57-59]. Some of the frequently used conducting polymers include polypyrrole,
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poly(3,4-ethylenedioxythiophene), polyaniline, poly(para-phenylenevinylene), and polyacetylene.
These polymers are characterized by the double bond along their backbone. Electron flow is
possible within the structure of conducting polymers because the electrons in the conjugated
systems are loosely bounded [60,61]. It of importance to note that charge carriers within a polymer
structure play an important role because a conducting polymer is not conductive without the charge
carriers. Since most organic conjugated polymers do not have elemental charge carriers, external

charge carriers are introduced to the polymer structure by a doping process [57].

Conducting polymers are generally obtained by either chemical or electrochemical oxidative
polymerization. Chemical polymerization is mostly used when a large quantity of the polymer is
required. Electrochemical polymerization involves the direct deposition of the polymer on the
electrode that facilitates the analysis. During this process, three stages occur. The first step is the
formation of soluble oligomers in the diffusion layer by the oxidation of monomers at the anode,
this is followed by the deposition of oligomers through nucleation and growth process. Lastly, the

chain propagation by solid-state polymerization occurs [62].

Several studies have reported the synthesis of conducting polymers nanostructures (CPNs) using
the hard-template, soft-template, and template-free methods [63—66]. CPNs have enhanced
electrical, electrochemical, and mechanical properties compared to their bulk counterparts. They
also have a larger surface area and short path lengths for ion transport [65-67]. Due to these
properties conducting polymers nanostructures are applied in different fields such as diagnostic,
energy-related systems, and wastewater treatment plants [65—-67]. The hard-template method is
usually used to synthesis well-controlled and orientated conducting polymers nanostructures [66].
This method involves the use of template membrane and can be applied in both chemical and
electrochemical polymerization. The diameter, length, and thickness of the CPNs are dependent
on the polymerization time, pores, or channels of the membrane. One of the drawbacks of this
method is the post-treatment to remove the template. This may sometimes destroy the formed
CPNs. Also, this method is not preferred for large-scale production since the quantity of the CPNs

is determined by the template membrane.

The synthesis of CPNs by the soft-template method depends on molecular self-assembly. Several
soft-template methods can be used to synthesize CNPs. These methods include reversed-

microemulsion, microemulsion polymerization, block copolymer mediated, and layer by layer
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self-assembly [65—69]. Template-free methods such as interfacial, electrospinning, radiolysis
produces CNPs without the use of a template. This method has some advantages over template-
based methods since there is no need for post-treatment. Also, it is rapid, reproducible, and

scalable. In this study, interfacial polymerization was used.

1.2 RATIONAL FOR STUDY

1.2.1 Problem statement

Malaria is still a major disease in sub-Saharan Africa and South-East Asia. This is despite different
interventions by the World Health Organization (WHO) such as the use of insecticide-treated
mosquito net, antimalarial drugs, indoor residual spraying and rapid diagnostic tools. In 2018, the
mortality rate due to malaria was estimated to be 405 000, with children under the age of 5
accounting for 67% of all malaria deaths. Malaria can be prevented and treated using different
strategies as recommended by WHO. However the lack of rapid diagnostic tools with good
selectivity and sensitivity is still a challenge. Another problem is high prevalence of counterfeit
antimalarial drugs. These drugs are dominant in most African countries since the cost of medicine

is high and some countries lack good quality control and verification processes.

1.2.2 Novelty statement

A new, economic method to synthesis multiwall carbon nanotubes (MWCNTSs) impregnated with
iron oxide nanoparticles was developed. The synthesized nanocomposite was used to modify the
surface of glassy carbon electrode (GCE) for improved electrochemical detection of antimalarial
drug; proguanil. Also in this thesis; for the first-time a method for simultaneous electrochemical
detection of two antimalarial drugs; primaquine and proguanil was reported. A low-cost malaria
biomarker (B—Hematin) was used to develop a highly sensitive electrochemical sensor for early
diagnosis of malaria. f—Hematin is structurally and chemically similar to Hemozoin. An
electrochemical biosensor for early diagnosis of Plasmodium falciparum Histidine-Rich Protein 2
(PfHRP2) was developed. This sensor showed high sensitivity and selectivity with good detection
limit. In this biosensor a new nanocomposite of polyethylene oxide (PEO), Silica and cobalt oxide

(C0304) nanofibers was used.
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1.3 AIM AND RESEARCH OBJECTIVES

In summary, the study focuses on the following aim and objectives:

1.3.1 Aim
To synthesis novel nanocomposites and their application in the development of ultra-sensitive
electrochemical sensors for detection and quantification of selected malaria biomarkers and

antimalarial drugs.

1.3.2 Objectives
Part 1: A simple In-situ flame synthesis of nanocomposite (MWCNTs-Fe>03) for electrochemical

sensing of proguanil in pharmaceutical formulation.

» To synthesize and characterize carbon nanotubes impregnated with iron oxide
nanoparticles using novel flame synthesis method.

» To examine the electrochemical behavior of the modified glassy carbon electrode
(MWCNTs-iron oxide/GCE) in potassium ferricyanide and ferrocyanide redox couple
using Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV).

» To examine the electrochemical behavior of proguanil at MWCNTs-iron oxide/GCE.

» Method development and electrochemical detection of proguanil using MWCNTs-iron
oxide/GCE. Various parameters will be investigated.

» To examine the practical applicability of the developed method in pharmaceutical
formulations.

Part 2: Synthesis of polyaniline-cobalt oxide nanofibers for simultaneous electrochemical

determination of antimalarial drugs: primaquine and proguanil.

» To synthesize and characterize cobalt oxide nanoparticles using precipitation oxidation
method.

» To synthesize and characterize polyaniline (PANI) nanofibers using interfacial
polymerization.

» To synthesize and characterize polyaniline-cobalt oxide nanofibers using interfacial

polymerization.
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» To examine the electrochemical behavior of the modified glassy carbon electrode PANI-
Co304/GCE in potassium ferricyanide and ferrocyanide redox couple using
Electrochemical Impedance Spectroscopy (EIS).

» To examine the electrochemical behavior of proguanil and primaquine at PANI-
C0304/GCE.

» Method development and simultaneous electrochemical detection of primaquine and
proguanil using PANI-C0304/GCE. Various parameters will be investigated.

» To examine the practical applicability of the developed method in human urine samples.

Part 3: Synthesis of amino functionalized copper metal organic framework (Cu-MOFs) for

electrochemical detection of malaria biomarker (B—Hematin)

» To synthesize and characterize amino functionalized copper metal organic frameworks
(Cu-MOFs) nanorods using an Amorphous MOF-Mediated Recrystallization Approach
(AMMRA). The effect of pH on the size and shape of Cu-ABDC MOFs will be
investigated.

» To synthesize and characterize a malaria biomarker (B—Hematin).

» To examine the electrochemical behavior of the modified glassy carbon electrode (Cu-
MOFs/GCE) in potassium ferricyanide and ferrocyanide redox couple using
Electrochemical Impedance Spectroscopy (EIS).

» Method development and electrochemical detection of fB—Hematin using Cu-MOFs/GCE.
Various parameters will be investigated.

Part 4: Electrospun polyethylene oxide-silica-Co304 nanofibers for electrochemical detection of

Plasmodium falciparum histidine-rich protein 2.

» To fabricate 2D and 3D polyethylene oxide-silica-cobalt oxide nanofibers from colloidal
solution using electrospinning technique.

» To evaluate the effect of calcination temperature on the morphology of polyethylene oxide-
silica-cobalt oxide nanofibers.

» To examine the electrochemical behavior of the modified glassy carbon electrode (PEO-
silica-C0304/GCE) in potassium ferricyanide and ferrocyanide redox couple using

Electrochemical Impedance Spectroscopy (EIS).
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>

>

To functionalize the surface of the modified electrode using mercaptopropionic acid
(MPA), N-hydroxysuccinimide and N-ethyl-NO-(3-dimethylaminopropyl carbodiimide).
Immobilization of specific antibody for Plasmodium falciparum Histidine-Rich Protein II
on the functionalized electrode. The concentration of the antibody will be optimized.
Method development and electrochemical detection of Plasmodium falciparum Histidine-
Rich Protein 2 using functionalized PEO-silica-Co304/GCE. Various parameters will be
investigated.

To examine the practical applicability of the developed method in sheep blood serum.

1.4 THESIS OUTLINE

>

Chapter one: General introduction, rationale, objectives of the study and the outline of the
thesis.

Chapter two: Consist of the literature review about role of malaria biomarkers, recent
developments in nanomaterial-based electrochemical and colorimetric biosensors. Also,
electrochemical sensors for detection of different antimalarial drugs are discussed.
Chapter three: Reports a simple in-situ flame synthesis of multiwall carbon nanotubes-
iron oxide nanocomposite for electrochemical sensing of proguanil in pharmaceutical
formulation.

Chapter four: Is based on the synthesis of polyaniline-cobalt oxide nanofibers for
simultaneous electrochemical determination of antimalarial drugs: primaquine and
proguanil.

Chapter five: focuses on the synthesis of amino functionalized copper metal organic
framework for electrochemical detection of malaria biomarker (B—Hematin).

Chapter six: Elaborates on electrospun polyethylene oxide-silica-Co3O4 nanofibers for
electrochemical detection of Plasmodium falciparum histidine-rich protein 2.

Chapter seven: Provides the summary, conclusions and future perspectives of present

work.
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CHAPTER TWO

Recent progress in electrochemical sensors for detection of malaria and antimalarial drugs
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2.1 ABSTRACT

Malaria is still a major disease in sub-Saharan Africa and South-East Asia. This is despite different
interventions by the World Health Organization (WHO) such as the use of insecticide-treated
mosquito net, antimalarial drugs, indoor residual spraying, and rapid diagnostic tools. In 2018, the
mortality rate due to malaria was estimated to be 405 000, with children under the age of 5
accounting for 67% of all malaria deaths. Malaria can be prevented and treated using different
strategies as recommended by WHO. However, the lack of rapid diagnostic tools with good
selectivity and sensitivity is still a challenge. Another problem is the high prevalence of counterfeit
antimalarial drugs. These drugs are dominant in most African countries since the cost of medicine
is high and some countries lack good quality control and verification processes. Therefore there is
aneed to develop rapid, low-cost, and portable analytical methods for the quantification of malaria
and antimalarial drugs. This review focuses on the role of malaria biomarkers in diagnosis;
Plasmodium falciparum Lactate Dehydrogenase (PfLDH), Plasmodium aldolase, Plasmodium
falciparum Histidine-Rich Protein 2 (PfHRP2) and Plasmodium falciparum Glutamate
dehydrogenase (PfGDH) and Hemozoin. Recent developments in nanomaterial-based
electrochemical and colorimetric biosensors for malaria diagnosis are discussed. Also,
electrochemical sensors for qualitative and quantitative analysis of different antimalarial
compounds (Quinoline-related compounds, artemisinin derivatives, antifolates, and antibiotics),
which have been approved by the World Health Organization are covered. Finally, the closing

remarks and future perspectives of electrochemical sensors and biosensors conclude the review.

Keywords: Malaria, antimalarial drugs, biosensor, nanomaterials, biomarkers.
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2.2 MALARIA

2.2.1 The life cycle of malaria

Malaria is caused by a protozoan parasite that belongs to the Plasmodium genus [1,2]. Among all
the Plasmodium genus species, only four are responsible for the presence of malaria in humans;
these species include Plasmodium malariae (P.malariae), Plasmodium ovale (P.ovale),
Plasmodium vivax (P.vivax), and Plasmodium falciparum (P.falciprum) [3]. The most prevalent
malaria species globally is Plasmodium falciparum which accounts for 99.9% of malaria cases in
Africa, 50% in South-East Asia, 71% in the Eastern Mediterranean Region, and 65% in the
Western Pacific Region [4]. Malaria cases that are due to Plasmodium vivax are mostly dominant
in South-East Asia and the Americas [4]. The other malaria species can cause severe illness but
the mortality rate is low [5]. The four species are transmitted to the human body through a single
bite from a female mosquito. Since malaria affects human beings, it is important to understand the
life cycle of malaria; Figure 2:1 shows the life cycle of the malaria. The events that occurs include

the exoerythrocytic, erythrocytic, and sporogonic cycle.

Figure 2:1 Malaria life cycle [3].

25



The human infection starts in the exoerythrocytic cycle where the mosquito injects the sporozoites
during the blood meal. The injected sporozoites travel to the liver cell where they overcome the
liver cells, during this stage thousands of merozoites are generated by asexual replication. The
replication stage is referred to as exoerythrocytic schizogony. Schizogony is defined as a
replication process where merozoites are formed, to achieve this, sporozoites undergo many
divisions followed by budding or segmentation. The merozoites are released into the bloodstream

after they rapture liver cells [3,6,7].

The second stage is the erythrocytic cycle, at this stage, the merozoites defeat the erythrocytes and
form trophozoites through asexual replication, here another round of schizogony is initiated. This
process takes place repeatedly and in the end causes malaria. As the infection continues, the
peripheral blood is concentrated with female and male gametocytes that are formed by young
merozoites. Therefore when the mosquito feeds it injects the gametocytes into itself [6]. In the
sporogonic cycle, as shown in Figure 2:1, the gametocytes develop into macrogametes and
microgametes. The gametes are fertilized within the mosquito midgut to form ookinetes. These
ookinetes penetrate the gut wall and develop oocytes. The oocytes result in the formation of

sporozoites [3,6].

2.2.2 Role of Biomarkers in malaria diagnosis

Since malaria affects most people in developing and tropical countries, early detection of this
disease is important. Early diagnosis will have several advantages such as early treatment of
malaria. As a result, the spread of the disease will be prevented; thus the mortality rate will be
reduced. Currently, conventional methods such as nucleic acid-based analytical techniques,
immunobased rapid diagnostic test kits and microscopic analysis are being used for the diagnosis
of malaria [6]. These conventional methods have some drawbacks such as multi-step analysis, lack
of onsite applicability and they are time-consuming. Due to these drawbacks, there is a need for a
simple, rapid, cheap, sensitive, and onsite-applicable point of care device for the detection of

malaria. To achieve this several malaria biomarkers are used to develop diagnostic sensors.

To develop a selective and sensiitve biosensor for the early detection of malaria, it is important to
understand the various malaria-related biomarkers. A biomarker is defined as a naturally occurring
molecule, gene, or characteristics in which a particular pathological or physiological process or

disease can be identified [8,9]. The advantage of using biomarkers in diagnostic tools is their
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sensitivity towards a specific disease pathogen [10]. Biomarkers that are mostly used in malaria-
related detection devices are shown in Figure 2:2. The most used biomarker for developing rapid
and reliable detection systems is Plasmodium falciparum Lactate Dehydrogenase (PfLDH) and
Plasmodium falciparum Histidine-Rich Protein 2 (PfHRP2).

Figure 2:2 Commonly used markers for the diagnosis of malaria [6]

2.2.2.1 Histidine-Rich Protein 2

Histidine-rich proteins 2 (HRP2) is a frequently used biomarker in the development of malaria
diagnostic tools. HRP2 is a unique protein that is produced by P. falciparum [11]. In total
composition of HRP2, 37% of its amino acid sequence is histidine, and a repeat of histidine plus
alanine covers 85% of its sequence [8,12]. HRP2 is released from infected erythrocytes as a water-
soluble protein into the red blood cells cytosol through a mosquito bite [13]. HRP2 is found in
food vacuole [14], digestive vacuole [15], and membrane surface of the infected red blood cells
[16]. It is also found in cerebrospinal fluid, serum plasma, and urine of infected patients [8]. HRP2
1s mostly used as a biomarker in the development of antimalarial drugs and rapid diagnostic tests
because it shows high sensitivity towards P. falciparum compared to other biomarkers such as P.

falciparum lactate dehydrogenase and P. Glutamate Dehydrogenase.

2.2.2.2 Lactate Dehydrogenase

Plasmodium Lactate Dehydrogenase (pLDH) is a common biomarker that is found in all
Plasmodium species, the main function of pLDH is to convert pyruvate to lactate by using a
cofactor reduced nicotinamide adenine dinucleotide (NADH) [10,17]. High levels of pLDH are
produced during the asexual intraerythrocytic cycle; this is because the Plasmodium parasite
depends on anaerobic metabolism to generate energy [18,19]. pLDH is useful as a malaria
biomarker since it has structural features that are different from the human Lactate Dehydrogenase

(hLDH). The main difference between pLDH and hLDH is the presence of Leu 163 on pLDH
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instead of Ser 163 that is found in hLDH [17,20]. pLDH is used in malaria case management
because the circulation of this enzyme in the host environment clears within 24 hours after

successful treatment. Thus false-positive diagnosis after the elimination of the infection is reduced.

2.2.2.3 Hemozoin

Blood-feeding parasite species such as Plasmodium spp. produces an insoluble brown
microcrystalline product during the digestion of blood called hemozoin [8,10]. Hemozoin is a
crystal structure that is made up of hemes that are linked by carboxylate side group oxygen and
the central ferric ion as shown in Figure 2:3. Hemozoin is used as malaria pigment during the
development of antimalarial drugs and diagnostic tools; this is because hemozoin is important for
the parasite survival in the host. The red blood cells of the host are infected during the intra-
erythrocytic cycle at this stage amino acids, and toxic-free heme that were released from the
digestion of hemoglobin are polymerized to hemozoin [21,22]. 80% of hemoglobin in infected red

blood cells is digested by the parasite [23].

Figure 2:3 Structure of hemozoin

2.2.2.4 Aldolase

Aldolase is a homotetrameric protein with each subunit of approximately 40kDa [8,24]. This
protein is used as a malaria biomarker since it is found in both P. falciparum and P. vivax, also the
sequence of Plasmodium aldolase (P. aldolase) is different from the human aldolase. The amino
acid sequence of aldolase in P. vivax and P. falciparum are both 369 in length, and they are

conserved [25,26]. Aldolase is present in its active and soluble form at the cytoplasm of the

28



parasite. In its insoluble form, it is associated with the membrane fraction. During the glycolytic
pathway aldolase act as a catalyst to cleavage fructose-1,6-bisphosphate to form glyceraldehyde-
3-phosphate and dihydroxyacetone phosphate. HRP2 is mostly used as a biomarker for the
detection of P. falciparum instead of P. aldolase; this is due to the poor sensitivity of aldolase in
commercially available rapid diagnostic tools [27,28]. The poor sensitivity is mostly attributed to
low concentrations of the antigen in infected erythrocytes. Another disadvantage of using aldolase

is that the P. falciparum aldolase shares a 61-68% sequence with eukaryotic aldolase [29].

2.2.2.5 Plasmodium falciparum Glutamate dehydrogenase

The branch point between the carbon and nitrogen metabolism is occupied by ubiquitous enzymes
called Glutamate dehydrogenases (GDH). Plasmodium falciparum Glutamate dehydrogenase is a
common malaria biomarker that is present throughout the intra-erythrocytic cycle of the parasite.
This enzyme is absent in the host red blood cells and it has different kinetics, structure, location,
and sequence compared to GDH of the host; thus it is attracting interest from researchers to be
used as a malaria biomarker [30-32]. Plasmodium falciparum expresses three different genes
encoding potential GDH proteins, namely GDHa (PF 14-0164), GDHb (PF 14-0286), and GDHc
(PF08-0132) [33]. GDHa and GDHb are found in chromosome 14, and GDHc is in chromosome
8 [10,33]. The function of glutamate dehydrogenase is to facilitate the conversion of L-glutamate

to a-ketoglutarate and ammonia by using NADP (H) or NAD (H) as cofactors [33].

2.3 CHALLENGES FOR MALARIA DIAGNOSTIC TOOLS

2.3.1 Conventional methods

Diagnosis of malaria using traditional methods such as light microscopy, empirical/syndromic,
and clinical diagnosis are still widely used in malaria-endemic countries. Empirical/syndromic
clinical diagnosis is based on patient medical history, signs, and symptoms such as headache,
fever, dizziness, nausea, diarrhea, chills, weakness, vomiting, and myalgia among others. The
World Health Organization (WHO) is against the use of this approach in the area where adequate
laboratory diagnostic tools are available. This is mainly due to some limitations that are associated
with this approach such as incorrect diagnosis that results in an increase in resistance to available

antimalarial drugs, non-specificity, and significant clinical overlap with other pyretic diseases.

Therefore microscopic method remains a gold standard in most developing countries since it is

cost-effective, readily available in most laboratories, can accurately identify the infecting species
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and mixed infections, the microscopy has multiple applications, and can be used to determine the
density of the parasite in the blood [34-36]. However the following drawbacks are associated with
this approach; it is time-consuming, unreliable at low parasite densities, and experts are required
to operate the microscopy and interpret the results effectively [5,37,38]. The ability to detect mixed
malaria infections at low-level parasitemia using Polymerase chain reaction (PCR)-based
diagnostic method (RFLP-dHPLC) was compared with the microscopic method by Steenkeste et
al [39]. The PCR-based method was found to be more sensitive, also the presence of Plasmodium
falciparum and Plasmodium vivax were found to be approximately 59% and 15% respectively
while 28% and 5% was obtained for the microscopy method. The PCR-based method detected
11.2% and 1.3 % of Plasmodium ovale and Plasmodium malariae respectively. No cases were
found when the microscopic method was used. In another study, Hopkins et al [40] used 272 blood
samples to compare the sensitivity of a new loop-mediated Isothermal Amplification kit with
microscopy and single-well nested PCR. Compared with 3-well nested PCR, the sensitivity of both
the new loop-mediated Isothermal Amplification and single-well nested PCR was found to be 90%

and 51% for the microscopy method.

To improve the sensitivity of the microscopy method, Davis et al [41] investigated the effect of
passive gravitational sedimentation of peripheral blood on the sensitivity of microscopic detection
of malaria. 205 samples were analyzed using three methods; conventional thin smear preparation,
centrifuged samples, and gravitational sedimented samples. A sensitivity of 25.39%, 30.24%, and
30.24% was observed for traditional, centrifuged, and sedimented blood respectively. Thus the
two methods were found to be more sensitive compared to conventional thin smear preparation.
Berzosa et al [42] compared microscopy, rapid diagnostic test, and PCR for detection of the
malaria parasite in representative samples. 1724 blood samples were analyzed, 19.4% and 13.3%

false-negative results were obtained for microscopy and rapid diagnostic test respectively.

Since light microscopy is still considered the gold standard for malaria diagnosis, efforts are being
made to overcome some of the drawbacks such as the need for lab-based microscopy. A handheld
light microscopy for diagnosis of malaria due to Plasmodium falciparum was reported by
Coulibaly et al [43]. 223 samples were used, the sensitivity and specificity was found to be 80.2%
(95% Confidence interval [Cl]: 73.1-85.9%) and 100% (95% Cl: 92.6-100%) respectively. Several
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innovative strategies to improve the selectivity and sensitivity of light microscopy for malaria

diagnosis have been reported as shown in Table 2:1.

Table 2:1 Some of the innovative light microscopy for detection of malaria

Technique Sensitivity Benefits Ref
Handheld light 80.2% (95% Portable quality [43]
microscopy with Confidence interval | laboratory testing of
mobile phone [C1]: 73.1-85.9%) malaria in remote
attachment settings
Light Emission Diode | Sensitivity and highly specific in [44]
fluorescence specificity of 71.2% | comparison to Light
microscopy and 96.3% microscopy
respectively
Polarized microscope | Device Resolution is | Low cost and it is [45]
designed using a cell | sufficient for adaptable to multiple
phone. observing mobile devices
birefringence from
hemozoin crystals
Mobile phone Device resolution is | Cheap, fast and field | [46]
mounted light sufficient to applicable
microscopy accurately capture microscopic
images of malaria- evaluation of malaria
infected red blood patients.
cells from both thick
and thin blood smears

2.3.2 Electrochemical biosensors

A biosensor is a device that is made up of a biological receptor, transducer, signal amplification,
and output unit [36]. Biosensors can be classified as electrochemical, optical, magnetic,
thermometric, and piezoelectric. Ideal biosensors consist of the following 12 key features; high
sensitivity, high selectivity, reproducibility, rapid response time, multiplexing, multimode, high
stability, easy to use, disposable, easy manufactured, cost-effectiveness and autonomous [47,48].
In recent years several studies have reported the use of biosensors in malaria diagnosis. Most of
the reported biosensors use nanocomposites to improve their sensitivity, selectivity, and
reproducibility. Nanocomposites are solid materials that consist of multiple phase domains, and at
least one of these domains has nanoscale structures. Nanocomposites material have been studied
in recent years because of their unique and fascinating properties. These unique properties arise

from the synergistic effect of the individual components that make up the composite. The
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application of nanocomposites in the fabrication of sensors has some advantages such as high
surface to volume ratio, reactive capacity, biocompatibility, and high adsorption [49,50].
Nanocomposites are responsible for catalysis of electrochemical reactions, easy immobilization of
biomolecules, labelling of biomolecules, and enhancement of electron transfer rate [51-54].
Nanocomposites that are mostly used to modify the surface of the electrode are made up of
conducting polymers (CP), metal-organic frameworks (MOFs), graphene (G), nanofibers (Nf),
carbon nanotubes (CNTs), and nanoparticles (Nps).

A tri-inlet device integrated with an electrode, used as a diagnostic tool for electrochemical
detection of Plasmodium vivax in human whole blood samples was reported by Singh et al [55] as
shown in Figure 2:4. Reduced graphene oxide (RGO) gold nanocomposite was used to modify the
surface of the electrode followed by conjugation with Plasmodium vivax antibody. The interaction
of the electrode with the infected red blood cells (RBCs) resulted in a decrease in current charge
density. The sensor showed good selectivity and sensitivity with a detection limit of 40 vivax
infected RBCs/ 10 ul blood. This study demonstrated the use of a disposable type sensor kit for

onsite analysis of Plasmodium vivax within 5 minutes.

Figure 2:4 Electrochemical detection of Plasmodium vivax-infected RBCs in whole blood using a

tri-inlet device integrated with the modified electrode [55].
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Since most malaria cases in Africa are due to Plasmodium falciparum, it is important to develop
diagnostic tools that are sensitive and selective to this malaria species. It is important to note that
DNA aptamers and antibodies are usually used to improve the selectivity of the biosensor. DNA
aptamers are defined as short oligonucleotide chains that can bind to a target with high specificity
and affinity. DNA aptamers have high stability at elevated temperature and humidity compared to
conventional antibody thus they are suitable for point of care devices in tropical areas. Gabriel et
al [56] reported an aptamer-based electrochemical biosensor for malaria with an adjustable
dynamic response range of up to 10 nM under variable environmental conditions. 2008s aptamer
was used as a recognition molecule and PfLDH as the target protein. Ferri/Ferro cyanide
(Fe(CN)s>’*) was used as a redox probe. The adjustable dynamic response range was made
possible by the isoelectric point (pI) of PILDH (Figure 2:5). At pH<pl a decrease in interface

3-/4-

impendence was observed since the negative Fe(CN)e " was attracted towards the surface.

However, at pH>pl the interface impendence increased since Fe(CN)e "+

was repealed. A
detection limit of 0.84 pM was obtained, this was attributed to the electrostatic properties of the
protein and the good selectivity of the 2008s aptamer. The sensor was found to be selective to
PfLDH when compared with other proteins such as L-LDH from muse muscle and human LDH,
HAS, and bovine serum albumin (BSA). The main advantage of this biosensor is its low detection
limit and its reusability since it can be reused by simply rinsing it with 6M urea. Jain et al [57]
reported an aptamer-graphene oxide sensor for dual electrochemical detection of Plasmodium
falciparum lactate dehydrogenase (PfLDH). The dual detection was carried out using
electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry (DPV). During
the EIS measurement, the charge resistance transfer (Rct) was found to be directly proportional to
the concentration of (PfLDH). The lowest detectable concentration was found to be 0.5 fM. DPV
was used to confirm the specificity of the sensor; HAS, BSA, and lysozyme were used. No current
response was obtained for the three proteins. While Singh et al [30] used Plasmodium falciparum
glutamate dehydrogenase as a biomarker to develop a capacitive malaria aptasensor (Figure 2:6).
A limit of detection of 0.77 pM with a dynamic range of 100fM- 100 nM in human serum was
obtained. Also because of the specificity of the thiolated ssDNA aptamer (NGs) to PfGDH,

interference from LDH and HRP2 was negligible.
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Figure 2:5 Stepwise fabrication of an aptasensor for detection of PfLDH in two different pH

environment [56].

Figure 2:6 Development of aptamer through SELEX for electrochemical detection of PFGDH [30].

Another study by Paul et al [1] fabricated an ultrasensitive biosensor for the detection of
Plasmodium falciparum histidine-rich protein-2 (Figure 2:7). The sensor was found to have a limit

of detection of 6.8 ag/mL. This low limit of detection is due to the complementary effect of copper
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doped zinc oxide and mercaptopropylphosphonic acid. The acid increases the functional groups
required for immobilizing antibody, while the doped metal oxide enhance the conductivity and

pre-concentrate the target analyte.

Figure 2:7 Stepwise fabrication of electrochemical sensor for detection of Plasmodium falciparum

histidine-rich protein-2 using Copper doped zinc oxide nanofiber [1].

Diagnostic tools that require little user intervention are needed in low resource settings for rapid
and accurate diagnosis of malaria. One such device was reported by Vega et al [58], in this study
a fast and simple point of care (POC) electrochemical sensor for detection and quantification of
Plasmodium falciparum lactate dehydrogenase (PfLDH) in lysed whole blood was reported. The
POC device was made up of the following components; single microfluidic paper, double-sided
screen-printed carbon electrode (MP-dsSPCE), a magnet, a whole-blood filtration unit, and an
adsorbent as shown in Figure 2:8. The sensitivity of this device was evaluated, with a detection
limit of 200 ng/mL. This is close to the WHO recommendation for clinical diagnosis of malaria.

Also, this method is fast since the PFLDH was detected in lysed whole blood in less than 20 min.
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Figure 2:8 (A) Production of the MP-dsSPCE POC device, (B) Different formats of the single-step

magneto-immunoassay [58].

Lillehoj et al [59] reported the onsite diagnosis of Plasmodium falciparum histidine-rich 2 protein
(PfHRP2) using an electrochemical platform integrated with a mobile phone (Figure 2:9). The
system was made up of several components such as the capillary flow which was used for sample
loading, processing, and pumping; microfluidic chips which are responsible for fluidic handling
and biosensing; and a circuit for signal processing and data analysis. Plasmodium falciparum
histidine-rich 2 protein was successfully detected in human serum within 15 min, a detection limit
of 16 ng/mL was obtained. The device was also found to be specific to PFHRP2 in the presence of
5 different proteins. This device can be used in remote and rural areas because of its compact size
and good selectivity and sensitivity. Some of the recently reported electrochemical biosensors for

the detection of malaria are listed in Table 2:2.
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Figure 2:9 (A) Image of the designed prototype device. (B) Scheme for electrochemical detection
of PfHRP2 [59].
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Table 2:2 Some of the selected electrochemical biosensors for malaria diagnosis.

Biosensor description Biomarker/ | Detection | Time | Benefits Ref

malaria limit

species
A tri-inlet device integrated with | Plasmodium |40 vivax | 5min | Rapid and easily Disposable type sensor | [55]
nanocomposite (reduced graphene oxide | vivax infected kit for onsite analysis of Plasmodium
gold nanoparticles) and Plasmodium RBCs/ 10 vivax.
vivax modified electrode ul blood
4-mercaptobenzoic acid-modified gold | PTHRP2 5.6 pg - High sensitivity due to the use of 4- | [60]
SPR chip immobilized with Ag and mercaptobenzoic acid which has a lesser
malaria antibodies thickness and fast electron transfer

compared to dextain

Dual electrochemical analysis of malaria | Plasmodium | 0.5 fM - dual electrochemical detection of | [57]
using aptamer-graphene oxide biosensor | falciparum PfLDH

lactate

dehydrogena

se (PfLDH)
Magneto immunoassay strategy for | PFHRP2 0.36 - Application for onsite diagnosis of | [61]
detection of malaria based on magnetic ng/mL malaria and it uses disposable screen-
nanoparticles printed magneto electrodes
aptamer-based electrochemical | PFLDH 0.84 pM - High selectivity, low detection limit, | [56]
biosensor for malaria with an adjustable and it is reusable.
dynamic response range
Electrochemical immunosensor based on | PFHRP2 2.2 pg/mL | - High sensitivity and ability to detect | [62]
methylene blue and PfHRP2 in unadulterated saliva samples
the electro-oxidation of hydrazine on Pt
nanoparticles
Malara  Immunosensor based on | PFTHRP2 2.14 - Cost-effective, sensitive, and easy to | [63]
chronoamperometry ng/mL and use. Ideal for onsite application.

2.95
ng/mL
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Electrochemical impendence | PFHRP2 3.15pM - High sensitivity and selectivity because | [64]
spectroscopy-based malaria aptasensor of the novel ssDNA aptamer
Copper doped zinc oxide nanofibers | PFTHRP2 6.8 ag/mL | - High sensitivity and a new surface | [1]
modified electrode for the detection of modification method for adding
malaria. functional groups to improve the
selectivity of the biosensor.
capacitive malaria aptasensor PfGDH 0.77 pM - High selectivity due to specificity of the | [30]
thiolated ssDNA aptamer (NG3) to
PfGDH,
Electrochemical detection of malaria in | PFTHRP2 Not Smin | Rapid with excellent specificity and | [65]
whole blood using a wash-free, label-free available reproducibility
immunoassay however
detection
range
from
100ng/mL
100ug/mL
was given
Detection of Plasmodium lactate | PFLDH 120,1 M |- Simple rapid and highly sensitive sensor | [66]
dehydrogenase using an aptasensor. PVLDH and 108.5 with an aptamer that selectively bound
t™M for to both PfLDH and PvLDH
PfLDH
and
PvVLDH
respectivel
y
Gold nanoparticles based biosensor for | PFLDH 19 pg/mL | - Rapid and cost-effective point of care | [67]
detection of malaria 23 pg/mL immunoassay with high sensitivity and
reproducibility
Screen-printed electrode modified with | PFHRP2 8 ng/mL - Disposable Amperometric | [7]
gold nanoparticles-multi-wall carbon immunosensor with high sensitivity

nanotubes and Pf-HRP2 antibody
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compared to commercial Paracheck Pf
test

Point of care (POC) electrochemical | PILDH 200 20 min | Rapid Quantitation in lysed whole | [58]
sensor for detection and quantification of ng/mL blood. Single-step magneto-
malaria in lysed whole blood immunoassay for PfLDH.
Mobile based electrochemical biosensor | PFHRP2 20 ng/mL | - Simple and cost-effective hands held | [68]
for quantification of malaria in low device.
resource settings.
electrochemical platform integrated with | PFTHRP2 16 ng/mL | 15 min | This device can be used in remote and | [59]
a mobile phone rural areas because of its compact size

and good selectivity and sensitivity.
Chemiresistive biosensor for detection of | PTHRP2 0.97 - Good reproducibility and specificity | [69]
malaria using multi-walled carbon fg/mL with a sensitivity of 8.29 KQg!' mL

nanotubes-zinc oxide nanofibers
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2.3.3 Colorimetric biosensors

Recently several studies have reported the development of colorimetric biosensors that meet the
WHO recommendations for point of care devices. According to the WHO, the world needs
diagnostic tools that are affordable, sensitive, specific, user friendly, robust, rapid, equipment-free,
and deliverable to end-user (ASSURED) [70,71]. Therefore several colorimetric malaria
biosensors are being reported. These biosensors use the change in color which can be identified by
the human naked eye to confirm the presence of a malaria biomarker. Also uses optical detectors
for quantitative measurements. To improve the performance of these biosensors, nanomaterials
such as nanoparticles and quantum dots are being used. This is due to their unique physical and
chemical properties such as high surface-to-volume ratio, excellent capacity for reaction catalysis,
visual color transition, and optical properties [72,73]. It is essential to note that the properties of
nanomaterials depend on their size, shape, and degree of agglomeration. Cationic polymers and
gold nanoparticles were used to develop a colorimetric aptasensor for diagnosis of malaria by Jeon
et al [74] Plasmodium falciparum lactate dehydrogenase and pLi were used as biomarker and
aptamer respectively. The principle of this biosensor was based on cationic polymers (poly
(diallyldimethylammonium chloride) and poly (allylamine hydrochloride)) which aggregate gold
nanoparticles (AuNps) thus a color change was observed from red to blue. This color change
depends on the concentration of Plasmodium falciparum lactate dehydrogenase (Figure 2:10). A
detection limit of 8.7 pM and 8.3 pM was obtained for Plasmodium vivax lactate dehydrogenase
when (poly (diallyldimethylammonium chloride) and poly (allylamine hydrochloride)) were used
respectively. The same sensor was used for the measure Plasmodium falciparum lactate
dehydrogenase and a detection limit of 125 pM and 10.3 pM was obtained for poly (allylamine
hydrochloride)) and (poly (diallyldimethylammonium chloride) respectively. A similar study was
conducted by Lee et al [75] where a cationic surfactant was used as shown in Figure 2:11. A
detection limit of 2.94 pM and 1.25 pM was obtained for PFLDH and PvLDH respectively. While
Jain et al [76] reported the use of aromatic surfactant (benzalkonium chloride) as aggregating agent
for aptamer (P38) gold nanoparticles based detection of Plasmodium lactate dehydrogenase. A
detection limit of 28111 pM was obtained.
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Figure 2:10 Representation of the aptasensor for pLDH detection [74].

Figure 2:11 Detection of pLDH based on the surfactant-induced aggregation of AuNPs [75].

In another study, a simple colorimetric point of care device for the diagnosis of malaria was
reported by Dirkzwager et al [77]. This POC device was made of a paper-based syringe test and a
magnetic bead-based well test. PILDH and 2008s-biotin were used as biomarker and aptamer
respectively. Both methods were found to be sensitive to PFLDH. However, the syringe method
was more sensitive with a wider linear range and a detection limit of 4.9 ng/mL. A novel and
sensitive carbon nanofibers grown on glass micro balloons immunosensor was reported by

Gikunoo et al [78] for detection of PFHRP2 a detection limit of 0.025 ng/mL was obtained.
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24 ELECTROCHEMICAL DETECTION OF ANTIMALARIAL DRUGS

One of the main factors that contribute to the high mortality rate in malaria cases is substandard or
falsified drugs. According to the WHO report on global surveillance and monitoring system for
substandard and falsified medical products; counterfeit medicine is a global problem as shown in
Figure 2:12. Several factors contribute to high volumes of substandard drugs, these include; high
cost of medicine in most countries, failure to adhere to good manufacturing practice, and lack of
quality control and verification process [79,80]. The use of these drugs contributes negatively to
the health system since they result in poisoning, early death, treatment failure, drug-resistant,

social, and economic effects [79].

Figure 2:12 Countries with reported substandard and falsified medical products, WHO GSMS,
2013-2017 [79].

Malaria can be treated using different antimalarial drugs. These drugs can be classified as
quinoline-related compounds, artemisinin derivatives, antifolates, and antibiotics. Some of these
compounds are listed in Table 2:3. Although malaria can be treated, the effectiveness of these
antimalarial drugs is compromised by substandard medicine. A practical example of the impact of
counterfeit drugs was reported in Southeast Asia, where some malaria species developed resistance
to artemisinin [79,81,82]. This resistance was attributed to counterfeit drugs since 38-90% of

artemisinin was found to be substandard.
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Table 2:3 List of WHO recommended antimalarial drugs

Antimalarial drug

Classification
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2.4.1 Quinoline-related compounds

The pharmacological activity of the quinoline scaffold is well reported in several studies. Quinine,
chloroquine, mefloquine, piperaquine, primaquine, and amodiaquine are referred to as quinoline-
related compounds (Table 2:3). These compounds are frequently used as antimalarial drugs. The

mechanism of action is not fully known. However, it is postulated that quinolines interfere with
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the hemoglobin in the blood stages of the malaria life cycle. This is achieved by the inhibition of
heme polymerization and by preventing the disposal of polymers from the food vacuole to the
cytoplasm where hemozoin is formed. Thus this results in the intraparastic accumulation of heme
[83,84]. Other quinoline targets include DNA, tyrosine kinase, phospholipases, and hemoglobin
degradation proteases [83,85,86]. Cyclic voltammetry and differential pulse voltammetry were
used to evaluate the sensitivity and selectivity of a glassy carbon electrode modified with graphene
oxide (GO)-tungsten disulfide (WS2) quantum dots (QDs) for detection of chloroquine in
pharmaceutical formulation by Srivastava et al [87]. A wide linear range, detection limit and good
sensitivity of 0.5- 82 uM, 0.04 uM, and 0.143-0.90 uA.uM!' cm™ was obtained respectively. The
proposed mechanism for chloroquine oxidation on the surface of the modified electrode is shown
in Figure 2:13. While Azadmehr et al [88] fabricated an imprinted electrochemical for detection
of quinine using a glassy carbon electrode modified with L-tyrosine, 3-methyl-4-nitrophenol, and
gold nanoparticles. The mechanism of detection was based on the signal reduction of the Fe?*
probe with an increase in quinine concentration. A detection limit of 0.05 pM with a linear range
of 0.1 to 1000 pM was obtained. In another study by Chiwunze et al [89], the surface of a glassy
carbon electrode was modified using gold nano-urchin for the determination of mefloquine. Gold
nanoparticles were synthesized using the seed-mediated method, and the fabrication of the sensor
was done by the drop-coating method. The modified electrode showed two linear response ranges

with a detection limit of 1.4 nM.

Figure 2:13 Plausible mechanism for electrooxidation of chloroquine on rGO@WS2 QDs
modified GCE [87].
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2.4.2 Artemisinin derivatives

Since there is high resistance of malaria to chloroquine and sulfadoxine-pyrimethamine, the world
health organization recommends the use of Artemisinin-based combination therapy as a first-line
treatment option for malaria. Artemisinin-based combination therapy is among the few strategies
that result in diminished parasite recrudescence, reduced treatment time, and lower probability of
resistance development [90-92]. Artenisia aunua L (sweet wormwood) a natural plant that belongs
to the Asteraceae family was first used in 1972 to isolate artemisinin. In 1979 the first molecular
structure was assigned. Over the year’s artemisinin and its derivatives (Artemether,
dihydroartemisinin, and Artesunate) (Table 2:3) have proven to be useful anticancer, anti-
inflammatory, and antimalarial agents. The antimalarial activity of these compounds is proposed
to be through the unspecific modification of multiple targets like proteins and heme in the digestive
vacuole. This is achieved by the presence of an endoperoxide linkage (a peroxide bridge), the
endoperoxide bridge is cleaved by an intraparasital iron-II source to yield carbon-centered radicals
[90,93]. An electrochemical sensor for the detection of artemisinin that does not require the use of
complex electrode modification or high oxidation potential was reported by Wang et al [94]. This
was based on the electrochemical detection of aminophenol which is produced by the reaction
artemisinin with p-aminophenylboronic acid as shown in Figure 2:14a. A detection limit of 0.8
uM with a linear range of 2- 200 uM was obtained. Artemisinin was further detected in spiked

naphthoquine phosphate tablet samples, a recovery from 101.7- 107.6% was obtained.

Bai et al [95] used a glassy electrode modified with graphene and in-situ polymerized molecular
imprinted membrane for sensitive and selective determination of artemisinin (Figure 2:14b).
Graphene was used because of its specific surface area, exceptional electrocatalytic and electrical
properties. A detection limit of 2 x10® M and a linear range of 4x107 - 1x10"® M was obtained.
The sensor was found to be highly selective to artemisinin in the presence of artemether,
dihydroartemisinin, and artesunate. This was attributed to the presence of molecular imprinted
polymers. In another study, a novel electrochemical sensor based on inhibition of redox for hemin
caused by artemisinin was reported by Jiang et al [96] (Figure 2:15). A glassy carbon electrode
modified with multiwall carbon nanotubes, bimetallic organic frameworks, and hemin was used.
Under optimum conditions, a limit of detection of 0.17 uM was reported. The sensor was further
used to evaluate its practical applicability using dried Artemisia apiacea, recovery in the range of
99.5- 104.34% was obtained.
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Figure 2:14 (A) illustration of the reaction between artemisinin and p-aminophenylboronic acid at

the surface of the electrode [94], (B) Representation of the ART-MIM/G/GCE sensor [95].

Figure 2:15 Artemisinin detection based on signal inhibition for the reduction of hemin [96].

2.4.3 Antifolates

Antifolates compounds such as proguanil, pyrimethamine, and sulfadoxine are used as antimalarial
drugs (Table 2:3). The main function of these compounds is to inhibit the folate mechanism of the
parasite, both in the synthesis and use of folate cofactors. To achieve this, two key enzymes are
targeted; dihydropteroate synthase which is inhibited by the sulfa compounds, and dihydrofolate
reductase which is inhibited by cycloguanil, pyrimethamine, and other inhibitors [97,98].
However, most antifolates are susceptive to resistance because of the mutation in the targeted

enzymes. To solve this challenge, antifolates compounds are used with other antimalarial drugs
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such as primaquine and atovaquone. A recent study by Nate et al [99] reported the simultaneous
electrochemical determination of proguanil and primaquine. Differential pulse voltammetry and
cyclic voltammetry with a potential window of 0 to 1.5 V were used. From the CV plots, oxidation
peaks at 0.5 and 1.2 V were obtained for primaquine and proguanil respectively. The
electrochemical active site of these drugs was proposed to be the irreversible oxidation of 4-
Chloroaniline and 7-methoxyamino quinolone moiety with a detection limit of 1.42 nM and 2.07
nM in proguanil and primaquine, respectively (Figure 2:16). In another study by Abdel-Haleem
[100], phosphotungstic acid was used as a modifier to investigate the sensitivity of five electrodes
(PVC membrane, screen printed, coated wire, carbon paste, and modified carbon base) towards
proguanil. A detection limit of 7.94x10° M, 1x107° M, 1x10° M, 7.07x10°° M, and 2.5x10° M

were obtained respectively.

Figure 2:16 Illustration for simultaneous electrochemical detection of proguanil and primaquine

[99].

2.4.4 Antibiotics

In areas where Plasmodium falciparum is resistant to chloroquine and sulfadoxine-pyrimethamine,
antibiotics such as tetracycline and its derivatives (doxycycline) in combination with other
antimalarial drugs are used for malaria treatment (Table 2:3). The main function of doxycycline is
to inhibit the pathogen protein synthesis by reversibly inhibiting the 30S ribosomal subunit. The
sensitivity of doxycycline to Plasmodium ribosomes is high since there is a significant difference
between the mammalian ribosomes and the Plasmodium ribosomes. However, doxycycline is not
recommended for pregnant women and children under 8 years. While clindamycin a derivative of

lincomycin is not frequently used because it is expensive and more toxic than other antibiotics
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alternatives. An electrochemical sensor based on multi-walled carbon nanotubes and molecular
imprinted polymers was fabricated for the determination of doxycycline by Xu et al [101]. The
presence of MWCNTs improved the current response, this was attributed to the high surface to
volume ratio and good electrocatalytic activity of MWCNTs. While molecular imprinted polymers
provided selective recognition sites for doxycycline. A detection limit of 1.3% 1072 umol/L with a
linear range of 0.05 umol/L- 0.5 umol/L was obtained. While Gurler et al [102] determined
doxycycline in pharmaceutical formulation using molecular imprinted polypyrrole modified
electrode. Differential pulse voltammetry was used. A detection limit of 4.35x 10> M was obtained
and the recovery of doxycycline in two commercial products was found to be 96.30 % and 61.18

% with a relative standard deviation of 0.46 and 0.54 respectively.

A sensitive and selective molecular imprinted polymer electrochemical sensor for the detection of
clindamycin was fabricated by Zhang et al [103]. Au electrode modified with multi-wall carbon
nanotubes and thin sol-gel film of the molecular imprinted polymer was used. A detection limit of
2.44x 10 M with a linear range of 5% 10”7 — 8x 107> M was obtained. In another study, Wong et al
[104] reported an electrochemical method for the quantification of clindamycin in pharmaceutical
formulation using graphene oxide and gold nanoparticles within a film of crosslinked chitosan
with epichlorohydrin modified electrode. Using square wave voltammetry a wide linear
concentration range (9.5x 1077 — 1.4x 10 mol/L) with a detection limit of 2.9 107" mol/L was
obtained. Some of the recently reported electrochemical sensors for the detection of antimalarial

drugs are listed in table 2:4.

Table 2:4 Some of the selected electrochemical sensors for detection of antimalarial drugs

Sensor description Antimalarial | Electrochemical | Detection | Linear Ref
drug method limit (uM) | range
(uM)
MIP- MIC- quinine DPV 50x107% [ 1.0 x1077 | [88]
AuNPs/MWCNT- -1.0
chitosan/PGE x1073
Glassy carbon quinine SWV 0.0142 0.1-10 [105]

electrode modified
with 4-amino-3-
hydroxynaphthalene
sulfonic

acid
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polypyrrolepentacyan | quinine Cv 10.8 1000- [106]
onitrosylferrate/ 9000
platinum electrode
hanging mercury drop | quinine SWV 0.132 30-230 [107]
electrode ng-mL™' ng-mL"!
pretreated pencil quinine DPV 0.2 0.5-100 [108]
graphite
electrode
MIP/GCE quinine Amperometric 0.02 0.8-260 [109]
MWCNTs-RTIL/GCE | quinine SWV 0.44 3-100 [110]
rGO@WS2/GCE chloroquine | DPV 0.04 0.5-82.4 | [87]
CV 0.04
Boron-Doped chloroquine | SWV 0.002 0.01- [111]
Diamond Electrode 0.25
dsDNA/CPE chloroquine | DPV 0.03 0.1-10 [112]
CV
CuNW/CPE chloroquine | DPV 0.02 0.13- [113]
13.3
Gold Nanourchin Mefloquine SWV 1.42x103 | 2.0x107 - | [114]
modified glassy 1.0
carbon electrode
1.0- 1000
Hanging mercury Mefloquine | DPV 0.454 6-80 [115]
drop electrode
SWV 0.261
MWCNTs/GCE Primaquine SWV 0.028 0.1-5.0 [116]
Gold nanourchins Primaquine DPV 3.52x 107 [ 0.01-1.0 |[117]
/GCE
1.0 x1073
991 x10*|-1.0
SWV
CuNW/CPE Primaquine DPV 0.25 pg 0.58— [113]
mL! 5.89 ug
mL™!
GCE Primaquine LSV 36.2 30 - [118]
16.2 10000
DPV 6.94
30-100
SWV
30-100
functionalized Primaquine | Differential 8x107* 2.7x107 | [119]
fullerene (C60)-based pulse anodic - 0.8485
imprinted polymer stripping
composite/pencil voltammetry

graphite electrode
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Pencil graphite Amodiaquine | DPV 3.0x10* | 0.001- [120]
electrode 0.2
multi-walled carbon Amodiaquine | DPV 0.089 0.10-3.5 | [121]
nanotubes/
poly(methyl orange)
/GCE
Hemin modified Amodiaquine | SWV 7.04 19-100 [122]
electrode
Polyvinyl chloride Amodiaquine | Potentiometric - 3.2 - [123]
membrane sensors 20000
o-phenylenediamine Artemisinin | CV 0.01 - [124]
MIPs/Au wire SWV buffer

0.02 Plant

matrix
PHA/AuNPs/HRP/IT | Artemisinin | DPV 0.0035 pg | 0.01— [125]
O mL™! 0.08

pgmL ™!

ART-MIM/G/GCE Artemisinin | DPV 2 x107 40—0.01 | [126]
GCE Artemisinin | SWV 0.8 2-200 [127]
[FeT(o- Artemisinin | Amperometric 1.7x1073 0.18— [128]
glu)PPCI1]/Au/GCE 1.7x1073
hemin immobilized on | Artemisinin | Amperometric 0.015 0.05 — [129]
titanium 1.0
oxide-modified silica/
carbon paste electrode
FeGd- Artemisinin | DPV 0.17 0.3-350 | [130]
MOF/Hemin/MWCN
Ts/GCE
GrO/PANI/HRP/ITO | artesunate SWV 0.012 0.05- [131]

ng/mL 0.40

ng/mL

GCE in presence of artesunate SWV and DPV | 0.034 and | 4.0-40 [132]
CTAB 0.491 ug/ | ug/mL

mL in

tablet

0.245 &

3.942 ug/

mL in

serum

0.120 &

2.753 ug/

mL in

Plasma
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0.066 &

0.970 ug/
mL in
urine
MWCNTs- Proguanil DPV 0.0196 0.7-1.9 [133]
Fe>O3/GCE
PANI-Co0304/GCE Primaquine | DPV 2.07 X107 | 20-36 [99]
and 1.42 x1073
Proguanil 16-28
Renewable silver Proguanil SWV 0.029 0.1-6 [134]
amalgam film
CWE/phosphotungstic | Proguanil Potentiometric 1.00 10-10000 | [100]
Acid
GCE Sulfadoxine | DPV 0.01 pg 0.310 - [135]
ml . 4.34 ng
ml!
Graphene- Sulfadoxine | Amperometric 9.65x 10 |0.0325— | [136]
polyaniline/screen- 35
printed carbon
electrode
Carbon paste Doxycycline | Potentiometric 0.1 0.1- [137]
electrode/a- 10000
cyclodextrine-multi-
walled carbon
nanotube/tricresylpho
sphate
Carbon paste
electrode/a- 0.122-
cyclodextrine-multi- 10000
walled carbon 0.122
Nanotube/ o-
nitrophenyloctylether
molecularly imprinted | doxycycline | DPV 1.3x 10 0.05-0.5 | [138]
polymer/MWCNTs/G
CE
pencil doxycycline | DPV 42.5 50-500 [102]
graphite electrode/
Molecularly
imprinted-
polypyrrole
Au electrode/ clindamycin | Amperometric 0.0244 0.5-80 [103]
MWCNTs/ imprinted
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sol gel
AuNPs-GO-CTS- clindamycin | SWV 0.29 0.95- 140 | [104]
ECH/GCE
carbon paste electrode | clindamycin | DPV 0.0861 0.17-1.02 | [139]
0.164 0.34-
SWV 2.04
EP-EPPG clindamycin | CV 0.06 0.2-16.0 | [140]
0.03-3.2
DPV 0.01

Abbreviations; MIP (molecularly imprinted polymer), MIC (molecularly imprinted composite), MWCNTSs (multiwall carbon
nanotubes), AuNps (gold nanoparticles), DPV (differential pulse voltammetry), SWV (square wave voltammetry, LSV (linear
sweep voltammetry) CV (cyclic voltammetry), GCE, glassy carbon electrode, RTILs (room temperature ionic liquids), rGO
(reduced graphene oxide, WS2 ( tungsten disulfide)y CPE (carbon paste), CuNW (copper nanowires), PHA
(polyhydroxyalkanoate), HRP (horse-redish peroxidase), ITO (indium tin oxide), ART (artemisinin), MIM (molecularly imprinted
membrane), G (graphene), [FeT(o-glu)PPCI] (5,10,15,20-tetrakis[2-(2,3,4,6-tetraacetyl-p-d-glucopyranosyl)-1-O-
phenyl]porphyrin (T(o-glu)PPH), FeGd-MOF ( iron-gadolinium metal organic framework), GrO (graphene oxide), PANI
(polyaniline), CTAB (cetrimonium bromide), CWE (coated wire electrode), GO-CTs-ECH (graphene oxide —chitosan-
epichlorohydrin), EP-EPPG ( electrochemical pretreatment —edge-plane pyrolytic graphite).

2.5 SUB-CONCLUSION AND FUTURE PERSPECTIVES

A number of electroanalytical methods have been reported for the analysis of malaria and
antimalarial drugs. For diagnosis of malaria WHO recommends the use of parasite-based
diagnostic testing such as microscopy or rapid diagnostic tests. While quality control for
antimalarial drugs is done using different methods. The selectivity and sensitivity of some of these
analytical methods are poor. Therefore, there is a need to develop diagnostic tools that are
affordable, sensitive, specific, user-friendly, robust, rapid, equipment-free, and deliverable to the
end-user (ASSURED). More studies still need to be done that to improve the analytical
performance of electrochemical biosensors in real-world malaria samples. Since the WHO
recommends the use of artemisinin-based combination therapy more electrochemical studies for
qualitative and quantitative analysis of these drugs need to be carried out. Also, the application of
various nanomaterials to fabricate electrochemical sensors for the diagnosis of malaria and

antimalarial drugs is limited thus more research focus is needed.
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3.1 ABSTRACT

Multiwall carbon nanotubes incorporated with iron oxide nanoparticles (MWCNTs-iron oxide)
were prepared using a cheap, facile In-situ flame synthesis method. The nanocomposites were
characterized using Scanning Electron Microscopy (SEM), Energy-Dispersive X-Ray
Spectroscopy (EDX), Transmission Electron Microscopy (TEM), X-Ray Powder Diffractometry
(XRD), and Raman Spectroscopy. MWCNTs-iron oxide nanocomposite was used to fabricate a
sensitive electrochemical sensor for the detection and quantification of proguanil. The fabrication
of the sensor was done by modifying a glassy carbon electrode with multiwall carbon nanotubes-
iron oxide nanocomposite (MWCNTs-iron oxide). Differential Pulse Voltammetry (DPV) and
Cyclic Voltammetry (CV) were used to study the electrochemical oxidation of proguanil. The
selectivity of the sensor was investigated in the presence of organic and inorganic interfering
agents. Furthermore, spiked human urine samples and pharmaceutical formulation were used to
evaluate the utility of the sensor. A detection limit of 1.96x10°8 M was obtained under optimum
conditions. MWCNTs-iron oxide nanocomposite can, therefore, be used to fabricate

electrochemical sensors for quality control purposes.

Keywords: Proguanil, Carbon nanotubes, Iron oxide nanoparticles, Flame synthesis, Differential

pulse voltammetry
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3.2 INTRODUCTION

The application of carbon nanotubes in different fields, such as energy management, chemical
sensors, and clinical diagnostic tools is increasing. This is mainly due to their unique physical and
chemical properties. Some of these properties include a high surface area to volume ratio, ultra-
lightweight, fast electron transfer rate, and biocompatibility [1-4]. In the past two decades, the
properties of carbon nanotubes have been improved by the incorporation of metal oxide
nanoparticles such as iron oxide and zinc oxide [5—8]. Also, other studies have reported the
synthesis of carbon nanotubes with conducting polymers and metal nanoparticles [9—11]. Various
methods, such as flame pyrolysis [12,13], arc discharge [14], laser ablation[15], sol-gel [16], and
chemical vapor deposition [16,17] have been reported for the synthesis of different carbon
nanotubes composites. However, most of these methods require sophisticated instrumentation,
further purification steps, and are time-consuming. A cheap simple method is needed for the
synthesis of carbon nanotubes. The ability of the flame to provide the required heat and chemical
reaction environment for the production of carbon nanotubes, makes flame pyrolysis to be among
the frequently used methods. This approach is economical, simpler and fast for making carbon
nanotubes. Inamdar et al. [18] used a simple flame synthesis method to prepare maghemite
nanoparticles. In another study by Bhattacharjya et al. [19], N-doped carbon particles were

synthesized by direct burning of acetonitrile as nitrogen and carbon source.

Therefore in the present work, a simple, less time consuming, cheap method for synthesis of carbon
nanotubes with iron oxide nanoparticles is reported. This methods allows for a direct one step
synthesis of the MWCNTs-iron oxide nanocomposites, thus no further purification step is required.
Iron oxide nanoparticles possess good adsorption affinity, biocompatibility and high
electrocatalytic activity [20,21]. These properties are different from their bulk counterparts.
However iron oxide nanoparticles have some drawbacks that limits their application in
electrochemical sensors. These include poor dispersibility and high degree of agglomeration [20].
To overcome these drawbacks, iron oxide nanoparticles are incorporated into multiwall carbon
nanotubes. Also, the synergistic effect of iron oxide nanoparticles and multiwall carbon nanotubes
improves the electrocatalytic activity of the nanocomposite [22]. The presence of iron oxide
nanoparticles will improve the selectivity of the sensor since it has high affinity to towards amine
functional groups. In this method, ethanol, atmospheric air, and cold water were used as the source

of fuel, oxidizer, and cooling system, respectively. Ferrocene was selected as a precursor because
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of its dual function; it acts as a source of iron (Fe) and carbon. The process for the formation of
MWCNTs-iron oxide nanocomposite begins at temperatures above 400 °C, where ferrocene is
vaporized to hydrocarbons (CH4 and CsHe) and Fe [23,24]. In this reaction, the i electrons of CsHe
interact with Fe atoms. As the temperature increases above 500 °C, the formation of MWCNTs-
iron oxide nanocomposite takes place during the carbonization process [25]. Further, the
synthesized nanocomposite was employed to carry out electrochemical detection of proguanil in

human urine and pharmaceutical samples.

Proguanil is an antimalarial drug that is used in combination with other drugs. Among these, a
synergistic combination of proguanil with atovaquone is widely used for malaria treatment in high-
income countries. The high-cost factor of proguanil has contributed to a prevalence of counterfeit
antimalarial drugs in Sub-Saharan Africa. Hence, there is a need to trace or encounter such
counterfeit drugs available in the markets. Proguanil plays a significant role in the treatment of
malaria; its function is to stop the reproduction of the parasite in the red blood cells by inhibiting
the folic acid metabolism [26]. To achieve this, the active metabolite of the drug binds with
dihydrofolate reductase (DHFR) enzyme of the parasite.

Several analytical methods have been reported for the detection and quantification of
pharmaceutical drugs. These methods include; High-performance liquid chromatography [27-29],
capillary  electrophoresis [30-32], micellar electrokinetic —chromatography [33,34],
electrochemical [35,36], and spectroscopic methods. Most of these methods require tedious sample
extraction processes and are time-consuming. Therefore, there is a need to develop a fast, sensitive,
and selective method for qualitative and quantitative analysis of proguanil. As far as we could
possibly know, just two investigations are reported for the electroanalytical detection of proguanil.
A few notable limitations of the electrochemical methods include slow electron transfer, low
selectivity, and sensitivity. Hence there is a need to modify the bare electrodes to avoid such
limitations mentioned above. The use of nanocomposites carbon nanotubes with nanoparticle
would be beneficial in this regard because of their enhanced electrical conductivity, high surface
area, and fast electron transfer rate, which ultimately improve the selectivity and sensitivity of the

modified electrode [37,38].
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3.3 EXPERIMENTAL

3.3.1 Apparatus and chemicals

Field Emission Scanning Microscopy (FE-SEM) (ZEISS ultra plus, Germany) and Transmission
Electron Microscopy (TEM) (JEOL 101, USA) were used for morphological studies of the
nanocomposite. For SEM analysis, aluminium stub sample holder was coated with carbon tape.
The nanocomposite was then added on to the carbon tape and it was gold coated three times. Prior
to TEM analysis, the nanocomposite was dispersed in ethanol and sonicated for 15 minutes. A
copper grid was immersed into the solution. The gird was dried under infrared lamp. The elemental
composition was determined using Energy-Dispersive X-Ray Spectroscopy (EDX). A Bruker D2
diffractometer at 40 kV and 50 mA was used to record the X-ray diffraction patterns. The
measurements were taken at high angle 20 in a range of 5°~90° with a scan speed of 0.01° 20 s !
using a secondary graphite monochromated Co K alpha radiation (I = 1.7902 A®). Raman
spectroscopy studies were done using a DeltaNu Advantage 532 high performance Raman
spectrometer with a 532 nm solid state frequency doubled Nd:YAG laser with a peak power of
200 mW and a 35 u m diameter focused beam. Its resolution ranges from 8-10 cm "' and the
spectral range from 200-3400 cm ~!. CHI660E electrochemical workstation (CH instrument, USA)
and a conventional three-electrode system were used for all electrochemical measurements. A
glassy carbon electrode (3.0 mm), platinum wire and Ag/AgCI/KCI (3.0 molL™") were used as
working, counter, and the reference electrode, respectively. pH measurements were performed
using the EXTECH PH60 pH meter (China). Ferrocene, ethanol, potassium ferricyanide,
proguanil, and primaquine were purchased from Sigma Aldrich. Monosodium dihydrogen
orthophosphate and sodium phosphate dibasic were purchased from Merck. Deionized water was

used throughout the experiment.

3.3.2 Flame synthesis of MWCNTs-iron oxide nanocomposite

The experimental setup used in this study is shown in Figure 3:1. Briefly, 0.5g of ferrocene in
ethanol was stirred for 30 min at room temperature. The mixture was transferred in a glassy spirit
lamp with a cotton wick and ignited. After 4 hours, MWCNTs-iron oxide nanocomposites were

collected at the bottom of the cotton wick.
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Figure 3:1 Flame synthesis of MWCNTs-iron oxide nanocomposite

3.3.3 Fabrication of MWCNTs-iron oxide modified electrode

The alumina slurry with a size of 0.05 Microns was used to polish the surface of the glassy carbon
electrode (GCE) followed by washing with deionized water to remove any adsorbed alumina
particles. A suspension of 5 pL (1 mg.mL™') MWCNTs-iron oxide was drop cast on the surface of
the clean GCE. The electrode was dried under an IR lamp for 15 min. The modified electrode
denoted (MWCNTs-iron oxide/GCE) was utilized for all electrochemical measurements. All
electrochemical measurements were done using CHI660E electrochemical workstation.
Electrochemical impendence spectroscopy measurements were taken at frequency range of 1-

10000 Hz with 5 mV amplitude. 2.5 mM [Fe(CN)¢]*/[Fe(CN)s]* in 0.1 M KC1 was used.

3.3.4 Preparation of pharmaceutical and human urine samples

Proguanil tablets (Mozitec) containing 100 mg proguanil hydrochloride were finely powdered
using a mortar and pestle. A suitable stock solution was prepared using powdered tablets. DPV of
proguanil in the presence of pharmaceutical excipients were recorded by using diluted aliquots

that are within the linear concentration range.

Urine sample was diluted 100 times with 0.1M phosphate buffer (PB) (pH 5.5) to reduce the matrix
effects. The sample was spiked with proguanil prior to analysis. MWCNTs-iron oxide/GCE was

then used to detect proguanil in spiked urine samples.
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3.4 RESULTS AND DISCUSSION

3.4.1 Morphological characterization

The formation of MWCNTs-iron oxide nanocomposite was confirmed by Raman spectroscopy as
shown in Figure 3:2A. The peaks at 1338 and 1604 cm™ were attributed to D and G band
respectively. The D band is due to the defects in the sidewalls and ends of MWCNTs, while the G
band is mainly due to the tangential stretching of the carbon-carbon bond. Second-order modes at
2301-2445 cm! and the G* (2759 cm™!) were also observed. The structural quality of MWCNTSs
was estimated using the intensity ratio of the Raman D and G band (14/I¢) [39]. Both the D and G
band were found to have similar intensities; thus, the density of defects was estimated to be high.
The (I4/1) ratio was found to be 0.98, the high (I14/I,) is attributed to the growth in multiple layers
of MWCNTs. Raman spectroscopy was further used to confirm the presence of iron oxide in the
MWCNTs- nanocomposite. The bands at 350, 482 and 686 cm™ are assigned to maghemite
nanoparticles [40]. While bands at 221, 240, 297, 416, 525, 620 cm™ are assigned to hematite

nanoparticles [41], as shown in Figure 3:2B.
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Figure 3:2 Raman spectra of MWCNTs-iron oxide nanocomposite

The morphological analysis of MWCNTs-iron oxide nanocomposite was studied using FE-SEM,
as shown in Figure 3:3A. Carbon nanotubes with an average diameter of 84 nm were obtained.
The presence of iron oxide particles around the MWCNT was also observed. The presence of small
iron oxide nanoparticles on the surface of MWCNTs were also confirmed with TEM (Figure 3:3B).
EDX analysis was used to confirm the presence of carbon (81.27 Wt %), iron (4.19 Wt %), and
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oxygen (14.54 Wt %). No peaks of impurities were observed (Figure 3:3C). Iron oxide

nanoparticles were evenly distributed on the surface of CNT, as shown in Figure 3:3D.

Figure 3:3 (A) SEM, (B) TEM, (C) EDX and (D) EDX mapping of MWCNTs-iron oxide

nanocomposite

The XRD pattern of MWCNTs-iron oxide nanocomposite is shown in Figure 3:S1. Two distinct
diffraction peaks at 20 26 and 42.7 were indexed to (002) and (100) plane of graphite structure[42].
The other peaks at 20 29, 35, 43, 53, 56, 62 and 77 are indexed to (220), (311), (400), (422), (511),
(440) and (533) plane of cubic maghemite (JCPDS: 01-089-3850). As confirmed in the Raman
spectroscopy, peaks of hematite were also observed in the XRD patterns at 20 23.94, 40.33, 54.77,
56.95, and 62.48. These peaks were assigned to (012), (113), (116), (018), and (214) plane of
rhombohedral hematite (JCPDS: 00-033-0664). The area ratio of the crystalline peak to all peaks

was used to estimate the degree of crystallinity [43]. The percentage crystallinity values for
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MWCNTs, maghemite, and hematite nanoparticles were found to be 34.63, 7.89, and 13.69%

respectively.

3.4.2 Electrochemical characterization

To investigate the electron transfer properties of the modified electrode; Electrochemical
Impendence Spectroscopy (EIS) studies were done. [Fe(CN)s]*/[Fe(CN)s]* (2.5 mM ) in 0.1 KCl
was used as the electrolyte. A frequency range of 1-10000 Hz with 5 mV amplitude was used to
take the measurements. EIS data was fitted using Randles equivalent circuit (Figure 3:S2 inset).
The values for each element of the Randles equivalent circuit are given in Table 3:S1. As shown
in Figure 3:S2, a well-defined semi-circle with charge transfer resistance (Rct) value of 222.2 Q
was obtained for the bare GCE. This high Rct value suggests that the diffusion of [Fe(CN)s]*
/[Fe(CN)s]* towards the electrode is low. Thus to improve this Ret value, it is necessary to modify
the electrode with MWCNTs-iron oxide nanocomposite. Upon modification with MWCNTs-iron
oxide nanoparticles; the semi-circle diminished, and the Rct value of 0.001 Q was obtained. The
decrease in Rct value signifies a high electron rate transfer between the modified electrode and the
[Fe(CN)s]*/[Fe(CN)s]*. This is attributed to the unique properties of carbon nanotubes and iron

oxide nanoparticles, such as high surface area and good conductivity.

Cyclic Voltammetry (CV) was used to investigate further the electron transport properties of
MWCNTs-iron oxide nanocomposite-modified electrode using Fe(CN)e]*/[Fe(CN)¢]* as the
redox probe. A well-defined redox couple (Figure 3:S3A) that is due to [Fe(CN)s]*/[Fe(CN)s]*
was obtained for both the bare electrode and MWCNTs-iron oxide/GCE electrode. However, the
current increased on the modified electrode compared to the bare electrode, as shown in Table 3:1,
which can be attributed to the high surface area of nanocomposite. Thus more sites for electron
transfer were available. Also, the ratio of the anodic and cathodic peak current (Ipa/I,c) was
calculated to be ~1.0 (Table 3:1). This indicates a reversible electrochemical process [44]. Peak to
peak separation potential (AEp) for bare and MWCNTs-iron oxide/GCE electrodes were found to
be 100 mV and 72 mV, respectively. The decrease in AEp indicates a faster electron transfer rate

at the modified electron.
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Table 3:1 CV data obtained for MWCNTs-iron oxide/GCE electrode in 2.5 mM [Fe(CN)e] >

Electrode Ipa (uA) | Ipc (uA) Ipa/lpc | Epa (mV) | Epc (mV) | AEp (mV)
GCE 4.45 4.39 1.01 288 188 100
GCE/MWCNTs- | 4.98 4.78 1.04 274 202 72

iron oxide

Randles Sevcik equation was used to calculate the effective surface area of the bare and modified
electrode at 2.5 mM Fe(CN)s]*/[Fe(CN)s]* solution while varying the scan rate as shown in Figure

3:S3B. The inset on Figure S3:3B displays a plot of peak current versus square root of scan rate

with a linear regression Ip=0.0065+/v — 0.015

I, =269 x 105AvD (Vi) vy G (1)

Where Ip represent the peak current, n=number of electrons involved in the charge transfer (n=1),
D= diffusion coefficient (D= 7.6x10° cm’s™!), A= effective surface area (cm?), C= concentration
of Fe(CN)s]*/[Fe(CN)s]* (mol.cm™) and v = is the scan rate (V.s™!). The effective surface area
was calculated to be 0.0324 and 0.040 cm? for bare and MWCNTs-iron oxide modified electrode

respectively.

3.4.3 Electrochemical Behavior of Proguanil at MWCNTs-iron oxide/GCE

CV was used to investigate the electrochemical behavior of MWCNTs-iron oxide/GCE electrode
towards 0.1 mM proguanil in 0.1 mM PBS at pH 5.5, as illustrated in Figure 3:4A. One anodic
peak at 1.02 V and 1.0 V was observed for GCE and MWCNTs-iron oxide/GCE respectively. No
peaks were observed for MWCNTs-iron oxide/GCE in plan electrolyte. The anodic peak indicates
that proguanil undergoes one irreversible oxidation process; thus, no reverse peak was obtained.
A plausible mechanism for the electrochemical detection of proguanil is shown in Figure 3:7. The
anodic peak at 1.0 V is due to the irreversible oxidation 4-Chloroaniline moiety in proguanil. The
MWCNTs-iron oxide/GCE showed better sensitivity towards proguanil compared to bare GCE.
This is attributed to the unique properties of the synthesized nanocomposite such as high
electrocatalytic activity and good conductivity; thus the electron transfer rate is enhanced. The
high surface to volume ratio and good affinity of iron oxide nanoparticles towards amine functional

groups that are present in proguanil improves the sensitivity and selectivity of the sensor.
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The effect of scan rate was conducted to investigate the electrochemical reaction mechanism of
proguanil. Cyclic voltammograms (Figure 3:4B) were recorded with different scan rates (20-200
mV.s). A linear relationship between peak currents and square root of scan rate was observed
(Figure 3:5A). This relationship is represented by the equation Ip=0.4014v"%- 0.124 (R>=0.9842).
Therefore the oxidation of proguanil at MWCNTs-iron oxide/GCE is a diffusion controlled
process [45]. This was further confirmed by the linear relation between the logarithm of scan rate
and logarithm of peak current (Figure 3:5B) (log Ip= 0.486logv - 0.386 (R?>= 0.9761)). The slope
was found to be 0.49 thus it is close to the theoretical value of a diffusion controlled process [46].
The potential of the oxidation peak was also influenced by the change in scan rate. The peak
potential shifted to more positive values as the scan rate was increased (Figure 3:6). This further
confirms the irreversibility of the oxidation process. The linear relationship between log v and Ep

can be expressed as Ep= 0.0811logv + 0.884 (R?>= 0.9892).

The number of electrons involved in the oxidation of proguanil was calculated using the Laviron

equation, which defines the relationship between Ep and logv as:

o RT o RT
Ep = E° + 2303 21| [log(RTk*/anF)] + [(2.303 =) log v] )

Where E°= formal redox potential, n= number of electrons involved K°= standard rate constant of
the surface reaction, o= electron transfer coefficient. Other symbols have their usual meaning [47].
As illustrated in Figure 3:6, a linear relationship was observed between Ep and logv, which is
represented by the equation Ep=0.081logv + 0.884 (R?>= 0.9892). The value of on was calculated
by using the following constants; R=8.314 JK mol, T=298 K, and F=96480 C mol™'. The value of

a was then calculated using the Bard and Faulkner equation below:

a = 477/(Ep - Ep1/2) (3)

Where Epi12 is half of the peak potential. The number of electrons (n) involved in the oxidation of

proguanil was found to be ~1.
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Figure 3:4 : (A) Cyclic voltammograms of MWCNTs-iron oxide/GCE in plain electrolyte, bare
GCE and MWCNTs-iron oxide/GCE in 0.1 mM proguanil (pH 5.5) at a scan rate of 100 mV/s;
(B) Cyclic voltammograms of MWCNTs-iron oxide/GCE with change in scan rate
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Figure 3:5 (A) Relation between square root of scan rate and current for MWCNTs-iron

oxide/GCE in proguanil (0.1 M); (B) Relation between log v and log ip
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Figure 3:6 Plot between peak potential vs log of scan rate for MWCNTs-iron oxide/GCE in
proguanil (0.1 M)

Figure 3:7 Schematic representation of a plausible mechanism for electrochemical detection of

proguanil

3.44 DPV optimization and influence of pH

Before Differential Pulse Voltammetry (DPV) analysis, parameters such as step potential, pulse
width, and pulse amplitude were optimized (Figure 3:S4). All Measurements were done three
times. A pulse amplitude of 50 mV and a pulse width of 50 ms was used while varying the step
potential (3-8 mV). An increase in current with the potential step was observed (Figure 3:S4A).

This is due to a faster change in potential, thus a larger scan rate. The most repeatable peak current
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was obtained at 5 mV. A pulse amplitude of 50 mV and the optimum step potential (5 mV) was
used to investigate the effect of pulse width (10-60 ms). A decrease in peak current with an increase
in pulse width was observed (Figure 3:S4B). This is due to a decrease in scan rate; the most
repeatable current was obtained at 40 ms. The pulse width (40 ms) and potential step (5 mV) were
used to study the influence of pulse amplitude (10-70 mV). An increase in current with pulse
amplitude was observed (Figure 3:S4C). The most repeatable pulse amplitude was found to be 50
mV. The effect of pH on the oxidation of 0.1 mM proguanil in 0.1 M PBS was investigated using
Differential Pulse Voltammetry (DPV), as shown in Figure 3:8A. A pH range of 5-8.5 was
selected. A linear relationship between Ep vs pH was observed (Figure 3:8B). The linear

regression is shown below:
Ep=1.185-0.05pH. 4)

Since the slope is close to the theoretical Nernstian value of 0.059 V/pH at 25 °C; an equal number
of protons and electrons are involved in the electro-oxidation of proguanil at MWCNTs-iron
oxide/GCE [48]. The peak potential shifted towards less positive potentials as the solution became
more basic. This indicates the presence of a proton-coupled electron transfer reaction. The

optimum pH was 5.5, and it was used for all further studies.

Figure 3:8 Differential pulse voltammograms of proguanil with different pH; (B) The plot of
current vs pH and potential vs pH at MWCNTs-iron oxide/GCE
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3.4.5 Analytical performance

DPV was used under optimum conditions to investigate the analytical performance of MWCNTs-
iron oxide/GCE (figure 3:9A). A linear relationship between the peak current and concentration
was observed in the range of 0.7x107-1.9x10° M (Figure 3:9B). The equation below represents

the corresponding linear regression:
Ip=0.4479C-0.0204 (5)

Where C= concentration of proguanil and Ip= peak current. The relation between 3S/N and 10S/N
was used to calculate the limit of detection (LOD) and limit of quantification (LOQ) respectively.
The LOD and LOQ for proguanil at GCE/MWCNTs-iron oxide were calculated to be 1.96x107®
M and 6.54x10® M respectively. The present work was compared with other reported
electroanalytical methods for detection of proguanil (Table 3:2). The proposed method shows

better sensitivity for detection of proguanil.

Figure 3:9 (A) DP voltammograms of proguanil at different concentrations in 0.1M PBS (pH 5.5);
(B) calibration plots for proguanil in 0.1 M PBS (pH 5.5) MWCNTs-iron oxide/GCE
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Table 3:2 A comparison of the present study with other reported methods for electrochemical

determination of proguanil.

Electrode Concentration range (mol.L") | LOD (mol.L") | Ref
Renewable silver | 1x107-6x10°¢ 2.9x1078 [49]
amalgam film

CWE/phosphotugnestic | 1x10-1x1072 1x10°® [26]
acid

MWCNTs-iron 0.7x10°-1.9x10° 1.96x10°% Present
oxide/GCE work

3.4.6 Interference study and reproducibility

The selectivity of MWCNTs-iron oxide/GCE towards proguanil was investigated in the presence
of 200 fold concentration of primaquine, inorganic (Na®, Mg**, CI" SO4) and organic (uric acid,
ascorbic acid) interfering species using DPV under optimum conditions (Figure 3:S5). The peak
current slightly decreased in the presence of interfering species. The deviation was less than the
accepted tolerance of 5%. Thus the proposed sensor showed good selectivity towards proguanil.
The reproducibility of the sensor was evaluated using three identically prepared electrodes. The

relative standard deviation was calculated to be 2.4%, this demonstrate good reproducibility.

3.4.7 Real sample analysis

DPV studies were carried out under optimum conditions to determine the content of proguanil in
commercially available pharmaceutical tablets. The proposed sensor demonstrated good
selectively towards proguanil in the presence of pharmaceutical excipients (Table 3:3). The
recovery percentages were calculated using standard addition method (Figure 3:S6). A bias of less
than 2.3% was obtained. Additionally proguanil was determined in 100 fold dilution of human
urine under optimum conditions. The recovery results were found to be in the range of 99-104 %
(Table 3:4). The proposed sensor is selective and practically applicable for the analysis of

proguanil in pharmaceutical formulations and urine samples.
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Table 3:3 Results from proguanil tablet at MWCNTs-iron oxide/GCE

S No Expected (uM) | Detected Recovery Bias (%) | RSD (%) (n=3)
1 1.2 1.2093 100.8 0.8 0.26
2 1.4 1.423 101.6 1.6 0.83
3 1.6 1.5646 97.8 2.2 0.52
4 1.8 1.7631 98 2 1.23
5 2 2.0384 101.92 1.92 0.33

Table 3:4 Recovery results for proguanil in spiked human urine sample at MWCNTs-iron
oxide/GCE

S No Amount added | Found (uM) Recovery (%) Bias (%)
(uM)

1 2.00 1.98 99.0
2.50 2.54 101.6 1.6

3 3.00 3.12 104.0

3.5 SUB-CONCLUSION

A simple method for in-situ flame synthesis of MWCNTs-iron oxide nanocomposite was
successfully developed. Raman spectroscopy and X-ray diffraction confirmed the presence of
MWCNTs and iron oxide nanoparticles in the composite material. SEM and TEM images proved
the formation of MWCNTs-iron oxide nanocomposite. Electrochemical detection of proguanil was
carried out using MWCNTs-iron oxide/GCE. A detection limit of 1.96x10®* M with a linear range
0f 0.7x107-1.9x10° M was obtained, this was found to be better when compared with the reported
literature. The modified electrode showed satisfactory selectivity and sensitivity towards proguanil
in the presence of different sample matrix such as pharmaceutical formulation and urine sample.
Thus, MWCNTs-iron oxide nanocomposites have proven to be useful in the fabrication of

electrochemical sensor for quality control purposes.
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CHAPTER FOUR
Polyaniline-cobalt oxide nanofibers for simultaneous electrochemical determination of

antimalarial drugs: primaquine and proguanil
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4.1 ABSTRACT

Quality control of antimalarial drugs is essential due to the prevalence of counterfeit medicines. In
this work, polyaniline-cobalt oxide nanofibers were synthesized using precipitation oxidation and
interfacial polymerization. The nanocomposites were characterized using Ultraviolet Visible
Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM), Energy-Dispersive X-Ray
Spectroscopy (EDX), and X-Ray Diffraction Spectroscopy (XRD). Morphological studies
confirmed the formation of PANI nanofibers. The presence of Co304 in the composite was
confirmed by XRD and EDX. Differential Pulse Voltammetry (DPV) and Cyclic Voltammetry
(CV) were used to study the simultaneous electrochemical detection of primaquine and proguanil
using a glassy carbon electrode modified with polyaniline nanofibers incorporated with cobalt
oxide nanoparticles (PANI-C0304/GCE). The optimum pH for the response of the sensor was
found to be 3.5 for both drugs. A limit of detection (LOD) of 2.07 nM and 1.42 nM with a linear
range of 0.020-0.036 and 0.016-0.028 mM was obtained for primaquine and proguanil,
respectively. Additionally, the practical applicability of PANI-C0304/GCE was studied in human
urine with different interfering agents, good recovery of both drugs ranging within 94-105 % was
achieved. PANI-Co0304 nanocomposite can therefore be used to fabricate electrochemical sensors

for quality control purposes.

Keywords: Primaquine, Proguanil, Simultaneous detection, Cobalt oxide, Polyaniline nanofibers.
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4.2 INTRODUCTION

Malaria is one of the most common protozoan parasitic diseases, which has become a great public
health concern in tropical and subtropical areas [1-3]. In 2017 an estimated 219 million malaria
cases were reported worldwide; 435 000 cases resulted in death [4]. Most malaria cases in Africa
are due to Plasmodium falciparum, while in the North and South America regions, Plasmodium
vivax is dominant [4—7]. The application of combination therapy in the treatment of malaria due
to Plasmodium falciparum, Plasmodium vivax, and Plasmodium ovale is increasing. A
combination of primaquine and proguanil is usually recommended to treat uncomplicated malaria
due to Plasmodium vivax [8]. N-(6-methoxyquinolin-8-yl)pentane-1,4-diamine, commonly known
as primaquine (Figure 4:1A), is an FDA approved antimalarial drug. Its main function is to
eliminate hypnozoites and schizonts of Plasmodium ovale and Plasmodium vivax [9—11]. Another
antimalarial drug that is mostly used is (1E)-1-[amino-(4-chloroanilino)methylidene]-2-propan-2-
yl guanidine commonly known as proguanil (Figure 4:1B). This drug effectively treats
Plasmodium vivax when combined with other antimalarial drugs such as atovaquone and
primaquine. Proguanil plays a crucial role in treating malaria; its function is to stop the

reproduction of the parasite in the red blood cells by inhibiting folic acid metabolism [12].
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Figure 4:1 (A) Primaquine and (B) Proguanil structure

Quality control of these antimalarial drugs is essential due to the prevalence of counterfeit drugs
[13—15]. Different analytical methods have been reported for qualitative and quantitative analysis
of primaquine and proguanil. These methods include ultra-performance liquid chromatography
[16,17], capillary electrophoresis [18,19] and mass spectrometry [20,21]. However, these methods

involve multi-step analysis procedures, which are time-consuming. Electrochemical methods are
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gaining interest in pharmaceutical drug analysis because they are rapid, sensitive, and selective to
the targeted drug. Several electrochemical methods have been reported to detect primaquine and
proguanil; however, these methods focus on individual detection [10,11,22]. To the best of our
knowledge, this is the first study to report on the simultaneous electrochemical detection of
primaquine and proguanil. This approach is less time consuming and economical since two

analytes are analyzed at the same time.

The low cost, thermal stability, high conductivity, and its ability to form nanostructured
nanoparticles makes polyaniline to be amongst the commonly used conducting polymers [23]. In
recent years, the application of nanostructured conducting polymers such as polyaniline in
electrochemical sensors is increasing. This is due to their unique physical and chemical properties
that are different from their bulk counterparts. These properties include high surface to volume
ratio, flexibility, high porosity, and fast electron transfer rate [24,25]. The morphology of
nanostructured polyaniline plays a crucial role in their application in electrochemical sensors.
Nanofibers have more active sites available than other morphologies; thus, the sensor's sensitivity
is improved since the interaction between the analytes and the polymer occurs close to the
underlying electrode [26]. Park et al [27] investigated the effect of shape on the electrochemical
properties of nanostructured polyaniline. Nanofibers, nanorods, and nanospheres were used for
electrochemical applications. Faster electron kinetics were obtained for nanofibers compared with
nanorods and nanospheres. The electrical properties of polyaniline nanofibers can be improved by
incorporating metal nanoparticles such as cobalt oxide, silver, and gold [28-31]. Cobalt oxide is a
p-type semiconducting material that has good electrocatalytic activity. Co30Os facilitates the
oxidation of different pharmaceutical drugs by its ability to change oxidation states [32,33].
Sandhya et al [34] improved PANI shrubs' electron transfer rate by incorporating cobalt oxide

nanoparticles.

Several methods have been reported for the synthesis of polyaniline nanostructures [35-38]. In
this study, an interfacial polymerization method was used to synthesize well-defined polyaniline
nanofibers incorporated with cobalt oxide nanoparticles. The addition of cobalt oxide
nanoparticles into polyaniline nanofibers provides several advantages such as good conductivity,
higher surface area, and better catalytic activity. The solubility of the nanocomposite is also

improved. This study presents a method for synthesizing polyaniline nanofibers incorporated with
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cobalt oxide nanoparticles (PANI-Co0304). The prepared nanocomposite was used to modify a
glassy carbon electrode (GCE) for simultaneous electrochemical detection of primaquine and

proguanil.

4.3 EXPERIMENTAL

4.3.1 Apparatus and chemicals

The optical properties were studied using a UV spectrophotometer (UV-1800, Shimadzu, South
Africa). The functional groups of PANI were confirmed by Fourier Transform Infrared
Spectroscopy (Bruker® Alpha-P ATR-FT-IR, Germany). Morphological studies were done using
Transmission Electron Microscopy (TEM) (JEOL 101, USA) and Field Emission Scanning
Electron Microscopy (FE-SEM) (ZEISS ultra plus, Germany). The elemental composition of the
nanocomposite was recorded using Energy-Dispersive X-Ray Spectroscopy (EDX). X-ray
diffraction patterns were recorded using a Bruker D2 diffractometer at 40.00 kV and 50.00 mA.
The measurements were taken at high angle 26 in a range of 5°-90° with a scan speed of 0.01° 26
s ! using secondary graphite monochromated Co K alpha radiation (1 = 1.79 A°). CHI660E
electrochemical workstation (CH instrument, USA) and a standard three-electrode system were
used for all electrochemical measurements. A glassy carbon electrode (3.00 mm), platinum wire,
and Ag/AgCl/NaCl (3.00 molL™!) were used as working, counter, and reference electrode
respectively. pH measurements were performed using the EXTECH PH60 pH meter (China). All
the chemicals used in this study were purchased from Sigma Aldrich. Throughout the experiment

distilled water was used.

4.3.2 Synthesis of cobalt oxide nanoparticles

For the synthesis of cobalt oxide nanoparticles, the precipitation oxidation method was used with
slight modification [39]. Briefly, two solutions were prepared; solution A was made by dissolving
5.00 g of cobalt acetate in 20 ml water and 0.91 g hydrogen peroxide. Solution B was prepared by
adding 100 ml water to 1.27 g sodium hydroxide (NaOH) followed by the addition of 20 ml
butanol. Solution A was added to solution B, and the mixture was stirred for 16 hours at 85 °C.
After 16 hours, the mixture was washed with 2.00 M hydrochloric acid (HCl) to dissolve the
unreacted cobalt hydroxide. The product was further centrifuged with methanol and dried at room

temperature.
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4.3.3 Synthesis of polyaniline-cobalt oxide (PANI-C0304) nanocomposite

For the synthesis of PANI-Co304 nanocomposite, interfacial polymerization was used with some
modifications, two solutions were used [38]. Solution A was made up of 4.00 mmol ammonium
persulfate in 20 ml HCI and solution B was made up of 4.00 mmol aniline in 20 ml chloroform. 6
mg of Co304 nanoparticles powder with an average size of 4 nm was added to Solution B. The
mixture was stirred for 5 min; solution A was then added to the mixture. The mixture was left
undisturbed at room temperature for 24 hours. After 24 hours, a green precipitate was filtered and
dried at room temperature. The same procedure was followed for the synthesis of PANI nanofibers
without the addition of Co304 nanoparticles. A yield of 67% and 63% was obtained for PANI and
PANI-Co304, respectively.

4.3.4 Fabrication of PANI-Co0304 modified electrode

The surface of the glassy carbon electrode (GCE) was mechanically polished using 0.05 Microns
of alumina slurry followed by rinsing with distilled water to remove any adsorbed alumina
particles. A suspension of 5 uL PANI-Co0304 was drop cast on the surface of the clean GCE. The
electrode was dried under an IR lamp for 30 min. The modified electrode denoted PANI-
C0304/GCE was used for all electrochemical measurements. All electrochemical measurements
were done using the CHI660E electrochemical workstation. Electrochemical impendence
spectroscopy measurements were taken at a frequency range of 1- 10000 Hz with 5 mV amplitude,
2.5mM [Fe(CN)s]*/[Fe(CN)s]*in 0.1 M KCl was used. Cyclic voltammetry and differential pulse
voltammetry measurements were taken using a potential window of 0 to 1.5V and scan rate of 0.1

V in phosphate buffer pH 3.5

4.3.5 Preparation of urine samples

The prepared PANI-Co304/GCE electrode was tested in real samples; urine samples were collected
from a healthy laboratory personnel. The sample was diluted 100 times with 0.1 M phosphate
buffer (pH 3.5) to reduce the matrix effect. The diluted samples were spiked with different
concentrations of primaquine and proguanil before analysis. The PANI-C0304/GCE was then used

to simultaneously detect primaquine and proguanil in spiked urine samples.
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4.4 RESULTS AND DISCUSSION

4.4.1 Material characterization

The optical properties of cobalt oxide nanoparticles were studied using Uv-vis spectroscopy, as
shown in Figure 4:S1A. Two absorption peaks at 410 nm and 700 nm were obtained. These peaks
are blue-shifted compared to the bulk cobalt oxide which absorbs at 554 nm and 838 nm [40,41].
The peaks at 410 and 700 nm are due to O = Co*" and O* > Co*" transitions, respectively.
Figure 4:S1B shows the X-ray diffraction pattern of cobalt oxide nanoparticles. The peaks at 20
19.66, 31.20, 36.05, 45.86, 54.59, 59.71, 65.01 are attributed to (111), (220), (311), (222), (400),
(511) and (440) planes respectively of face-centered cubic structure (JCPD: 042-1467). No peaks
of impurities were obtained; thus, the prepared cobalt oxide nanoparticles are of high purity. The
size and shape of cobalt oxide nanoparticles were confirmed by TEM, as shown in Figure 4:S1C.
Cubic particles with an average size of 4.00 nm and narrow size distribution (Figure 4:S1D) were
obtained. The smaller size of Co3O4 nanoparticles provides a higher surface area; this leads to
better electro-catalytic activity. Also, the shape of Co304nanoparticles plays a crucial role in their

properties since different Miller indices are found in various shapes.

The oxidation levels of the polyaniline nanocomposite were investigated using Uv-vis
spectroscopy as shown in Figure 4:S2A. Absorption peaks at 286, 340, and 435 nm were obtained
for both the pristine PANI and PANI-Co0304 nanocomposite. These peaks are attributed to j1-1"
(phenyl ring), n-n1" (within benzenoid segment) and polaron- 1" transition, respectively. The
presence of the 435 nm peak confirms the formation of emeraldine salt PANI [42]. The slight
hyper-chromic shift in PANI-Co304 is due to the presence of cobalt oxide. Figure 4:S2B shows
the FTIR spectra of PANI and PANI-Co3;04 nanocomposite. The peak at 780 is attributed to (C-H
out of plane bending vibration), 1108 (C-H stretch from both quinoid and benzenoid rings), 1279
(C-N stretching mode of secondary aromatic amines), 1557 (C-C bond in quinoid), 1650 (C-C
bond in benzenoid ring) and 3350 cm™ (N-H stretching). The addition of cobalt oxide resulted in
a peak at 560 and 660 cm™!, these are attributed to metal oxide stretching vibration of the Co**-O
and Co?"-O bands, respectively. Also cobalt oxide interacts with PANI through the qunoid ring
and N-H groups, this is shown by a slight shift in peak position to lower wavenumbers. Figure
4:S2C-D shows the SEM images of PANI and PANI-Co304, nanofibers with an average diameter
of 60 nm, and 118 nm, respectively, were obtained. The presence of cobalt oxide nanoparticles did

not affect the morphology of PANI nanofibers.
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Figure 4:S3A-B shows the XRD pattern of PANI and PANI-Co304 nanocomposite, the peaks at
20 20.73, 25.81, 26.38, and 27.30 are indexed to (020), (220), (111), and (121) planes of
conducting PANI [42]. Additionally, cobalt oxide peaks that correspond to a face-centered cubic
structure (JCPD: 042-1467) were present in PANI-Co304. The presence of Co304 did not affect
the crystal structure of PANI. The sharp peak at 20 33.3 might be due to the metal sample holder
[43]. The area ratio of the crystalline peak to all peaks was used to estimate the degree of
crystallinity [44]. The percentage crystallinity values for PANI and PANI-Co3;04 were found to be
6.40 % and 7.79 %, respectively. EDX analysis (Figure 4:S3C-D) was done to confirm the
presence of C (32.79), N (14.16), O (10.57), S (5.90), C1(6.16), and Co (0.41) in PANI and PANI-
Co030a4.

4.4.2 Electrochemical characterization

The Electrochemical Impedance Spectroscopy (EIS) was used for electrochemical characterization
of the modified electrode. (EIS) measurements were taken at a frequency range of 1-10000 Hz
with a 5 mV amplitude, as shown in Figure 4:S4. The charge resistance transfer (Rct) values for
bare GCE, PANI, and PANI-Co304 were found to be 239.40 2, 0.001 Q, and 0.001 €, respectively.
These Rct values were obtained from the EIS plot using the standard Randles equivalent circuit
(figure inset). The high Rct value for the bare GCE suggests that the diffusion of [Fe(CN)e]*"
/[Fe(CN)6]* towards the electrode is low. Thus there is low electro-catalytic activity. The electrode
surface was improved by modification with PANI and PANI-Co0304. The semi-circle that was
observed in the bare GCE diminished thus a low Rct value was obtained. The decrease in Rct value
signifies a high electron transfer rate between the modified electrode and [Fe(CN)s]*>/[Fe(CN)e]*
.The decrease in Rct value is attributed to the conducting nature of PANI and the high electro-

catalytic activity of Co3O4 nanoparticles.

4.4.3 Electrochemical behavior

The electrochemical behavior of 0.10 mM primaquine and proguanil in 0.10 M phosphate buffer
solution (pH 3.50) at GCE, PANI/GCE, and PANI-Co304/GCE was investigated by cyclic
voltammetry, as shown in Figure 4:2A. A potential window of 0 to 1.50 V was used. No peaks
were observed at bare GCE; upon modification with PANI anodic peaks at 0.56 V and 1.20 V were
obtained. These anodic peaks are attributed to the oxidation of primaquine and proguanil

respectively. No corresponding reduction peak was observed for both drugs; therefore, the
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electrode process is an irreversible reaction. A plausible mechanism for the simultaneous
electrochemical detection of primaquine and proguanil is shown in Figure 4:3. The anodic peaks
at 0.56 V and 1.20 V are due to the irreversible oxidation of 7-methoxyamino quinolone and 4-
Chloroaniline moiety in primaquine and proguanil, respectively. The introduction of Co304
nanoparticles during the chemical polymerization of PANI enhanced the electrochemical
performance of the composite; as a result, an increase in anodic peak current was observed at
PANI-C0304/GCE. This increase in peak current is due to fast electron transfer kinetics of the

modified electrode.

CV was further used to investigate the effect of scan rate on the oxidation of primaquine and
proguanil at PANI-Co0304/GCE, as shown in figure 4:2B. CV voltammograms were recorded by
changing the scan rate from 30 to 120 mV/s. An increase in peak current with scan rate was
observed. As shown in figure 4:4A-B, a linear relationship between peak current and root of scan
rate was observed. Therefore the simultaneous oxidation of primaquine and proguanil at PANI-
Co304/GCE is a diffusion-controlled process [45]. The equation for peak current vs root of scan

rate can be expressed as:
Ip=0.01x + 0.17 (R*= 0.99) (1)

Ip= 0.40x + 3.10 (R?= 0.98) )

110



Figure 4:2 (A) Cyclic voltammograms of bare GCE, PANI and PANI-Co304/GCE in 0.1 mM
proguanil and primaquine (pH 3.5) at a scan rate of 100 mV/s; (B) Cyclic voltammograms of
PANI-C0304/GCE with change in scan rate

Figure 4:3 Schematic representation of a plausible mechanism for simultaneous electrochemical

detection of primaquine and proguanil
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Figure 4:4 Relation between scan rate and current for PANI-C0o304/GCE in primaquine (A) and
proguanil (B)

4.4.4 Influence of pH

The influence of pH on the oxidation of primaquine and proguanil at PANI-C0304/GCE was
investigated using Differential Pulse Voltammetry (DPV), as shown in Figure 4:S5A. The anodic
peak current for primaquine decreased between pH 2.00 and pH 3.00. An increase in peak current
at pH 3.50 was observed. The current continued to decrease between pH 4.00 and pH 4.50, as
shown in Figure 4:S5B. In the case of proguanil, the anodic peak was found to alternate with a
change in pH (Figure 4:S5C); the optimum current was also obtained at pH 3.50. For both drugs,
the peak potential shifted towards less positive potential as the solution became less acidic. This
indicates the presence of a proton-coupled electron transfer reaction. The linear relationship

between pH and Ep (V) is expressed using the following regression equation:
Ep(V)=-0.040x + 0.750 (R*=0.99) primaquine 3)
Ep(V)=-0.034x + 1.231 (R?*=0.99) proguanil (4)

The slope of Ep (V) vs pH for both primaquine and proguanil was calculated to be 0.04 and 0.03
V/pH, respectively. The slope values are biased from the Nernstain slope of 0.059 V/pH. Thus the
simultaneous electro-catalytic oxidation of primaquine and proguanil is more complex. The slope
values also indicate that an unequal number of protons and electrons are involved in the oxidation

of both drugs at PANI-C0304/GCE.
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4.4.5 Analytical performance

The analytical performance of PANI-Co304/GCE for simultaneous detection of primaquine and
proguanil was investigated using Differential Pulse Voltammetry (DPV) under optimum
conditions (Figures 4:5A and Figure 4:6A). When the concentration of proguanil was kept
constant, a linear relationship between current and primaquine concentration was observed in the
range of 0.020-0.036 mM (Figure 4:5B) with a limit of detection (LOD) of 2.07 nM. When the
primaquine concentration was kept constant while varying the concentration of proguanil, a linear
relationship in the range of 0.016-0.028 mM (Figure 4:6B) with LOD of 1.42 nM was obtained.

The equations below represent the corresponding linear regression:
Ip=12.05C - 0.07  (R*=0.99) primaquine ®))
Ip=6.10C + 0.59 (R?=0.99) proguanil (6)

Where C=Concentration of the drug and Ip= peak current. To the best of our knowledge, this is
the first study to report on the simultaneous electrochemical detection of primaquine and
proguanil. However, the present work was compared with previously reported studies for the
detection of primaquine and proguanil separately (Table 4:1). The proposed method shows good

sensitivity for the simultaneous detection of the selected drugs.

Figure 4:5 (A) DPV voltammogram of primaquine at different concentrations in 0.10 M PBS (pH
3.50) (B) calibration plot for primaquine in 0.10 M PBS (pH 3.50) PANI-Co304/GCE
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Figure 4:6 (A) DPV voltammogram of proguanil at different concentrations in 0.10 M PBS (pH
3.50) (B) calibration plot for primaquine in 0.10 M PBS (pH 3.50) PANI-Co304/GCE

Table 4:1 A comparison of the present study with other reported methods for the electrochemical

determination of primaquine and proguanil

Electrode Concentration Analyte LOD Ref
range (mol.L") (mol.L")

Renewable silver | 1x107-6x10°¢ proguanil | 2.9x10* [22]

amalgam film

CWE/phosphotugnestic | 1x107-1x107 proguanil | 1x10® [12]

acid

Cu-NW/CPE 22.4x107-22.7x10° | primaquine | 0.96x10° | [46]

GCE 3x107>-1x10™ primaquine | 1.62x10° | [47]

AuNu/GCE 1x10°%-1x10°¢ primaquine | 3.52x10° | [10]

PANI-C03;04/GCE 2x107-3.6x107 2.07x10 | Present work
1.6x107-2.8x107 1.42x107

4.4.6 Interference, reproducibility, and real sample

The selectivity of PANI-Co304/GCE towards primaquine and proguanil was investigated using
DPV, as shown in Figure 4:S6. A 200-fold dilution of amodiaquine, a mixture of organic ( ascorbic
acid, glucose, citric acid, and uric acid) and inorganic (K*, CI, Mg?", SO4* and Na*) species were
used as interfering agent. During the simultaneous detection of primaquine and proguanil, the
modified electrode was found to be selective to primaquine with a deviation that is within the

accepted tolerance of 5%. There was interference of more than 5% in the case of proguanil. The
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reproducibility of the modified electrode was evaluated using four identically prepared electrodes.
Relative standard deviations of 1.90 % and 2.30 % were obtained for primaquine and proguanil,
respectively. Thus the modified electrode shows good reproducibility. The practical applicability
of the modified electrode was evaluated using a 100-fold dilution of human urine. As shown in
Tables 4:2 and 4:3, the recovery results were found to be in the range of 95-104 % and 94.40-

105.00 % for primaquine and proguanil, respectively.

Table 4:2 Recovery results for primaquine in the spiked human urine sample

S No Amount added | Found (mM) Recovery (%) Bias (%)
(mM)

1 0.02 0.019 95.00 5

2 0.025 0.026 104.00 4

3 0.03 0.031 103.30 33

Table 4:3 Recovery results for proguanil in the spiked human urine sample

S No Amount added | Found (uM) Recovery (%) Bias (%)
(uM)

1 0.018 0.017 94.40 5.6

2 0.020 0.021 105.00 5

3 0.022 0.023 104.50 4.5

4.5 SUB-CONCLUSION

Precipitation-oxidation and interfacial polymerization methods were successfully employed to
prepare PANI-Co304 nanocomposite. X-Ray Diffraction Spectroscopy and Energy-Dispersive X-
Ray Spectroscopy confirmed the presence of cobalt oxide nanoparticles in the composite material.
The formation of PANI nanofibers was confirmed by SEM. Simultaneous electrochemical
detection of primaquine and proguanil was done using PANI-Co304/GCE. A detection limit of
2.07 nM and 1.42 nM was obtained for primaquine and proguanil, respectively. Additionally, the
practical applicability of the modified electrode was evaluated in human urine and in the presence
of different interfering agents. The modified electrode showed good reproducibility, selectivity,
and sensitivity. Thus, PANI-Co304 nanocomposite can be used to fabricate electrochemical
sensors for quality control purposes. As far as we could possibly know, this is the first study to

report simultaneous electro-oxidation of primaquine and proguanil.
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5.1 ABSTRACT

According to the World Health Organization 2019 malaria report, approximately 228 million cases
of malaria were reported in which 405 000 resulted in death. Malaria can be detected using
different biomarkers; thus, this study was aimed at developing a cheap electrochemical sensor (Cu-
MOFs/GCE) for detection and quantification of f—Hematin. f—Hematin is structurally and
chemically similar to hemozoin, which is a malaria biomarker. Amino functionalized copper-metal
organic frameworks (Cu-MOFs) were synthesized using an Amorphous MOF-Mediated
Recrystallization Approach (AMMRA), and the influence of pH on the formation of MOFs was
investigated. Cu-MOFs were characterized using Fourier Infrared Spectroscopy (FTIR),
Transmission Electron Microscopy (TEM), Ultraviolet Visible Spectroscopy, Scanning Electron
Microscopy (SEM) and X-Ray Diffraction Spectroscopy (XRD). Cu-MOFs synthesized at pH 7
were selected as optimum since long nanorods with sharp edges were obtained. Electrochemical
studies were carried out using Diffractive Pulse Voltammetry (DPV), Electrochemical Impedance
Spectroscopy (EIS) and Cyclic Voltammetry (CV). Additionally, the feasibility of the modified
electrode was investigated in some organic and inorganic interfering species. Under optimum
conditions, a detection limit of 4.08 uM with a linear range of 0.05 to 0.45 mM was obtained. The

present study demonstrated the use of cheap biomarkers (—Hematin) for the diagnosis of malaria.

Keywords: Malaria, B—Hematin, Copper metal organic frameworks, diffractive pulse

voltammetry, cyclic voltammetry.
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5.2 INTRODUCTION

Metal-organic frameworks (MOFs) are crystalline porous materials formed by coordination
between metal ions and organic linkers. These materials have unique properties that make them be
used in various applications such as sensing, catalysis, biomedical imaging, and drug delivery
[1,2]. The attractive features of MOFs include; high porosity, high crystallinity, large surface to
volume ratio, and tunable pore size. However, these features are dependent on several reaction
parameters such as temperature, concentration, solvent, metal ion, capping agent and organic
linkers [2,3]. Also the choice of the synthesis method plays a crucial role. Metal organic
frameworks can be synthesized using several methods such as microwave, hydrothermal,
electrochemical and mechanochemical methods. Jiang et al. [4] investigated the effect of
temperature on the synthesis of Co-MOF-74. From the XRD results, it was observed that the
change in temperature does not have a significant impact on the formation of Co-MOF-74 crystals.
However, temperature plays a vital role in the size and shape of Co-MOF-74. In another study by
Zou et al. [3], the effect of solvent on the formation of super long crystal MOFs nanotubes was

investigated. Water was found to be an ideal solvent for the formation of MOF nanotubes.

Several studies have reported the influence of pH on the synthesis of MOFs [5,6]. The pH value
of a reaction system plays an important role during the synthesis of MOFs, this is because the
coordination mode of carboxylic acid ligands such as 2-aminoteraphilic acid are determined by the
pH value of the reaction system. Recently, the synthesis of functionalized metal organic
frameworks is gaining interest. The presence of these functional groups such as —-NH», -OH and
Br improves the physical and chemical properties of the MOFs. Functionalized MOFs can be
prepared by in situ synthesis, post modification and physical mixing. Ming et al [7] synthesized
the amino functionalized copper based metal organic frameworks using solvothermal method.
Spherical MOFs with an average diameter of 236.79 nm was obtained. While Lin et al [§8]
developed a method for the direct synthesis of amino functionalized MIL-101 (Cr) nanoparticles
with an average size of 50 nm. Huo et al [9] reported the synthesis of spherical amino

functionalized copper based metal organic frameworks with an average size of 400 nm.

Thus, in the present work the effect of pH value on the synthesis of amino functionalized copper
based MOFs using an amorphous MOF-mediated recrystallization approach (AMMRA) was

investigated. The synthesized amino functionalized copper MOFs were further used to modify the
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surface of a glassy carbon electrode for electrochemical detection of f—Hematin. This is because
of the unique electrocatalytic activity of copper MOFs and the affinity of copper to hemozoin.
Also the presence of amino functional group will enhance the interaction of the Cu-MOFs with
hemozoin. Several studies have shown that hemozoin is chemically and structurally similar to
B—Hematin [10-12]. Hemozoin is produced by blood-feeding parasites such as Plasmodium spp
during the digestion of blood. It is crucial for parasite survival in the host. B—~Hematin is cheaper
than the two commonly used malaria biomarker for developing detection systems (Plasmodium
falciparum Lactate Dehydrogenase (PfLDH) and Plasmodium falciparum Histidine-rich proteins
II (PfHRP-II). To the best of our knowledge, only Obisesan et al. [12] has reported the
electrochemical detection and quantification of B—Hematin. However this method showed a poor
detection limit and selectivity since agglomerated metal oxide (CuO, Fe;Os;, and Al,O3)
nanoparticles were used. Therefore the physical and chemical properties of these metal oxide
nanoparticles was compromised. Thus, in this study metal organic frameworks with well-defined

morphologies were used.

5.3 EXPERIMENTAL

5.3.1 Apparatus and chemicals

The optical properties and functional groups present in f—Hematin and Cu-MOFs were studied
using a UV spectrophotometer (UV-1800, Shimadzu, South Africa) and Fourier Transform
Infrared Spectroscopy (Bruker® Alpha-P ATR-FT-IR, Germany) respectively. XRD patterns
were recorded using X-ray diffraction (PanAlytical Empyrean, Germany). Morphological studies
were done using Transmission Electron Microscopy (TEM) (JEOL 101, USA) and Field Emission
Scanning Microscopy (FE-SEM) (ZEISS ultra plus, Germany). CHI660E electrochemical
workstation (CH instrument, USA) and a standard three-electrode system were used for all
electrochemical measurements. A glassy carbon electrode (3.0 mm), platinum wire, and
Ag/AgCl/NaCl (3.0 molL—1) were used as working, counter, and reference electrode, respectively.
pH measurements were performed using the EXTECH PH60 pH meter (China). All the chemicals
used in this study were purchased from Sigma Aldrich. Throughout the experiment, distilled water

was used.
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5.3.2 Synthesis of f—Hematin

A method adapted from Obisesan et al [12] was used without any modification, as shown in
equation 1. Briefly, hemin chloride (7.9 mM) was dissolved using 8 mL of 0.1 M NaOH solution.
The solution was refluxed at 60 °C for 10 min, then 1.45 mL of HCI (1 M) was added, and the
solution was further stirred for 4 min. after 4 min, 8.825 mL of acetic acid was added, and the
solution was stirred for 32 min. After 32 min, the mixture was kept in the dark undisturbed for 24

hours. The solution was then washed with methanol followed by water then dried at room

temperature.
2C1 - Fe(IINPPIX + CH3COOH - (Fe(II)PPIX), + CH;COOH CI (1)
Hemin chloride Acetic acid B—Hematin

5.3.3 Synthesis of amino functionalized copper metal organic frameworks (Cu-MOFs)

An Amorphous MOF-Mediated Recrystallization Approach (AMMRA) was used to synthesize
Cu-MOFs nanorods [3]. Briefly, solution A was prepared by dissolving 4 mmol copper acetate in
100 mL methanol. Solution B was prepared by dissolving 1.5 mmol 2-aminoteraphilic acid in 50
mL methanol. Solution B was added slowly to solution A, and the mixture was stirred for 3 hours
at room temperature. The final precipitate marked at Cu-MOFs nanoparticles was centrifuged and
washed with methanol and water. The Cu-MOF nanoparticles were dispersed in 50 mL water, the
pH of the dispersed nanoparticles was adjusted to various pH values (3, 5, 7, 9, 11) using 0.5 M
HCl and 0.5 M NaOH. The solution was then transferred into a Teflon-lined autoclave and placed
in an oven at 175 °C for 12 hours. The solution was then cooled at room temperature and

centrifuged using methanol and water. The final product was marked as Cu-MOF nanorods.

5.3.4 Fabrication of Cu-MOF nanorods modified electrode

The surface of the glassy carbon electrode (GCE) was mechanically polished using 0.3 pm and
0.05 pm of alumina slurry followed by rinsing with distilled water to remove any adsorbed alumina
particles. Aqueous aliquots (1 mg/mL) of Cu-MOF nanorods that were synthesized at different pH
values were prepared. These aliquots were used to modify the surface of GCE. Briefly, a
suspension of 5 uL Cu-MOF from the respective aliquots was drop cast on the surface of the clean

GCE. The electrode was dried under an IR lamp for 15 min. The modified electrode denoted (Cu-
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MOF/GCE) was used for all electrochemical measurements. The electrode was kept at room

temperature when not in use.

5.4 RESULTS AND DISCISSION

5.4.1 Characterization of beta hematin

Uv-Vis spectroscopy was used to confirm the formation of f—Hematin from hemin chloride, as
shown in Figure 5:1A. An absorption peak at 380 nm was obtained for hemin chloride. The
formation of f—Hematin was confirmed by the presence of a peak at 625 nm and a double soret
band at 400 nm [12—14]. The peak at 500 nm may be due to the partially altered heme porphyrin
[15]. The FTIR spectra of f~Hematin is shown in Figure 5:1B, peaks at 1215 cm™ and 1690 ¢cm’!
were obtained for both hemin chloride and B—Hematin. These peaks are due to C-O and C=0
stretching of the carboxylate group attached to the Fe(Il) centre. Although the peak position for
the spectra is the same, intense peaks were obtained for f—Hematin, this indicates a reduction in
intermolecular hydrogen bonding. The obtained results are in agreement with previously reported

studies [10,16,17].

Figure 5:1 (A) Uv-vis (B) FTIR spectra of hemin and f—Hematin

5.4.2 Analysis of Effect of pH on amino functionalized (Cu-MOFjs)

During the synthesis of metal-organic frameworks, the pH value of the reaction media plays an
important role. This is because the coordination modes of carboxylic acid ligands, such as 2-
aminoteraphilic acid are determined by the pH value of the reaction system. Thus the effect of pH

value on the synthesis of Cu-MOFs was investigated. The optical properties of Cu-MOFs were
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evaluated using Uv-Vis spectroscopy, as shown in Figure 5:2A. An absorption peak at 257, 259,
270, 278, and 322 nm were obtained for pH 3, pH 5, pH 7, pH 9, and pH 11, respectively. These
peaks are attributed to a ligand to metal charge transfer transition from oxygen to copper ions [18].
The peaks red-shifted as the solution became more basic. The influence of pH on the synthesis of
Cu-MOFs was further confirmed by the change in colour of the solution, as shown in Figure 5:2B.
At pH 3, a dark olive green solution was observed; this is due to the protonation of the ligand. A
light olive green solution was noted for pH 5; this is attributed to the partial deprotonation of the
ligand. As the pH solution became more basic, the ligand was fully deprotonated; thus, a pale

green, reddish-brown, and black solution were observed for pH 7, pH 9, and pH 11, respectively.

The FTIR spectra of Cu-MOFs at different pH values is shown in Figure 5:3A. Peaks in the range
of 3200-3400 cm™ are observed for pH 3, pH 5, and pH 7. These peaks are attributed to —N-H
stretching vibration of -NHa. As the solution becomes more basic, the NH» group is deprotonated;
thus, no peaks of -NH, were observed at pH 9 and pH 11. The peaks at 1670 and 1500 cm™! are
due to the symmetric and asymmetric stretching vibration of C=0. The coordination of copper
with the ligand was confirmed by the presence of a peak at 650 cm™ for pH 3, pH 5, and pH 7.
However, this peak was not present at pH 9 and pH 11. This might be due to the dissolving of
precursor Cu-MOFs nanoparticles at more basic solutions; thus, the coordination of copper with
ligand did not occur [3]. Figure 5:3B shows the XRD patterns of Cu-MOFs at different pH values.
The XRD patterns for pH 3, pH 5, and pH 7 are in agreement with the reported literature for Cu-
MOFs [19]. pH 9 and pH 11 did not give the predicted simulation. This might be due to the poor
complexation of copper with the ligand at higher pH.
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Figure 5:2 (A) Uv-vis spectra (B) images of Cu-MOFs

Figure 5:3 (A) FTIR spectra, (B) XRD of Cu-MOFs

The morphological studies of Cu-MOFs were evaluated using SEM and TEM, as shown in Figure
5:4 and 5:5 respectively. At pH 3, nanoflakes were obtained, as the solution become less acidic
(pH 5); well defined short rods were obtained. A further increase in pH to 7 resulted in the
formation of long rods with sharp edges. At more basic pH values, agglomerated rods started to
form. This change in morphology is caused by the dissolving of precursor Cu-MOFs nanoparticles.

A similar trend was observed in TEM images.
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Figure 5:4 SEM images of Cu-MOFs at (A) pH 3, (B) pH 5, (C) pH 7, (D) pH 9, and (E) pH 11

Figure 5:5 TEM images of Cu-MOFs at (A) pH 3, (B) pH 5, (C) pH 7, (D) pH 9, and (E) pH 11
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5.4.3 Electrochemical characterization

The electron transfer rate of the modified electrode was investigated using Electrochemical
Impedance Spectroscopy (EIS), as shown in Figure 5:6. [Fe(CN)s]>/[Fe(CN)s]* (2.5 mM ) in 0.1
M KCIl was used as the redox probe. The EIS data was fitted using the Randles equivalent circuit
(insert). A charge transfer resistance (Rct) of 191.9 Q was obtained for the bare glassy carbon
electrode (GCE). This indicates a slow electron transfer between the surface of the electrode and
the redox couple. Upon modification with Cu-MOFs synthesized at different pH values, a decrease
in Ret was observed for pH 3, pH 5, and pH 7, as shown in Table 5:1. This is attributed to high
surface area and ordered pore structures of Cu-MOFs; thus, the electron transfer rate was
improved. The size, shape, and degree of agglomeration affect the electrochemical properties of
Cu-MOFs. This was confirmed by the increase in Ret values when pH 9 and pH 11 Cu-MOFs

were used, as shown in Table 5:1.

Figure 5:6 EIS measurement of Cu-MOFs/GCE in 2.5 mM Fe(CN)s]*/[Fe(CN)s]*. The inset
shows the Randles equivalent circuit (C, W, Rct and Rs represents the double layer capacitance,
Warburg impedance, charge-transfer resistance and resistance of the electrolyte solution

respectively)
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Table 5:1 EIS data obtained for Cu-MOFs/GCE in 2.5 mM Fe(CN)s]*/[Fe(CN)s]*

Electrode Rs (Q2) Ret (©2) | W () C (Farad)
GCE 26.04 191.9 0.0001051 8.482x107’
Cu-MOFs pH 3/GCE 25.44 74.97 2.432x107° 4.397x1077
Cu-MOFs pH 5/GCE 38.57 0.113 4.54x107 3.68x107
Cu-MOFs pH 7/GCE 26.27 0.001 0.0001142 3.72x107
Cu-MOFs pH 9/GCE 27.16 255.8 4.21x10° 4.54x1077
Cu-MOFs pH 11/GCE | 28.02 591.9 3.861x107 3.943x107

5.4.4 Electrochemical behaviour

The electrochemical behaviour of Cu-MOFs/GCE towards 0.1 mM B—Hematin in 0.1 mM
phosphate buffer solution (pH 7.4) was investigated using Cyclic Voltammetry (CV), as shown in
Figure 5:7A. For the unmodified GCE, a reduction peak at 0.55 V with a current of 1.411 pA was
obtained. This peak was attributed to the reduction of f—Hematin [(Fe (III) protoporphyrin IX)] to
[(Fe (IT) protoporphyrin IXa]. The modification of the GCE with Cu-MOFs (pH 3, pH 5, and pH
7) resulted in an increase in current as shown in Table 5:2. The increase in current is attributed to
high surface area and highly ordered porous structure of Cu-MOFs, which contribute in
accumulating f—Hematin towards its pores; therefore, this leads to better sensitivity and
selectivity. Also, the morphology of Cu-MOFs plays a crucial role in the electrochemical response
of the modified electrode, since well-defined long nanorods (pH 7) shows a better response
compared to nanoflakes (pH 3) and short nanorods (pH 5). This is because different miller indices
are found in various shapes. This trend can be explained using index facets, long nanorods have
high surface energy thus, they have a high density of reactive sites compared to nanoflakes and
short nanorods. When Cu-MOFs (pH 9 and pH 11) were used, a decrease in current was observed,
as shown in Table 5:2. Thus, Cu-MOFs (pH 7)/GCE was selected for further electrochemical

studies.

The electrochemical reaction mechanism of B—Hematin at Cu-MOFs (pH 7)/GCE was investigated
by changing the scan rate from 20mV/s to 80mV/s, as shown in Figure 5:7B. An increase in peak
current with scan rate was observed. The reduction of f—Hematin at Cu-MOFs (pH 7)/GCE is an
adsorption-controlled process. This is supported by a linear relationship between the scan rate and

the reduction current (Figure 5:8). The equation for the linear relationship can be expressed as
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Ip=0.0025x + 0.8381 (R?=0.9881) )

Figure 5:7 (A) Cyclic voltammograms of bare GCE, and Cu-MOFs/GCE in 0.1 mM B—Hematin;
(B) Cyclic voltammograms of Cu-MOFs (pH 7)/GCE with change in scan rate
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Figure 5:8 Relation between scan rate and current for Cu-MOFs (pH 7)/GCE in f—Hematin
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Table 5:2 CV data obtained for Cu-MOFs/GCE in 0.1 mM B—Hematin

Electrode Current (nA)
GCE 1.411
Cu-MOFs pH 3/GCE 1.665
Cu-MOFs pH 5/GCE 2.256
Cu-MOFs pH 7/GCE 2.379
Cu-MOFs pH 9/GCE 1.337
Cu-MOFs pH 11/GCE 1.247

5.4.5 Analytical performance

The analytical performance of Cu-MOFs (pH 7)/GCE was investigated using Differential Pulse
Voltammetry (DPV) (Figure 5:9A) under optimum conditions ( pulse amplitude 50 mV, step
potential SmV, pulse width 40 ms, sampling width 0.0167 s and pulse period 0.5 s). A potential
window of -0.4 to -0.95 V was used. A linear relationship in the range of 0.05 to 0.45 mM was
observed between peak current and concentration (Figure 5:9B). The linear equation of the

calibration curve was calculated to be
Ip=0.00136C + 0.4432 3)

Where C= concentration of f—Hematin and Ip= current. The limit of detection was calculated to
be 4.08 uM. This is attributed to the large volume to surface ratio of Cu-MOFs. To the best of our
knowledge, this is the second study to report on the electrochemical detection and quantification
of p—Hematin. The present study shows good sensitivity compared to the previously reported work

by Obisesan et al. [12].
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Figure 5:9 (A) DPV voltammograms of Cu-MOFs (pH 7)/GCE in different concentrations of
B—Hematin; (B) calibration plots for B—Hematin

5.4.6 Interference and reproducibility

Under optimum conditions, Differential Pulse Voltammetry (DPV) was used to investigate the
selectivity of Cu-MOFs (pH 7)/GCE towards 0.1 mM B—Hematin in the presence of 100 fold
dilution of interfering agents such as cysteine, ascorbic acid, dopamine, uric acid and glucose. As
shown in Figure 5:10A-B, B—Hematin was successfully detected in the presence of these
interfering agents, and the deviation was within the accepted tolerance of 10%. This indicates that
the modified electrode is selective towards B—Hematin. The reproducibility of the modified
electrode was determined using three identically prepared electrodes (Figure 5:11). The relative
standard deviation was calculated to be 4.38 % (n=3). Thus the modified electrode showed good

reproducibility.
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Figure 5:10 DPV voltammograms (A), (B) column graph of B—Hematin with different interfering

species

Figure 5:11 DPV voltammograms for reproducibility studies
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5.5 SUB-CONCLUSION

The influence of pH on the synthesis of Cu-MOFs nanorods using an amorphous MOF-mediated
recrystallization approach (AMMRA) was successfully investigated. SEM and TEM were used to
study the morphology of Cu-MOFs. The formation of Cu-MOFs was confirmed by XRD
spectroscopy. Electrochemical detection and quantification of f—Hematin were carried out using
Cu-MOFs (pH 7)/GCE. A detection limit of 4.08 uM with a linear range of 0.05 to 0.45 mM was
obtained. The feasibility of the modified electrode was investigated in some organic and inorganic
interfering species. The modified electrode showed good sensitivity and reproducibility compared
to the previously reported work by Obisesan et al. [12]. Thus this sensor can be further developed,
optimised and used for early diagnosis of malaria in low resource settings. Since malaria affects
most under developed countries, the present study demonstrated the use of cheap biomarkers
(B—Hematin) for the diagnosis of malaria. Therefore more diagnostic tools can be developed at a

lower cost.
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CHAPTER SIX
Electrospun polyethylene oxide-silica-Co304 nanofibers for electrochemical detection of

Plasmodium falciparum histidine-rich protein 11
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6.1 ABSTRACT

Malaria is one of the most common parasitic disease, which has become a great public health
problem. In 2020 an estimated 229 million cases of malaria were reported worldwide, 409 000
cases resulted in death. This study was aimed at developing a rapid and sensitive electrochemical
biosensor for the detection of Plasmodium falciparum histidine-rich protein 2 (PfHRP2).
Polyethylene oxide silica nanofibers incorporated with cobalt oxide nanoparticles were fabricated
using the electrospinning technique. These nanofibers were characterized using Scanning Electron
Microscopy (SEM), Energy-Dispersive X-Ray Spectroscopy (EDX), Fourier Transform Infrared
Spectroscopy (FTIR), and X-Ray Diffraction Spectroscopy (XRD). The nanofibers were used to
modify a glassy carbon electrode. The modified electrode was functionalized with a self-assembled
monolayer of mercaptopropionic acid and Anti-PfHRP2 immobilized with well-established EDC-
NHS crosslinking chemistry. Cyclic Voltammetry (CV) and Electrochemical Impendence
Spectroscopy (EIS) were used to characterize the modified electrode (Anti-PfHRP2/PEO-Silica-
C0304/GCE). EIS was further used to study the electrochemical behavior of (Anti-PfHRP2/PEO-
Silica-Co304/GCE towards PfHRP2. A detection limit of 1.2x 107 g/mL and 1.83 x 10"7 g/mL
was obtained for PFHRP2 in phosphate buffer saline and sheep blood serum respectively. The
sensor showed good stability, reproducibility, selectivity, and sensitivity, thus it can be used for

the diagnosis of malaria in low resource settings.

Keywords: Polyethylene oxide, silica, Nanofibers, Plasmodium falciparum histidine-rich protein

2, Immunosensor
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6.2 INTRODUCTION

Diseases that are caused by parasites, viruses, and bacteria are a major concern for human health
globally. Malaria is one of the serious vector-borne diseases in tropical and subtropical countries.
Malaria is caused by a protozoan parasite that belongs to the Plasmodium genus. This parasite is
vectored by the female mosquitoes of genus Anopheles and is transmitted to humans through the
mechanism of blood-sucking while feeding [1-3]. In 2019 an estimated 229 million malaria cases
were reported globally with 409 000 deaths [4]. Most cases are due to Plasmodium falciparum,
the high mortality rate is mostly reported in developing countries; this is mainly due to the use of
conventional detection methods for malaria with poor sensitivity and the presence of counterfeits
antimalarial drugs. As a result treatment of affected patients is delayed. Conventional methods are
expensive and carry some disadvantages such as multi-step analysis, they require skilled personnel

for operation, and are time-consuming [5-7].

Due to some of the drawbacks of conventional methods, a rapid ultrasensitive diagnostic kit for
early detection of malaria is needed, especially in developing and tropical countries. The
commonly used malaria biomarkers in diagnostic tools include Plasmodium falciparum Lactate
Dehydrogenase (PFLDH) [8—10], Plasmodium falciparum Histidine-Rich Protein 2 (PfHRP2) [11-
13], Plasmodium falciparum Glutamate dehydrogenase[14,15], hemozoin [16,17], and aldolase
[11,18]. However, PfHRP2 is frequently used because of its unique structure that has multiple
epitope copies on a single protein [19]. This results in high-avidity interaction with antibodies. The
selectivity and sensitivity of diagnostic tools can be improved by the use of various nanomaterials.
Among these materials; polymer nanofibers have gained interest in electrochemical biosensors.
This is due to their unique properties such as extremely long length, complex pore structures, high

surface area, good surface modification, and controllable surface conformation [20-22].

An immunosensor for early diagnosis of malaria with a detection limit of 0.01 ng/mL was reported
by Gikunoo et al [23]. Carbon nanofibers grown on glass micro balloons were used. The method
used by Gikunoo et al [23] to synthesis carbon nanofibers is complex. Paul et al [24] developed an
electrochemical biosensor for detection of Plasmodium falciparum histidine-rich protein 2
(PfHRP2) using copper doped zinc oxide nanofibers fabricated by electrospinning method. A
detection limit of 6.8 ag/mL was obtained, this was attributed to the high isoelectric point of zinc

oxide and its high diffusion coefficient. The doping of zinc oxide with copper resulted in improved
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conductivity and sensitivity. The sensitivity and selectivity of electrochemical biosensors for
malaria diagnosis can be improved by using porous biocompatible nanofibers with good
electrocatalytic properties. This study focuses on the preparation of polyethylene oxide silica

nanofibers incorporated with cobalt oxide nanoparticles using the electrospinning method.

The unique properties of silica nanofibers such as high surface-to-volume ratio, high porosity, high
reactivity excellent biocompatibility, and surfaces that can be easily functionalized make them
suitable to be used in biosensors. The presence of polyethylene oxide improves the ability of silica
to form nanofibers through the electrospinning method. Patel et al [25] reported the formation of
beaded morphology when pure silica solution was electrospun without the polymer. While the
incorporation of cobalt oxide nanoparticles improves the charge density which results in stronger
elongation forces exerted on the polymer jet thus the formation of the nanofibers is favoured.

Cobalt oxide nanoparticles also have good electrocatalytic properties.

The polyethylene oxide silica nanofibers incorporated with cobalt oxide nanoparticles nanofibers
were used to develop a simple, rapid, low-cost, and sensitive method for the early detection of
PfHRP2. To the best of our knowledge, this is the first study the report the application of
electrospun nanofibers incorporated with cobalt oxide nanoparticles for electrochemical detection

of PfHRP2.

6.3 EXPERIMENTAL

6.3.1 Apparatus and chemicals

Potassium ferricyanide, polyethylene oxide, colloidal silica gel, Mercaptopropionic acid, N-(3-
dimethylaminopropyl)-N" ethylcarbodiimide hydrochloride (EDC, crystalline), ethanol, N-
hydroxysuccinimide (NHS), bovine serum albumin, and phosphate buffered saline tablet were
purchased from Sigma Aldrich (South Africa). Plasmodium falciparum histidine-rich protein 2
antibody (Anti-PfHRP2) and Plasmodium falciparum histidine-rich protein 2 antigen were
purchased from MyBioSource INC (USA). Elemental composition and morphological studies
were done using Energy-Dispersive X-Ray Spectroscopy (EDX) and Field Emission Scanning
Electron Microscopy (FE-SEM) (ZEISS ultra plus, Germany), respectively. X-ray diffraction
patterns (XRD) were recorded using a multipurpose Bruker AXS D8 advance diffractometer
(Germany) at 40 kV and 40 mA. The functional groups were confirmed by Fourier Transform

Infrared Spectroscopy (Bruker® Alpha-P ATR-FT-IR, Germany). CHI660E electrochemical
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workstation (CH instrument, USA) and a standard three-electrode system were used for all
electrochemical measurements. Ag/AgC1/NaCl (3.00 molL™"), glassy carbon electrode (3.00 mm),
and platinum wire were used as a reference, working and counter electrode respectively. Distilled
water was used throughout the experiment. The synthesis of cubic cobalt oxide nanoparticles with

an average size of 4 nm was reported in our previous work [26].

6.3.2 Synthesis of Polyethylene-silica-cobalt oxide (PEO-Silica-Co0304) nanofibers

PEO-Silica-Co304 nanofibers were prepared using the electrospinning method as adopted from
Shah et al [27] with slight modification. 5% PEO solution was prepared by dissolving 5 g PEO
powder in 38 g distilled water, the solution was stirred for 10 minutes. 40 g colloidal silica (30%)
was slowly added to the PEO solution, the mixture was stirred for 2 hours. 0.8 g cubic cobalt oxide
nanoparticles with an average size of 4 nm were added and the mixture was further stirred for 2
hours. The mixture was electrospun and the following parameters were used; applied voltage 25
KV, the distance between the nozzle tip and ground collector 10 cm. A similar procedure was
followed for PEO-Silica nanofibers without the addition of cubic cobalt oxide nanoparticles. PEO-

Silica-Co0304 and PEO-Silica nanofibers were calcined at 350 °C for 3 hours.

6.3.3 Fabrication of PEO-Silica-Co0304 modified electrode

The alumina slurry with the size of 0.05 Microns was used to polish the surface of the glassy
carbon electrode (GCE), followed by rinsing with distilled water to remove any adsorbed alumina
particles. A suspension of 5 pLL PEO-Silica-Co304 was drop cast on the surface of the clean GCE.
The electrode was dried under an IR lamp for 15 min. Mercaptopropionic acid (MPA) treatment
was carried out by drop-casting 5 uL of 10 mM MPA prepared in ethanol into the modified. The

electrode was allowed to dry at room temperature before antibody immobilization.

6.3.4 Anti-PfHRP2 immobilization

Monoclonal Anti-PfHRP2 was chemically attached to PEO-Silica-Co3O4 MPA functionalized
electrode surface using well-established EDC-NHS crosslinking chemistry. Onto the modified
electrode 5 puL of Anti-PfHRP2 (0.15 mg/mL) was drop casted and the electrode was stored at 4
°C for 24 hours. The electrode was then washed with distilled water to remove unbound antibodies.
This was followed by treatment with BSA solution (1% wt) to block nonspecific sites. The

electrode was kept at 4 °C when not in use.
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6.3.5 Interaction of PFHRP2 antigen with the modified electrode

The desired dilutions of PFHRP2 antigen (0.08 ag/mL - 80 fg/mL) were prepared in 0.01 M
phosphate buffer saline (PBS) (pH 7.4). The PfHRP2 solution was kept in ice during the
experiments to avoid their aggregation. 5 uL. of the PFHRP2 antigen was drop casted onto the
modified electrode and incubated for 60 min at room temperature. The modified electrode was

rinsed with distilled water to remove any unbounded PfHRP2 antigen.

6.3.6 Preparation of serum samples

The sheep blood serum samples were collected from Professor Thirumala Govender laboratory at
the University of Kwazulu Natal, Westville campus South Africa. To minimize the matrix effect,
the serum samples were diluted 10 times with 0.01 M phosphate buffer solution (pH 7.4). The
modified electrode was then used to detect and quantify PFHRP2 in sheep blood serum samples.

2.5 mM [Fe(CN)s]*** was used as a redox couple.

6.4 RESULTS AND DISCUSSION

6.4.1 Characterization of PEO-Silica-Co0304 nanofibers

Energy Dispersive X-Ray Spectroscopy (EDX) was used to confirm the presence of cobalt oxide
nanoparticles in the nanofibers (Figure 6:1A-B). The elemental composition for carbon, oxygen,
silicon, and cobalt was found to be 12.09, 46.35, 41.31, 0.22 %, and 51.65, 48.01, 0.34% for PEO-
Silica-Co304 before and after calcination respectively. To confirm the presence of PEO and silica
in the nanofibers Fourier Transform Infrared Spectroscopy (FTIR) was used. PEO-Silica before
calcination (Figure 6:2) showed peaks at 782, 965, 1100 cm™ which are attributed to Si-O-Si
symmetric stretching, Si-O-H stretching, and Si-O-Si asymmetric stretching vibrations
respectively of silica. The peaks at 2877, 1100, 1300-1400 cm™ are due to C-H asymmetric
stretching of CHz, C-O-C stretching vibration, C-H swinging vibration in CHz respectively of
PEO. The peak at 3400 cm™! is due to moisture. After calcination, only peaks belonging to Silica
were observed thus the PEO was completely removed. The addition of cobalt oxide nanoparticles
to the PEO silica solution before electrospinning resulted in a slight shift in peak position for both
PEO and silica. After calcination, the PEO was completely removed. The XRD patterns of the
fabricated nanofibers are shown in Figure 6:3, an amorphous peak at 23 was observed. This is a
characteristic peak of silica. The silica peak overlaps with the PEO characteristic peaks. The

incorporation of cobalt nanoparticles improved the crystallinity of silica as shown in Figure 6:4.
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The presence of cobalt oxide nanoparticles was confirmed by the peaks at 20 19.66, 31.20, 36.05,
45.86,54.59, 59.71, and, 65.01 these peaks are attributed to (111), (220), (311), (222), (400), (511)
and (440) planes respectively of face-centered cubic structure (JCPD: 042-1467).

Figure 6:1 EDX of (A) PEO-Silica-Co304 before (B) PEO-Silica-Co304 after calcination

Figure 6:2 FTIR spectra of PEO-silica and PEO-Silica-Co304 before and after calcination
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Figure 6:3 XRD spectra of (A) PEO-Silica before, (B) PEO-Silica after calcination
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Figure 6:4 (A) PEO-Silica-Co304 before, (B) PEO-Silica-Co304 after calcination

The morphological studies of the prepared nanofibers were done using Scanning Electron
Microscopy (SEM) as shown in Figure 6:5. Nanofibers with sharp edges (Figure 6:5A) with an
average diameter of 248 nm were obtained for PEO-Silica before calcination (Figure 6:6A). The
presence of PEO improves the ability of silica to form nanofibers through the electrospinning
technique. Patel et al [25] reported the formation of beaded morphology when pure silica solution
was electrospun without the polymer. This was attributed to the low molecular weight and low
viscosity of the sol-gel silicates in the spinning solution. After calcination (Figure 6:5B) the
diameter of the nanofibers decreased from 248 nm to 224 nm (Figure 6:6B), this is mainly due to

the removal of PEO. It also observed that the nanofibers retained their morphology post
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calcination. The incorporation of cobalt oxide nanoparticles into PEO-silica solution before
electrospinning resulted in the formation of long nanofibers with no sharp edges (Figure 6:5C).
An average diameter of 237 nm (Figure 6:6C) was obtained. This is due to improved charge density
which results in stronger elongation forces exerted on the polymer jet thus the formation of the
nanofibers is favoured. Also, the addition of cobalt oxide nanoparticles plays a crucial role in
controlling the morphology of the nanofibers. After calcination, the nanofibers retained their
morphology (Figure 6:5D) however a decrease in diameter from 237 nm to 195 nm (Figure 6:6D)

was observed.

EHT = 500kV
WD = 7.7 mm

WD = 7.7 mm

Figure 6:5 SEM images of (A) PEO-Silica before, (B) PEO-silica after calcination, (C) PEO silica-
Co304 before, (D) PEO silica-Co304 after calcination
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Figure 6:6 Histogram based on SEM images of (A) PEO-Silica before, (B) PEO-Silica after
calcination, (C) PEO-Silica-Co304 before, (D) PEO-Silica-Co0304 after calcination

6.4.2 Electrochemical characterization

The electrochemical characterization of the modified electrode was done using cyclic voltammetry
as shown in Figure 6:7A. 2.5 mM [Fe(CN)¢]*/[Fe(CN)s]* in 0.1 M KCl was used as the electrolyte.
When the uncalcined PEO-Silica/GCE was used an oxidation peak current of 3.37 pA was
obtained. This is due to the insulating nature of PEO. However, after calcination, an increase in
current was observed (3.93 pA). This is due to the removal of PEO during calcination thus the
electron transfer rate is improved since only silica nanofibers remained. A further increase in
oxidation peak current of (3.50 pA) and (4.06 pnA) was obtained for uncalcined PEO-Silica-
Co0304/GCE and calcined PEO-Silica-Co304/GCE respectively. This increase is attributed to the
addition of cobalt oxide nanoparticles and the removal of PEO. As indicated in Table 6:1, the ratio

of Ipa/Ipc was calculated to be ~ 1 for all the modified electrodes, thus a reversible electrochemical
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process was observed. The peak-to-peak potential (AEp) was found to decrease when the calcined

nanofibers were used. This indicates a faster electron transfer rate.

Table 6:1 CV data obtained for the modified electrode in 2.5 mM [Fe(CN)s]*"*

Electrode Ipa (nA) | Ipc (nA) | Ipa/lpc Epa (mV) | Epc (mV) | AEp (mV)
PEO-Silica/GCE 3.37 3.43 0.98 328 186 142

before

PEO-Silica/GCE 3.93 3.83 1.03 303 205 98

after

PEO-Silica- 3.50 3.56 0.98 315 193 122
Co0304/GCE before

PEO-Silica- 4.06 4.05 1.00 307 202 105
Co304/GCE after

Electrochemical Impendence Spectroscopy (EIS) was wused to further investigate the
electrocatalytic properties of all the modified electrodes (Figure 6:7B). EIS measurements were
taken at a frequency range of 1-10000 Hz with 5 mV amplitude. The EIS data was fitted using
Randles equivalent circuit (Figure 6:7B inset). The values for each element of the Randles
equivalent circuit are given in Table 6:2. As shown in Figure 6:7B a semi-circle with the charge
resistance transfer (Rct) value of 873.7 Q, 476.5 Q, 680.1 Q, 382.6 Q was obtained for PEO-Silica
before/GCE, PEO-Silica after/GCE, PEO-Silica- Co304 before/GCE, and PEO-Silica- Co0304
after/GCE respectively. Where before and after represent uncalcined and calcined nanofibers. A
decrease in Rct after calcination was observed. This is due to the removal of PEO and the addition

of cobalt oxide nanoparticles. These results are in agreement with the cyclic voltammetry data in

figure 6:7A.
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Table 6:2 EIS data obtained for the modified electrode in 2.5 mM [Fe(CN)e]>”*

Electrode Resistance of | Charge- Warburg Double layer
the electrolyte | transfer impedance capacitance
solution (£2) resistance () () (Farad)

PEO-Silica 37.7 873.7 0.0002938 8.404x1077

before/GCE

PEO-Silica 29.16 476.5 0.0003948 6.962x107

after/ GCE

PEO-Silica- Co304 | 25.84 680.1 0.0003104 9.557x107

before/GCE

PEO-Silica- Co304 | 30.15 382.6 0.0002854 7.092x107

after/GCE after

Figure 6:7 (A) Cyclic voltammetry (B) Electrochemical impendence spectroscopy of PEO-Silica
and PEO-Silica-Co304 before and after calcination in 2.5 mM [Fe(CN)e]*"*

6.4.3 PfHRP2 antibody optimization

The concentration of the antibody plays a crucial role in the sensitivity and selectivity of the
biosensor. EIS was used to optimize the concentration of the PFHRP2 antibody. A range of 0.1-0.3
mg/mL was used. The increase in the concentration of the antibody resulted in an increased charge-
transfer resistance (Rct) as shown in Figure 6:8A. A slight increase in Rct value of 2371 €, 2500
Q and 2790 Q was obtained for 0.1, 0.15 and 0.2 mg/mL respectively (Figure 6:8B). However, a
further increase in the concentration of the antibody resulted in an increase in the Rct values to

2924 Q and 3133 Q for 0.25 and 0.3 mg/mL respectively. Thus, 0.15 mg/mL was selected as the
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optimum concentration since there was less variation between the triplicate readings as indicated

by the error bars in Figure 6:8B.

Figure 6:8 (A) EIS spectra of PEO-Silica-Co0304/GCE with different concentrations of PFHRP2
antibody in 0.01 M phosphate saline buffer (pH 7.4) and 2.5 mM [Fe(CN)s]>"* (B) Plot of PTHRP2

antibody concentration vs Rct

6.4.4 Electrochemical behaviour

Electrochemical Impendence Spectroscopy (EIS) was further used to confirm the surface
modification of the glassy carbon electrode (GCE) as shown in Figure 6:9A, 0.01 M phosphate
saline buffer (pH 7.4), and 2.5 mM [Fe(CN)s]>”** were used as electrolyte and redox probe. An Rct
value of 593 Q, 0.001 Q, and 2500 Q was obtained for GCE, PEO-Silica-Co304 after/GCE and
Anti-PfHRP2/PEO-Silica-Co304 after /GCE respectively. Modification of GCE with PEO-Silica-
Co304 after resulted in a decrease in Rct value, this is due to the unique properties of the
nanocomposites such as high surface to volume ratio, good electrocatalytic activity, and
enhancement of electron transfer rate. The increase in Rct value after surface functionalization of
PEO-Silica-Co0304 after /GCE confirmed the attachment of anti-PfHRP2. The analytical
performance of the Anti-PfHRP2/PEO-Silica-Co0304 after /GCE towards PFHRP2 antigen was
investigated using EIS (Figure 6:9B). The Rct value was found to be directly proportional to the
concentration of the PFHRP2 antigen. A linear relationship between log[HRP2] and (Ra-Ro)/Ro
in the range of log(-19) — log (-11) was observed, where Ra and Ro represent Rct of PEO-Silica-
C0304 after/GCE with anti-PfHRP2 and Rct of Anti-PfHRP2/PEO-Silica-Co304 after /GCE with
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PfHRP2 antigen respectively (Figure 6:10). The limit of detection was calculated to be 1.2x 107!

g/mL. The current study was compared with previously reported literature as shown in Table 6:3.

Figure 6:9 (A) EIS spectra of GCE bare, PEO-Silica-Co0304 after/GCE and anti-PfHRP2/PEO
Silica-Co304 after/GCE in 0.01 M phosphate saline buffer (pH 7.4), and [Fe(CN)s]*”* (B) EIS
spectra of anti-PfHRP2/PEO Silica-Co304 after/GCE with change in concentration of PfHRP2
antigen in phosphate saline buffer (pH 7.4), and [Fe(CN)s]*"*

153



(Ra-Ro)/Ro
(=] (=] (=]
~ ® ©

=
o))

0.5

0._%0

-18 -16

-14

-12

-10

log[ PHRP2 concentration (g/mL)]

Figure 6:10 Plot of log[PfHRP2 antigen concentration] vs (Ra-Ro)/Ro

Table 6:3 A comparison of the present study with other reported methods for the electrochemical

determination of PFHRP2

Biosensor Biomarker | LOD Ref

Nano-Au/MWCNT/SPEs PfHRP2 8 ng/mL in | [28]
diethanolamine buffer

GCE/fCZnONF/Anti-HRP2 PfHRP2 6.8 ag/mL in phosphate | [24]
saline buffer

MWCNTSs-ZnO nanofibers based | PfHRP2 0.97 fg/mL [29]

chemiresistive biosensor for detection of

malaria

electrochemical platform integrated with a 16 ng/mL [30]

mobile phone

Anti-PfHRP2/PEO-Silica- Co304 after | PFHRP2 1.2x 10" g/mL in | Present

/GCE phosphate saline buffer | work
and 1.83 x 10" g¢/mL in
sheep blood serum
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6.4.5 Real sample, reproducibility, and stability studies

The practical applicability of the Anti-PfHRP2/PEO-Silica-Co304 after /GCE was investigated in
sheep blood serum (Figure 6:11), the preparation method is mentioned in section 6:2.6. A linear
relationship between log [HRP2] and (Ra-Ro)/Ro was observed and the detection limit was
calculated to be 1.83 x 107!7 g/mL. A bias between the limit of detection (LOD) in saline buffer
and sheep blood serum of found to be less than 34% thus the modified electrode is selective and
sensitive to PFHRP2. The reproducibility studies were conducted in saline buffer using three
identically prepared electrodes (Figure 6:12A) and a relative standard deviation of 2.45 % was

obtained. The modified electrode was also found to be stable for 7 days (figure 6:12B).

Figure 6:11 (A) EIS spectra of Anti-PfTHRP2/PEO-Silica-Co304 after/GCE with PfHRP2 antigen
in diluted blood sheep serum (B) Plot of log[PfTHRP2 antigen concentration] vs (Ra-Ro)/Ro
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Figure 6:12 (A) EIS spectra of PEO-Silica-Co304 after/GCE in PfHRP2 for reproducibility (B)
Stability studies

6.5 SUB-CONCLUSION

Scanning electron microscopy confirmed the fabrication of polyethylene oxide silica nanofibers
incorporated with cobalt oxide using the electrospinning technique. X-Ray Diffraction
Spectroscopy and Fourier Transform Infrared Spectroscopy confirmed the removal of
polyethylene oxide post calcination. Plasmodium falciparum histidine-rich protein 2 was detected
using Anti-PfHRP2/PEO-Silica-Co304/GCE. The practical applicability of the sensor was
evaluated in sheep blood serum and a detection limit of 1.83 x 10°!7 g/mL was obtained. The sensor
showed good stability, reproducibility, selectivity, and sensitivity in phosphate buffer saline and

sheep blood serum. Thus it can be used for the diagnosis of malaria in low resource settings.
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CHAPTER SEVEN
7.1 SUMMARY AND CONCLUSION

This thesis is based on the synthesis of various nanomaterials such as nanofibers, carbon
nanotubes, metal nanoparticles, nanostructured conducting polymers, and metal-organic
frameworks. These materials were used to develop electrochemical sensors for the detection and
quantification of malaria biomarkers (B—Hematin, Plasmodium falciparum histidine-rich protein

2) and antimalarial drugs (primaquine and proguanil).

Since quality control of pharmaceutical drugs is still a challenge in most developing countries. The
first focus of this thesis was to develop rapid, selective, and sensitive methods for the quantification
of selected antimalarial drugs. In this thesis, it was demonstrated in chapters 3 and 4 that the
selectivity and sensitivity of the glassy carbon electrode towards proguanil and primaquine can be
improved by modifying the glassy carbon electrode with multiwall carbon nanotubes incorporated
with iron oxide and polyaniline-cobalt oxide nanocomposites. The method used to synthesis
multiwall carbon nanotubes is novel. The modified electrodes in chapter 3 showed acceptable
sensitivity and selectivity towards proguanil in the presence of different sample matrix such as
urine and pharmaceutical formulation. Thus, the developed method can be used as a substitute for
conventional quality control methods. Also, the modified electrode in chapter 4 showed good
selectivity, reproducibility, and sensitivity in the presence of human urine and different organic
and inorganic interfering species. As far as we could know, this is the first study to report the

simultaneous electrochemical detection of proguanil and primaquine.

The second phase of this thesis was based on the development of electrochemical biosensors for
the early detection of malaria. In chapter 5 the surface of a glassy carbon electrode was modified
with copper metal-organic frameworks to improve its selectivity and sensitivity towards
B—Hematin. The modified electrode was found to be selective and sensitive to f—Hematin in the
presence of various interfering species. Since f—Hematin is structurally and chemically similar to
hemozoin this method can be further developed, optimized, and used for early diagnosis of malaria
in low resource settings. Since Plasmodium falciparum is the most dominant malaria species in
Africa, a biosensor that is specific to this species was developed in chapter 6. The biosensor was
found to be sensitive and selective towards Plasmodium falciparum histidine-rich protein 2) with

low detection limits in phosphate buffer and blood sheep serum.

161



The work described in this thesis is multidisciplinary since it involves chemistry, material science,

nanotechnology, and electrochemistry therefore it will be relevant to various scientists that are

working in these areas. This work will also contribute to the existing body of knowledge through

research publications that can be accessed by scholars and industry experts.

7.2 FUTURE WORK

>

The novel flame synthesis method that was reported in this thesis to produce multiwall
carbon nanotubes incorporated with iron oxide nanoparticles can be further used to
synthesis other nanocomposites. This can be achieved by changing the carbon precursor
from ferrocene to other metallocenes such as ruthenocene and cobaltocene.

In this thesis, amino-functionalized copper metal-organic frameworks were synthesized
using the amorphous MOF-mediated recrystallization approach where the effect of pH on
the morphology was investigated. The effect of other parameters such as temperature,
concentration, time, and solvent can be investigated. Also, the amino-functionalized copper
metal-organic frameworks can be used as precursors to synthesis super long Cu-MOFs
nanotubes that can be used in various applications.

In this thesis, it was demonstrated that the glassy carbon electrode modified with amino-
functionalized copper metal-organic frameworks is sensitive to P—Hematin. Since
B—Hematin is structurally and chemically similar to hemozoin, a custom-made electrode
can be developed to directly detect hemozoin in malaria-infected patients.

Based on the results that were obtained in the development of an electrochemical biosensor
for the detection of Plasmodium falciparum histidine-rich protein. A point of care device
can be developed, optimized, and used for early diagnosis of malaria in low resource
settings. Also, a further modification of PEO-Silica-Co304 nanofibers can result in the
development of another electrochemical method for the detection of other malaria
biomarkers such as Plasmodium falciparum lactate dehydrogenase.

The unique properties of the calcined PEO-Silica-Co304 nanofibers make them suitable to

be used in wastewater treatment.
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7.3 APPENDIX

7.3.1 Appendix 1 supplementary information for chapter 3

Supplementary information

A simple In-situ flame synthesis of nanocomposite (MWCNTs-Fe:03) for electrochemical

sensing of proguanil in pharmaceutical formulation

500 u T g T ' T g T d
o Carbon nanotubes
*Hematite 5#:;’3
400+ # Maghemite ]
311
— t
S 300 d
~ 002
=y o
2
|5 200 - 400 i
c
= TE 220
100 - .
D T T T T
20 40 60 80

2 Theta (degree)
Figure 3:S1 XRD pattern of MWCNTs-iron oxide nanocomposite.

Table 3:S1 Elements of the fitted EIS data using Randles equivalent circuit.

Equivalent circuit Resistance of | Charge- Warburg Double layer

parameters the transfer impedance capacitance
electrolyte resistance Q | Q (Farad)
solution (€2)

GCE 16.16 2222 0.0004534 4.94x107

Error (%) 0.17 0.018 0.024 0.014

MWCNTs-iron oxide/GCE 19.38 0.001 0.0001843 1.051x107

Error (%) 0.01 0.012 0.006 0.012

163



Figure 3:S2 EIS measurement in 2.5 mM Fe(CN)s]*/[Fe(CN)s]* at (a) bare GCE and (b)
MWCNTs-iron oxide/GCE. The inset shows the Randles equivalent circuit (C, W, Rct and Rs
represents the double layer capacitance, Warburg impedance, charge-transfer resistance and
resistance of the electrolyte solution respectively).

Figure 3:S3: (A) Cyclic voltammograms of Fe(CN)¢]*/[Fe(CN)s]* (2.5 mM) in KCl solution
(0.1 M) at bare GCE and MWCNTs-iron oxide/GCE at 100 mV/s. (B) Cyclic voltammograms
of Fe(CN)6]*/[Fe(CN)s]* (2.5 mM) in KCl solution (0.1 M) at MWCNTs-iron oxide/GCE at
varying scan rates. (Inset displays a plot of peak current versus square root of scan rate).
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Figure 3:S4: Effect of DPV parameters (A) Potential step (B) Pulse width (C) Pulse amplitude on
proguanil (pH 5.5) peak current recorded at MWCNTs-iron oxide/GCE.
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Figure 3:S5: DP voltammograms of proguanil in different interfering species.
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Figure 3:S6: Standard addition curve of Proguanil in the pharmaceutical sample
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7.3.2 Appendix 2 supplementary information for chapter 4

Supplementary information

Polyaniline-cobalt oxide nanofibers for simultaneous electrochemical determination of

antimalarial drugs: primaquine and proguanil
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Figure 4:S1: (A) Uv-vis spectrum, (B) XRD, (C) TEM and (D) Histogram of Cobalt oxide

nanoparticles.
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Figure 4:S2: (A) Uv-vis spectra of PANI and PANI-Co304, (B) Structural characterization of
PANI and PANI-Co0304, (C) Morphological studies of PANI and (D) PANI-C0304
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Figure 4:S3: X-ray differection pattern of (A) PANI, (B) PANI-Co0304, and EDX analysis of (C)
PANI and (D) PANI-C0304

Figure 4:S4: EIS measurement in 2.50 mM Fe(CN)s]*/[Fe(CN)s]*. The inset shows the Randles

equivalent circuit.
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Figure: 4:S5: (A) Differential pulse voltammograms of primaquine and proguanil with different
pH; (B-C) The plot of current vs pH and potential vs pH at PANI-Co304/GCE for primaquine and

proguanil, respectively.

Figure 4:S6: DP voltammograms of primaquine and proguanil with different interfering species.
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7.3.3 Appendix 3 published article
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7.3.4 Appendix 4 published article
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