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TRANSITION METAL-BASED NANOCOMPOSITE FOR THE

ELECTROCHEMICAL DETECTION OF PHARMACEUTICAL DRUGS

ABSTRACT

The transition metals have gathered attention in the field of nanoscience and
nanotechnology due to their extra-ordinary properties such as excellent catalytic
properties, facile synthetic approaches and formation of stable complexes, high charge
ratio, diverse morphologies, high electrical conductivity, versatile applications and
others. In recent years, efforts have been focused on the preparation of nanocomposites
by the incorporation of different types of transition metals compounds containing
copper, cobalt and nickel in applications such as electrochemical sensing of target
analytes. For effective electrochemical detection of the desired analyte, a
nanocomposite of functionalized multiwall carbon nanotube (-MWCNTSs), chitosan
(CTS) and cobalt (Co) was prepared. The excellent electrochemical conductivity of f-
MWCNTs, high catalytic activity of Co and the synergy of the CTS-Co complex
confirms that the ~-MWCNTs/CTS-Co modified GCE sensor is a potential candidate for
the electrochemical determination of paracetamol (PR) in pharmaceutical preparations
and human serum. While a hybrid nanocomposite of functionalized multiwall carbon
nanotubes MWCNTSy, nitrogen-doped graphene (NGr) and chitosan (CTS) with
electrodeposited copper (Cu) metal was prepared for the sensitive determination of an
anticancer drug nilutamide (NLM). The presence of MWOCNTS, reduces the
agglomeration of the NGr nanosheets which exposes the anchoring site of the NGr. This
enables the formation of 3D network of nanocarbons which facilitates electron transfer
and electrical conductivity. The CTS facilitates the dispersion of MWCNTS; and NGr.
The presence of transition metal copper (Cu), enhances the electrocatalytic effect of the

nanocomposite and proves that the (MWCNTs~NGr/CTS)-Cu fabricated sensor
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possesses great potential for the sensitive determination of NLM in biological sample
and pharmaceutical preparations. A tri-metallic metal organic framework Co-Ni-Cu-
MOF was synthesized on nickel foam (NF) substrate. Due to the synergy of the catalytic
effect of the Co-Ni-Cu tri-metals, high porosity, extended active surface area and
enhanced interfacial electron transfer, the Co-Ni-Cu-MOF/NF sensor possesses a strong
electrocatalytic effect for the electrochemical determination of anticancer drug
nilutamide (NLM) in pharmaceutical preparations and human blood serum. A
nanocomposite was synthesized from a combination of nanocellulose (NC), three
dimensional polypyrrole (3DPPY) decorated with bimetallic nanoparticles of silver
(Ag) and gold (Au) nanoparticles. The addition of NC-3DPPY offers a mechanically
robust structure with high porosity and distinct electro-conductivity. In addition, the
conjugation of Ag-Au bimetallic nanoparticles provides excellent electro-conductivity
and electrocatalytic effect which ultimately accelerate the interfacial electron transfer
process. Due to the synergy of the electro-conductivity and electro-catalytic effect, the
NC-3DPPY@Ag-Au/GCE sensor showed excellent electrochemical response toward
the simultaneous electrochemical determination of anticancer drug methotrexate (MTX)
and antibiotic ciprofloxacin (CIF) in biological fluids, commercial dosage forms and
water samples. It should be worth mentioning that the synthesized transition metal-
based nanocomposite has been fabricated and employed for the first time for the
electrochemical detection of pharmaceutical drugs in commercial dosage forms and

biological fluids.

Keywords: Transition metals, electrochemical sensor, paracetamol, nilutamide,

methotrexate, ciprofloxacin.
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KOMPOSIT NANO YANG BERASASKAN KEPADA LOGAM PERALIHAN
UNTUK PENDERIA ELEKTROKIMIA UBAT UBATAN FARMASEUTIKAL

ABSTRAK
Logam peralihan telah menarik perhatian di dalam bidang sains nano dan teknologi
nano disebabkan oleh sifat luar biasa mereka seperti sifat pemangkin yang sangat baik,
kaedah sintesis yang mudah, dan pembentukan kompleks yang stabil, nisbah cas tinggi,
kepelbagaian morfologi, kekonduksian elektrik yang tinggi, aplikasi serba boleh dan
lain-lain. Banyak usaha telah dilakukan untuk penyediaan nanokomposit dengan
menggabungkan pelbagai jenis logam peralihan seperti tembaga, kobalt dan nikel, di
dalam aplikasi penderiaan elektrokimia yang sensitif terhadap analit sasaran. Untuk
penderiaan analit sasaran tersebut dengan kaedah elektrokimia, suatu bahan komposit
nano yang terdiri daripada tiub nano karbon multi dinding berfungsi (~-MWCNTs),
kitosan (CTS) dan kobalt (Co) disediakan. Bahan komposit nano tersebut mempunyai
kekonduksian elektrokimia -MWCNT yang sangat baik, aktiviti pemangkinan Co yang
tinggi dan sinergi aktiviti pemangkinan kompleks CTS-Co yang tinggi. Ini menjadikan
bahan penderiaan f~MWCNTs/CTS-Co yang diubah-suaikan ke atas elektrod gelas
karbon (GCE) suatu bahan elektrod yang berpotensi tinggi untuk penentuaan
parasetamol (PR) dalam persediaan farmaseutikal dan serum manusia. Sementara bahan
komposit-nano hibrid yang terdiri daripada tiub nano karbon multi dinding yang
berfungsi (MWCNTS;y), graphene didopkan nitrogen (NGr) dan kitosan (CTS) dengan
tembaga ter-elektrosadur (Cu), disediakan untuk penentuan sensitif sejenis ubat anti-
kanser iaitu nilutamide (NLM). Kehadiran -MWCNTS, tersebut berupaya untuk
mengurangkan pengagregatan NGr yang menyebabkan lebih banyak pendedahan laman
penambat pada permukaan NGr dan memungkinkan rangkaian karbon nano 3D yang
memudahkan pemindahan elektron dan meningkatkan kekonduksian elektrik. CTS
berupaya untuk mempercepatkan penyebaran MWCNTS; dan NGr. Kehadiran tembaga

(Cu) meningkatkan kesan elektro-pemangkinan komposit-nano dan ini membuktikan



bahawa bahan penderia (MWCNTs~NGt/CTS)-Cu mempunyai potensi besar di dalam
penentuan sensitif NLM dalam sampel biologi dan persediaan farmaseutikal. Sejenis
bahan komposit-nano rangka logam organik tiga-logam iaitu Co-Ni-Cu-MOF disintesis
pada logam nikel berbuih (NF). Disebabkan oleh sinergi kesan pemangkinan oleh tiga-
logam Co-Ni-Cu, penampilan berliang dan luas permukaan aktif dan pemindahan
elektron antara-fasa yang dipertingkatkan, bahan penderia Co-Ni-Cu-MOF/NF
mempunyai kesan elektro-pemangkinan yang kuat untuk penentuan elektrokimia suatu
ubat anti-kanser iaitu nilutamide (NLM) dalam persediaan farmaseutikal dan serum
darah manusia. Satu bahan komposit-nano disintesiskan daripada gabungan
nanoselulosa (NC), polipirol tiga dimensi (3DPPY) dan dihiasi dengan aloi nano dwi-
logam emas (Au) dan nano-partikel perak (Ag). Penambahan NC-3DPPY telah
memberikan suatu struktur mekanik yang kuat dengan keliangan tinggi dengan
kekonduksian elektrik yang baik. Sebagai tambahan, konjugasi aloi dwi-logam Au-Ag
memberikan kekonduksian elektrik dan kesan elektro-pemangkinan yang sangat baik
yang akhirnya mempercepat pemindahan elektron antara-fasa. Oleh kerana terdapat
sinergi di antara kesan elektro-kekonduksian dan kesan elektro-pemangkinan, alat
penderia bahan NC-3DPPY @Ag-Au/GCE telah menunjukkan tindak balas elektrokimia
yang sangat baik terhadap penentuan serentak ubat anti-kanser metotreksat (MTX) dan
antibiotik ciprofloxacin (CIF) di dalam sampel cecair biologi, dos komersial dan sampel
air. Perlu ditegaskan bahawa, bahan komposit-nano yang berasaskan kepada logam
peralihan tersebut adalah pertama kalinya digunakan untuk pengesanan elektrokimia

ubat farmasi dalam bentuk dos komersial dan cecair biologi.

Kata kunci: Logam peralihan, penderia elektrokimia, parasetamol, nilutamide,
methotrexate, ciprofloxacin.
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CHAPTER 1: INTRODUCTION

1.1 Background

Nanotechnology and its extensive applications have brought a revolutionary impact to
the world. For the past few decades, enormous attempts have been made for materials
that were considered inactive, especially in bulk form for different technological
applications. The nano-scale isolation of these bulk materials overcomes these
limitations. The bulk materials in nanoscale isolation show extra-ordinary chemical and
physical characteristics, which has been validated through present scientific
investigations (Zhang et al., 2008). During at an American Physical Society meeting in
1959, Richard Feynman presented the concept of synthesizing the materials at a
nanoscale dimension and stated that; “There is Plenty of Room at the Bottom”. He said
that, it is possible to manipulate and control the molecular size of the materials when
applied to any electronic system. The implementation of this technology in any system
could be applied in chemistry, physics and biology. A Japanese scientist, Norio
Taniguchi was the first to mention the term “nanotechnology” during an international
conference related to production engineering, that was held in Tokyo. The concept of
nanotechnology was first utilized by Gerd Binning and Heinrich Rorhrer for the
invention of scanning tunnelling microscope (STM) which brought them a Nobel Prize
in Physics in 1986 (Demuth et al., 1986). For the past few decades, researchers have
emphasized and paid huge efforts to develop nanostructures due to their outstanding
characteristics such as the high surface area to volume ratio which enhance the surface
reactivity and accelerate the electrode/electrolyte interaction and the interfacial transfer
of electrons that is ultimately beneficial for sensing applications. The transfer of
electrons from one state to another enhances the optical emission as well as absorption

which is crucial for the optoelectronic nano-devices. It has been proved from the



investigation that, the size, shape, crystallinity and morphology of nanomaterials have a
great influence on the optical, magnetic, catalytic and electronic properties (Chen et al.,

2018).

Electrochemical technology is a diverse and huge area of science with a
combination of chemistry, physics and biology. Electrochemical and bio-nanodevice
have profound impacts in different fields of medicine, biomedical and environmental
monitoring. The development of sensor devices at a lower cost is a demand for the
present time especially in online monitoring, food safety, biomedical and biological
determinations, point of care applications (Akbari et al., 2018). The electrochemical
devices based on the non-novel metals and their different forms could be an effective

strategy for their high sensitivity, selectivity and simultaneous determinations.

The development of electrochemical sensors based on the outstanding
physicochemical characteristics of nanomaterials has sparked huge attention among
researchers. In recent years, transition metal ions and their nanoparticles of different
shapes and morphologies have been synthesized using several approaches. The
transition metals are the chemical elements with valence electrons that can participate in
the formation of chemical bonds. The transition metals are the metallic elements that
serve as a bridge, or transition, between the two sides of the table. They occupy the
middle portions of the long periods of the periodic table of elements between the groups
on the left side and the groups on the right. The lanthanides and the actinides at the
bottom of the table are sometimes known as the inner transition metals because they
have atomic numbers that fall between the first and second elements in the last two rows
of the transition metals. These transition metal ions and their nanomaterials have been

extensively applied for the development of nano-devices due to their excellent electro-


https://www.britannica.com/science/periodic-law

conductivity and catalytic properties which depend on their size, shape, stability and

higher surface area (Tyagi et al., 2020; Agnihotri et al., 2021).

Among the first-row transition metals, copper (Cu), cobalt (Co), nickel (Ni) and iron
(Fe) are considered the most abundant and cost-efficient transition metals. They are
regarded as non-noble transition metals (NNTMs). These metals have sparked interest
among researchers due to their outstanding electrical, optical, magnetic and transport
properties (Wang et al., 2017; Ren et al., 2020). They have been studied enormously in
diverse applications as they can be utilized as substitutes for expensive elements. These
transition metal ions and their nanostructures have been at the heart of many dramatic
advances in materials science and utilized substantially in the construction of several
nano-devices including non-enzymatic determination of glucose (Haldorai et al., 2018),
electrochemical determination of different drug molecules (Akhter et al., 2021), energy
storage (Jin & Maduraiveeran, 2019), fuel cells (Dai et al., 2021) and supercapacitors
(Ren et al., 2020). However, due to their large band gap, low stability and ion-
transportation capability, the electrocatalytic effects of these types of transition metals
are insufficient for the construction of a high-performance sensor. To alleviate these
issues, scientists have incorporated other conductive platforms (e.g. graphene, carbon
nanotube, conductive polymers etc) which ultimately enhance the physicochemical

properties and sensing efficiency of metal-based nanocomposites.

Metal-organic frameworks (MOFs) are hybrid compounds composed of metal ions
and organic ligands as repeating units. Though they have good porous appearance, large
surface area, pure MOFs suffer lack of stability in aqueous media and non-conductivity,
which limits their electrochemical applications. To overcome these issues, tri-metallic
MOFs could be an effective strategy to enhance the stability and electrochemical

conductivity (Akhter et al., 2021). Cost-efficient transition metals such as Co, Ni, Cu



have been investigated substantially as replacements for the expensive metals. Several
approaches such as, alloy structures, metal catalysts have been utilized to improve their
stability and performance, as they tend to aggregate and oxidize easily resulting in loss
of performance. Due to the nanostructured configurations, the tri-metallic MOFs
possess an outstanding electron transfer process with a highly porous nature, high
crystallinity, virtuous stability, excellent selectivity and sensitivity for which they are

suitable for the electrochemical applications (Sharma et al., 2017).

Noble metal nanoparticles (NPs), especially silver and gold nanoparticles (Ag and
Au), possess several outstanding properties, such as simple operation, economical
production, sensitivity and simplicity of construction. These nanomaterials have been
widely used for the development of electrochemical sensors and biosensors due to their
sensitivity and selectivity. However, the efficiency of the NPs utilized for the
electrochemical detection depends on some factors such as the synthesis approach,
synthesis parameters, shape and size. (Zhao et al., 2020). The mechanisms for sensors
that use NPs are mainly dependent on their unique properties in electrochemical,
colorimetric, and fluorescent characteristics. The Ag and Au have a large surface area
and small particle size, which increases the sensitivity and selectivity of the detection

method. (Shifrina et al., 2019).

Multi-wall carbon nanotubes (MWCNTSs) are carbon-based nanomaterials that are
composed of sp® hybridized nanosheets of graphene rolled into nano-cylinders.
MWCNTs have aroused great attention from researchers in different fields of material
science due to their several distinctive characteristics such as high electro-conductivity,
mechanical strength and prominent electrochemical response. The functionalization of
MWCNTs is an effective approach to enhance dispersion, remove the impurities,

attachment of more anchoring sites and makes the MWCNTSs more electroconductive



and suitable for attachment with other functional groups (Akhter et al., 2018). Recently,
huge works have been reported on the functionalized MWCNTs (-MWCNTs) for the
development of electrochemical and biosensors (Shalauddin et al., 2017),
supercapacitors (Tiwari et al., 2021) and energy conversion (Chai et al., 2021) and

others.

Graphene (Gr) is a 2D carbon-based nanomaterial, with an atomic arrangement in
the form of honey-comb lattice that possesses extra-ordinary properties such as good
electrical conductivity, mechanical and optical properties. Among the dopants, nitrogen
(N) is an excellent dopant for the carbon nanomaterials. As N has a comparable atomic
size and number of valence electrons, it can form strong valence bonds with graphene.
The doping of N on the graphene enhances the electrochemical conductivity of Gr and
nitrogen-doped graphene (NGr) able to increases the sensitivity of the nanodevices
(Akhter et al., 2020b). Recently, versatile applications of NGr has been observed in
different fields such as electrochemical and biosensors (Akhter et al.,, 2020b),

supercapacitors (Dai et al., 2018) and energy storage (Wei et al., 2019).

Chitosan (CTS), a natural polysaccharide composed of d-glucosamine and N-acetyl-
d-glucosamine and possesses high concentrations of reactive amino (NHz) and hydroxyl
(OH) groups. CTS is used as a binder, which is non-toxic, bio-degradable,
biocompatible and inert, has proved its potential for versatile employment in different
field of material science (Shalauddin et al., 2017). CTS shows excellent adsorption
capacity for several metal ions and some inorganic substances. As CTS enhances the
dispersion of nanomaterials and prevents the leaching of nanomaterials from the
electrode surface by the formation of films, it helps to enhance the electrochemical

response and stability of the sensor. The combination of metal compound and CTS



complex shows excellent catalytic property for several reactions, thus applied

enormously for the construction of electrochemical and biosensors (Akhter et al., 2018).

Nanocellulose (NC) is an inexhaustible natural biopolymer obtained from cellulose
by nanoscale synthesis. NC is a bio-degradable, biocompatible, cost-effective and eco-
friendly green nanomaterial. Furthermore, NC has a high surface to volume ratio, good
adsorption capacity for which it can prevent the leaching of nanomaterials and thus
enhance the stability of the sensors (Shalauddin et al., 2019). The nanocellulose and
three-dimensional polypyrrole (NC-3DPPY) nanocomposite shows a porous appearance
with good electroconductivity. NC-3DPPY could be the best loading option for the
noble metal nanoparticles. which facilitates the dispersion of several metal ions and
metal nanoparticles such as silver (Ag), gold (Au), platinum (pt) etc. NC-3DPPY
increase the dispersion of the metal nanoparticles and reduces aggregation (Hanif et al.,

2020).

Paracetamol (PR) is one of the most frequently administered drugs which is used for
the mitigation of fever and pain (headache, backache, cancer pain, migraine etc). The
overdose of PR can cause serious adverse effects such as hepatotoxicity, nephrotoxicity
which could be sometimes life-threatening (Anuar et al., 2018). While Nilutamide
(NLM) is an anti-androgenic anticancer therapeutic drug which is used for the treatment
of metastatic prostate cancer. The overdose of NLM can cause life-threatening side
effects such as liver failure, severe pneumonia etc (Akhter et al., 2021). Another
anticancer drug is methotrexate (MTX) is used for the treatment of leukemia, neck, head
and breast cancer. The excess dose of MTX can cause stomach ulcers, hepato-toxicity
and low white blood cell counts (Li et al., 2021). Ciprofloxacin (CIF) is a
floroquinolone antibiotic, generally used for the treatment of urinary tract infections,

respiratory tract infections and gastro-intestinal diseases. The overdose of CIF causes



severe hypersensitivity, gastric lesions etc. Furthermore, the CIF residues found in water
surfaces could cause carcinogenic reactions which are very harmful to humans and
animals (Matsunaga et al., 2020). Thus, the development of a facile, cost-efficient and
reliable approach for the clinical monitoring, pharmaceutical routine analysis and

environmental monitoring are the demand of present research.

In this present study, first-row transition metals such as Cu, Co and their tri-metallic
metal-organic frameworks (MOFs) of Cu, Co, Ni were synthesized and used to fabricate

nanocomposite for the electrochemical determination of pharmaceutical drugs.

1.2 Problem statements

Due to excellent catalytic activity and high selectivity, the enzyme-based
electrochemical nano-device was investigated substantially for different electrochemical
applications. However, the enzyme-based -electrochemical sensors have some
drawbacks such as complex immobilization process, time-consuming, unstable in harsh
environmental conditions, poor reproducibility and stability because of the vulnerability
of the enzymes. To minimize these limitations, enzyme-free electrochemical sensors
have been developed and investigated. The non-enzymatic electrochemical sensor has
sparked tremendous attraction due to its fascinating features such as outstanding
sensitivity, selectivity, reproducibility and high stability for the broader sensing

implementations.

1.3 Objectives of the study

The overall objectives of this study are to fabricate new modified electrodes based
on first-row transition metal (Co, Ni, Cu) based nanocomposites. Here, the transition
metals have been immobilized with natural biopolymer CTS and incorporated with

carbon-based conductive platform such as functionalized carbon nanotubes and



nitrogen-doped graphene. While a tri-metallic MOF composed of Co-Ni-Cu was
synthesized on nickel foam (NF) substrate using the solvothermal technique. The
combination of two or more components into nanocomposites is expected to improve
the properties of the nanocomposite compared to the single component, thus the

synergistic effect is a hallmark of good sensing material.

The objectives of the present study are the following:

1. To synthesize a hybrid nanocomposite of functionalized multiwall carbon nanotube,
nitrogen-doped Graphene and chitosan with electrodeposited copper for the detection
of anticancer drug nilutamide in tablet and biological sample

2. To enhance the amperometric detection of paracetamol by immobilized cobalt on
Functionalized MWCNTs - Chitosan thin film

3. To synthesize a tri-metallic Co-Ni-Cu based metal-organic framework
nanostructures for the detection of an anticancer drug nilutamide

4. To develop a highly selective nanosensor based on nanocellulose and 3D-
polypyrrole decorated with gold-silver bimetallic alloy for the detection of
methotrexate and ciprofloxacin in pharmaceuticals, biological medium and water
sample

1.4 Scope of the research

The scope of the research clearly represents the content of the research. The main

research scope in this thesis are as follows:

1. The structural and morphological properties of the fabricated nanocomposites
investigated by Fourier transformed infrared spectroscopy (FTIR), Raman
spectroscopy, x-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), transmission emission microscopy (TEM), x-ray photo

electron spectroscopy (XPS), Brunauer-Emmett-Teller (BET) analysis



2. The electrochemical investigation of the fabricated electrodes for the analytical
determination of different pharmaceutical drugs such as paracetamol,
nilutamide, methotrexate, ciprofloxacin.

3. Investigation for the real samples of the modified sensor.

1.5 Thesis outline

This thesis contains eight chapters. Chapter four, five, six and seven represents the
research work and findings accomplished during the Ph.D. candidature period including
experimental elaborations, results and discussions on different nanocomposites
consisting of first-row transition metals with the integration of carbon nanomaterials,

their MOF structures and their electrochemical applications

Chapter 1: Introduction
This chapter describes briefly the introduction of the background study,

problem statements, research objectives and research scope.

Chapter 2: Literature Review

This chapter illustrates the study of transition metals and their
nanomaterials, biopolymers and conductive polymer, carbon-based
nanomaterials for the fabrication of modified electrodes. The literature review
presents the previous study regarding the use of nanocomposites in the

electrochemical detection of a target analyte.

Chapter 3: Methodology

The synthesis approach of the nanocomposite materials and the
fabrication of modified electrodes are explained in detail. The characterization
techniques such as XRD, BET, SEM, FESEM, TEM, XPS, Raman spectroscopy
and FTIR were utilized for the structural and morphological investigation of the

nanocomposites.



Chapter 4: Results and Discussions (Part 1)

The characterization of hybrid nanocomposite of functionalized
multiwall carbon nanotube, nitrogen-doped graphene and chitosan with
electrodeposited copper and the development of an electrochemical sensor for

the detection of anticancer drug nilutamide in tablet and biological samples.

Chapter 5: Results and Discussions (Part 2)

The development of an electrochemical sensor for the enhanced
amperometric detection of paracetamol by the synthesis and characterization of

functionalized MWCNTs - CTS thin film with the immobilized cobalt.

Chapter 6: Results and Discussions (Part 3)

The synthesis and characterization of tri-metallic Co-Ni-Cu based metal
organic framework nanostructures and the development of electrochemical

sensors for the detection of anticancer drug nilutamide .

Chapter 7: Results and Discussions (Part 4)

Synthesis and characterization of the nanocomposite containing
nanocellulose and 3D-polypyrrole decorated with silver-gold bimetallic
nanoparticles for the development of an electrochemical sensor for the detection
of methotrexate and ciprofloxacin in pharmaceuticals, biological fluid and water

samples.

Chapter 8: Conclusions and Future Recommendations
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Overall conclusions with an outlook for the future perspective are presented.

Figure.1.1: Flow chart of the research studies
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CHAPTER 2: LITERATURE REVIEW

2.1 Background

The practical applications of different types of metals and their different forms have
great roles for human development. Since human civilization, the earth abundant metals
have been introduced and utilized enormously for several purposes. Today, as
consequence of their usage, the metals and the different sizes and shapes of the metallic
structures are used in different fields of science such as biomedical engineering, drug
delivery, health care, food packaging and building engineering etc. With the
advancements in chemistry and material sciences, the physicochemical properties of the
metallic structures could be regulated for a beneficial output to meet the customized

demand successfully (Wang & Astruc, 2017).

2.2 Transition metals and their classification

According to the International Union of Pure and Applied Chemistry (IUPAC),
transition metals (TMs) are elements that possess an atom with incomplete electrons in
the d-sub shell. They can easily donate electrons through the incomplete d-sub shell.
Thus, they show their reactivity and tend to be easily oxidized and used in several

chemical reactions (Zhao et al., 2020).

TMs and their nanomaterials possess exceptional characteristics such as distinct
catalytic effect, produce synergistic effect when conjugated with carbon nanomaterials,
mimic the metal surface activation and mimic natural enzymes when conjugated with
natural biopolymers such as chitosan and nanocellulose. Due to the aforementioned
characteristics, TMs have been applied enormously in biomedical applications
(Shalauddin et al., 2017). Some of the TMs are known as non-noble transition metals

(NNTMs) such as copper (Cu), cobalt (Co), nickel (Ni), iron (Fe), manganese (Mn) etc.
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As these NNTMs are found abundantly in the earth, they are also known as earth-
abundant TMs and due to their low production cost they have been used extensively as a
substitute for expensive metals. On the other hand, gold (Au), silver (Ag), platinum (Pt)
are known as noble transition metals (NTMs) which have been used enormously due to
their unique features such as enhanced and improved catalytic and sensing capabilities,
efficiently interact with biomolecules and chemical moieties through high adsorption,

extra-ordinary electrical and optical properties (Wang & Astruc, 2017).

2.3 Non- noble transition metals (NNTMs)

Non-noble transition metals (NNTMs) such as Cu, Ni, Co, Fe and Mn are found
abundantly in the earth and have been used extensively in several electroanalytical
applications due to their low energy gap between the different oxidation states,
capability to form complexes through the attachment of carbon-based nanomaterials,
biopolymers and produce multiple oxidation states. Besides, they are cost-effective,
improves the catalytic efficiency of carbon-based nanomaterials. When employed to the
surface of the electrode, these metal ions facilitate the transfer of electrons, improve the
sensor ability for the adsorption of analytes. Thus, the NNTMs enhance the sensitivity
and selectivity of the fabricated electrode (Akhter et al., 2021). The attachment of these
types of metals can be achieved by mainly two approaches namely by electrodeposition
and the self-assembly approach by immersion. A nanocomposite of functionalized
multiwall carbon nanotubes, chitosan and copper was fabricated by the self-assembly
technique on GCE surface to prepare the ~FMWCNT/CTS-Cu for the electrochemical
determination of paracetamol (Akhter et al., 2018). While another FMWCNT/CTS-
Cu/GCE sensor was fabricated by applying the same technique for the determination of
diclofenac sodium (Shalauddin et al., 2017). Another nanocomposite of functionalized

multiwall carbon nanotube, nitrogen doped graphene, chitosan and electrodeposited
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copper (MWCNT;-NGr/CTS)-Cu was prepared for the electrochemical determination

of anticancer drug nilutamide (Akhter et al., 2020).

2.4 Noble transition metals

Over the recent decades, noble transition metals (NTMs) such as Ag, Au based
electrochemical sensors have been extensively employed as promising analytical
techniques due to their beneficial features such as ease of handling, high sensitivity and
selectivity and early detection etc. Due to their outstanding characteristics such as high
surface to volume ratios, electron transport capability and adsorption capability to
targeted molecules, the NTMs based electrochemical sensors possess remarkable
sensitivity. The NTMs possess molecular adsorption ability and suitable attachment
with the targeted molecules which ensure sufficient links with the analyte. These
properties are significant for the construction of NTMs-based electrochemical sensors
for sensing analytes (Siegel et al., 2012). In the past few decades, NTMs based
nanocomposites have been applied enormously in different fields of material science
such as tissue engineering (Koons et al., 2020), energy storage (Zhu et al., 2020),
supercapacitor (Zhu et al., 2019), electrochemical sensing bio-sensing and others. To
enhance the stability and catalytic properties, NTMs composites can be synthesized

using different strategies such as core-shell, hetero-structure and metallic alloys.

Metallic alloys can be of different types such as monometallic, bimetallic and
trimetallic alloys. Bimetallic alloys can be synthesized from different approaches.
Sometimes bimetallic alloys can be synthesized by incorporating similar types of
transition metals or different types of transition metals. For instance, a first-row
transition metal can be incorporated with noble metal nanoparticles or two noble metal
nanoparticles that can be incorporated to synthesize the bimetallic alloys using several

strategies like ultrasonication and layer by layer electrodeposition etc (Guo et al., 2020).
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The bimetallic composition possesses the potential to serve as high energy surface sites
in attracting the analytes towards the electrode surface, especially for the rapid and
simultaneous detection of analytes. Among these several approaches, the synthesis of
bimetallic nanoparticles employing the reducing agents is one of the most efficient
synthesis approaches due to its cost-efficiency, and fewer reaction steps. The bimetallic
nanoparticles show better electrochemical behavior compared to the monometallic
nanoparticles as they possess the synergy of the catalytic effect between the two metals
(Agnihotri et al., 2021). The bimetallic nanoparticles such as gold-silver bimetallic
nanoparticles, silver-platinum bimetallic nanoparticles, gold-platinum bimetallic
nanoparticles have been enormously investigated for sensing applications. Suitable
supporting materials can be incorporated for the proper distribution of bimetallic
nanoparticles (Anuar et al., 2020). Materials such as graphene, carbon nanotubes and
polymeric matrix can be an effective platform for the dispersion of bimetallic
nanoparticles and show excellent catalytic effects for enhanced electrochemical

responses.

2.5 Metal organic framework based on transition metals

Metal organic frameworks (MOFs) are a type of hybrid compound composed of
metal ions and organic linkers in repetitive arrangements, using strong coordination
bonds and possess several outstanding physicochemical characteristics such as tunable
structures, highly accessible surface area, porous appearance and crystalline
configurations etc. The porosity of MOF-based materials permits guest molecules to
diffuse into the bulk structure, and the shape and size of the pores produce shape- and

size-selectivity over the incorporated guests (Furukawa et al., 2013)

However, the pure MOFs are lack of proper stability in an aqueous medium and

have poor conductivity which could limit their electrochemical applications. This
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drawback can be minimized by the attachment of other functional compounds. Recently
MOFs have been applied enormously in different fields of material science such as gas
storage, catalysis, imaging, drug delivery and electrochemical sensing. The preparation
of MOFs with cost-effective NNTMs is an effective strategy as -a substitute for precious
metals. As they tend to become oxidized and aggregated, thus suffer from a loss in
performance. Thus, the core-shell, alloy structures and supported metal catalysts have
been studied to minimize this issue (Naghian et al., 2020). To improve the physico-
chemical properties of MOFs such as mechanical stability, conductivity and catalytic
performance, MOFs can be combined with other functional materials like carbon
substrates, nanoparticles, enzymes, polymers and conducting substrates. These types of
MOFs composites offer enhanced physico-chemical properties that are not possible with
pristine MOFs (Li et al., 2018). The MOFs can be synthesized in various approaches
such as hydrothermal, microwave absorption, solvothermal, electrodeposition, drop-
casting etc. The MOFs can be synthesized using mono-metal, bi-metals or tri-metals as
the metal component. Recently, tri-metallic MOFs have sparked a huge interest among
researchers. Trimetallic MOFs nanohybrids possess extra-ordinary features compared to
mono and bimetallic MOFs. They possess distinct geometric configurations, virtuous
stability and porous framework with highly ordered arrangements, diverse
morphologies, enhanced electron transfer, high selectivity and sensitivity than the
mono- metallic and bi-metallic MOFs (Akhter et al., 2021). Figure 2.1 shows versatile

applications of transition metals.
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Figure 2.1: Transition metals and their versatile applications (Wang et al., 2016)
(Reproduce with permission from the publisher).

2.6 Transition metal and biopolymer composite

2.6.1 Chitosan

Chitosan (CTS) is a natural bio-polysaccharide which is extensively studied and used
biopolymers containing the d-glucosamine and N-acetyl-d-glucosamine groups with
abundant reactive NHz and OH groups shown in Figure 2.1. CTS possess several
lucrative properties such as biocompatibility, biodegradability, water permeability, low
toxicity, inertness, high mechanical strength and film formation capacity. In addition,
CTS shows great potential for the adsorption of inorganic compounds and metal ions.
For these characteristics, CTS has been applied enormously for the preparation of
different nanocomposites especially in metal ion-based nanocomposites (Li et al.,
2017). Besides, CTS improves the dispersion of carbon-based nanomaterials, thus
minimizes the aggregation of carbon nanomaterials (e.g CNTs, NGr). CTS minimizes
the fouling effects of nanomaterials by the film formation, thus the stability of the
electrode can be improved (Khan et al., 2016). The incorporation of CTS and metal
complex has a favorable catalytic effect due to the synergy between the homogenous

and heterogeneous networks. The attachment of CTS polymeric matrix and metal
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enables an annulus chelating structure and contains the characteristics of natural
enzymes. Moreover, for the development of nanocomposite, the presence of CTS
immobilizes the transition metals (Pestov & Bratskaya, 2016). Therefore, CTS has been
extensively utilized for the development of enormous nanocomposites for the
electrochemical determination of targeted analytes. Surya et al reported a
nanocomposite of chitosan, gold nanoparticle molecular imprinted glassy carbon
electrode Ch-AuMIP/GCE for the determination of antibiotic ciprofloxacin (Surya et al.,
2020). While another nanocomposite of chitosan and yttrium oxide nanoparticle was
synthesized on indium tin oxide by the hydrothermal approach CH-nY203/ITO for the
electrochemical determination of antibiotic norfloxacin (Yadav et al., 2020). Another
nanocomposite of functionalized multiwall carbon nanotube, nitrogen-doped graphene,
CTS with electrodeposited copper on glassy carbon electrode (MWCNTS~NGr/CTS)-
Cu/GCE was developed for the electrochemical detection of an anticancer drug
nilutamide (Akhter et al., 2020). CTS can be synthesized from different sources such as

the skeleton of jelly fishes, crabs and others, following the acid hydrolysis method.

2.6.2 Nanocellulose

Nanocellulose (NC) is considered the world’s most abundant biopolymers which
can be synthesized from cellulose and cellulose is a component of plants and bacteria.
Due to the nanoscale isolation, NC becomes free from the inherent limitations present in
cellulose and simultaneously, achieve multiple extra-ordinary features such as
exceptional mechanical features and surface chemistry, suffice of anchoring sites etc.
Moreover, NC possesses several interesting properties such as high specific surface
area, biodegradability, biocompatibility, non-toxicity and non-reactivity. Like CTS, NC
is capable of film formation and minimize the fouling of the nanomaterials. Thus, it can

improve the stability of the electrode. Therefore, NC is considered an ideal option for
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the conjugation with CNT, polyaniline, polypyrrole (Shalauddin et al., 2019).
Polypyrrole (PPY) is an electronically conductive polymer (ECP) with high electrical
conductivity, biocompatibility, good stability, proper redox characteristics, ease of
polymerization process compared to other ECP (Shahnaz et al., 2020). In this study, a
nanocomposite of NC-3DPPY was developed by a simple sonication method. The
3DPPY was synthesized and incorporated with NC which facilitates the formation of an
additional conductive path through the conjugated material and facilitates the charge
transfer. The cross-linking structure of the NC and 3DPPY interconnects via the OH and
NH groups and form a three-dimensional porous nanostructure and facilitates the
dispersion of bimetallic nanoparticles of silver (Ag) and gold nanoparticles (Au), which
reduces the aggregation with proper self-assembly of Ag-Au into the skeleton of NC-

3DPPY (Shen et al., 2020).

2.7 Carbon-based nanomaterials

Since the past few decades, carbon-based nanomaterials have created a new avenue
and technological revolution in different sectors of material science. Due to their extra-
ordinary and tunable features, they are suitable for multipurpose applications. These
types of materials possess several merits such as excellent mechanical integrity, porous
surface, high active surface area, thermal conductivity and electronic distributions.
Different forms of carbon-based nanomaterials such as carbon nanotubes (CNTs),
graphene (Gr), carbon nanofibers, carbon nanohorns, nanocones-disks, fullerenes, nano-
diamonds and their functionalized forms have been developed and studied intensely and
successfully applied in different analytical applications (Akhter et al., 2020; Rajakumar

et al., 2020).

19



2.7.1 Carbon nanotubes and their functionalization

Carbon nanotubes (CNTs), is a carbon nano-structured material, containing
graphene nano-sheets rolled into a nano-shaped cylinder and possess attractive features
such as high electro-conductivity, mechanical robustness and excellent catalytic
activity. Carbon nanotubes consist of single-wall or multiple walls of sp? hybridized
carbon atoms, where the CNTs exists as two types i.e. single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs). MWCNTs s
comparatively cost-effective and possess excellent features such as high tensile strength,
good mechanical and thermal stability, flexible elasticity and high electronic
conductivity and catalytic activity (Rajakumar et al., 2020). The pristine CNTs are
unsuitable for electrode fabrication as it is hydrophobic. Functionalization of the CNTs
is based on the formation of functional groups on the outer walls of the CNTs which
could be an effective strategy to increase the solubility of CNTs. The functionalization
technique not only removes the impurities but also increases the dispersion ability of
CNTs in water and enhances the electrochemical response (Zhu et al., 2020). In
addition, abundant binding sites are exposed on CNTs through functionalization that
facilitates fabrication of the electrodes. Generally, the functionalization process is
accomplished by acid hydrolysis which involves one or two strong acids such as nitric
acid, sulfuric acid and hydrochloric acid. Thus, CNTs have been applied enormously for
the development of nanocomposites as electrochemical sensors (Shalauddin et al.,

2019).

2.7.2 Nitrogen-doped graphene

Doping is an effective approach to modify the characteristics of carbon-based
nanomaterials, to increase the density of free charge-carriers and to improve the

electrical or thermal conductivity. Among the doping elements, nitrogen (N) is

20



considered an effective dopant for carbon-based nanomaterials. Due to its comparable
size and number of valence electrons, nitrogen forms strong bonds with carbon atoms.
Nitrogen-doped graphene (NGr) has good biocompatibility, high surface area and
excellent electrochemical response (Anuar et al., 2018). NGr exhibits better
electrocatalytic response than graphene (Gr) because of the unique -electronic
interactions between the lone—pair electrons of nitrogen and the m—x system of graphitic
carbon. However, doping on Gr lattice improves the sensing affinity and the catalytic
response towards the desired molecules and improves the selectivity of Gr based
sensing device. There are several approaches available for the synthesis of NGr such as
arc-discharge method, chemical vapour deposition (CVD), solvothermal method,
microwave assisted method and plasma treatment etc. In the present study, microwave

assisted approach has been applied for the synthesis of NGr (Gowthaman et al., 2017).

2.8 Nanomaterials and their synthesis approach

Nanomaterials are materials with the size of atoms less than 100 nm and possess
distinct physicochemical characteristics based on their nano-size and shapes.
Nanomaterials can be different types such as carbon nanomaterials (e.g carbon
nanotubes, nitrogen-doped graphene), metal nanoparticles (e.g gold nanoparticle, silver
nanoparticle), oxide nanoparticles (e.g copper oxide nanoparticle, zinc oxide
nanoparticle). Due to their excellent characteristics, they have been enormously utilized

for the development of electrochemical and bio-sensors (Pomerantseva et al., 2019).

The first step of an innovative research is to accomplish the preparation the desired
nanomaterials successfully. But the development of an effective procedure for the
nanomaterials synthesis by retaining the desired structural arrangements and
morphology of the synthesized materials are the greatest challenge of nanotechnology.

However, the synthetic procedures used for the synthesis of nanomaterials can be

21



classified into two groups such as the top-down and bottom-up approaches. The top-
down approach can be divided into two groups such as the wet method and dry method.
While in the milling or grinding methods, the nanomaterials are synthesized from the
top-down approach to form tiny particles from the large particles by mechanical
disintegration. While in the bottom-up synthesis method, the nanomaterials are
generally extracted from the bulk materials and the desired nanomaterials are obtained
by following the progressive removal (Gonzalez et al., 2021). On the contrary, nano-
capsulation or nano-coatings can be obtained from a molecular levelled precursor and
the gradual mobilization of the molecules occurs until the desired composition is formed
successfully. Both of the bottom-up and top-down synthetic methods demand similar
fundamentals and pre-requisites including fabrication parameters for example
concentrations, time, energy from electrons and surrounding conditions for example
contaminants, where the temperature should be properly controlled during the synthesis
experiments (Rotello, 2004). Thus, nano-scale synthesis investigation requires highly
sophisticated fabrication instrumentation accomplished in clean laboratory conditions.
The nanomaterials synthesis approaches chart is shown in Figure 2.2. In this thesis, the
microwave-assisted method, hydrothermal method and sonochemical method have been

used for the synthesis of nanomaterials.

22



Figure 2.2: Synthetic routes of the nanoparticles (Rotello, 2004) (Reproduce with
permission from the publisher).

2.8.1 Microwave-assisted method

Dipolar polarization and ionic transportation are the two mechanisms that are
generally activated by microwave irradiation. The basic mechanism of the microwave-
assisted method depends on the application of microwave electromagnetic radiation and
through this, an excitation is generated on the aligning dipoles of the external area of a
material (Sharma & Zalpouri, 2022). This is considered as an effective wet chemical
approach for the nanomaterial synthesis with high reproducibility and contains several
advantages such as controlled size and shape of nanomaterials by manipulating the
reaction parameters including rapid volumetric heating, high reaction rates and energy
efficiency etc. However, this microwave irradiation is used for those chemical reactions,
where the presented materials are able to absorb the microwave generated energy and
convert this energy into heat. The conversion process enables a non-equilibrium

condition in the system. The generation of heat from the microwave method minimizes

23



the reaction time and improves the crystalline nature of the final product (Polshettiwar

et al., 2009).

2.8.2 Solvothermal synthesis method

The solvothermal method is analogous to the hydrothermal method, except the
synthesis process uses organic solvents instead of water. Alternatively, when alcohols
and glycerol are used as the reaction media, the reactions are called alcohothermal and
glycothermal, respectively (Nguyen, 2013). These synthetic strategies are important for
the synthesis of nanomaterials with good crystalline properties. During the solvothermal
approach, the chemical reaction initiates a solvent at a temperature greater than the
normal boiling point by containing the reaction mixture within a sealed vessel such as
an autoclave. These conditions enhance the solvent’s capability to dissolve solids and
accelerate the reactions between solid species. The main advantage of this method is
that almost any material can be dissolved in the solvent by increasing the temperature
and pressure to its critical point. In addition, this method enables the size control, shape
distribution and high crystallinity of the metal based nanostructure composites

(Jamkhande et al., 2019).

2.8.3 Sonochemical synthesis method

The sonochemical approach for nanomaterial synthesis is an effective approach for
the synthesis of nanomaterials with outstanding characteristics. This synthetic route
involves both the physical and chemical effects which offer a synergistic impact and can
be utilized for the manufacturing of a broad range of nanostructured materials. Here, the
molecules undergo chemical reactions due to the application of powerful ultrasound
radiation (20 kHz—10 MHz). The basic mechanism of sonochemistry for the

modification of nanomaterials arises from acoustic cavitation which is considered as a
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physical phenomenon, which includes three steps: formation or construction, growth
and collapse of the bubbles in any liquid solution. Some extreme reaction parameters
are needed in this process such as high pressure > 500 atm, high temperature >5000 K
and >1010 K/s of cooling rate, for the collapse of the cavities. These extreme conditions
promote acoustic cavitation which enables the formation of materials possessing
outstanding and uncommon features. The irradiation of highly intense ultrasonic energy
forces the molecules to undergo high-energy chemical reactions (Bang & Suslick,

2010).

2.9 The development of electrochemical devices using nanocomposites

A composite material is the incorporation of two or more materials which have
different chemical and physical properties compared to one another. A nanocomposite
consists of at least one material in the nano-scale dimension. Nano structured materials
have superior characteristics compared to bulk materials. Different types of
nanomaterials such as carbon nanomaterials, metal and metal oxide nanomaterials,
mineral nanoparticles, semiconductor nanoparticles have been studied and applied
extensively for the fabrication of electrodes and sensing of the desired analytes, energy

storage, supercapacitor, bio-fuel etc.

2.10 Analyte of interest

Nilutamide, paracetamol, methotrexate and ciprofloxacin are the analyte of interest,
and are used in this research. Thus, the electrochemical determination of these desired

analytes is the focus of this research.
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2.10.1 Paracetamol

Paracetamol (PR) N-acetyl-P-aminophenol, or acetaminophen is a widely used over
the counter (OTC) drug that is mainly used for its analgesic and anti-pyretic effect. In
addition, it is used for the mitigation of different types of pain such as headache,
toothache, backache and others. PR contains a benzene ring which has two substituent
groups of hydroxyl and amide groups on the para (1,4) positions, as shown in Figure
2.3. It is an odorless white crystalline powder with a slightly bitter taste and good
solubility in hot water. PR is a safe drug but excess consumption of this drug can cause
adverse effects such as nephrotoxicity, increased mortality and liver damage. Thus, it is
necessary to determine the overdose concentration of PR as a biomedical quality control

via a facile, easy, accurate and sensitive analytical method (Anuar et al., 2018).

Figure 2.3: The 3D chemical structure of Paracetamol (N-acetyl-P-aminophenol)
(Akhter et al., 2021) (Reproduce with permission from the publisher).

Several attempts have been reported for the determination of PR such as titrimetry,
(Kumar & Letha, 1997), chromatography (Lohmann & Karst, 2000),
chemiluminescence (Easwaramoorthy et al., 2001), high-performance liquid
chromatography (HPLC) (Altun, 2002), UV spectrophotometry (Murtaza et al., 2011),
capillary electrophoresis (Altria et al., 1994), tandem-mass spectrometry (Lou et al.,

2010), thermogravimetric analysis (Calvino et al., 2021). These methods have good
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precision, sensitivity and selectivity but they have some demerits such as high cost,
complex operation procedures, laborious, tedious sample preparation, time-consuming
and others. Thus electrochemical techniques have become the choice of preferences
over the years as this method does not have drawbacks like the other traditional
methods. Several electrochemical techniques have been investigated for the
electrochemical determination of PR (Akhter et al., 2018; Anuar et al., 2018; Alanazi et

al., 2021; Kokab et al., 2021; Yang et al., 2021) etc.

2.10.2 Nilutamide

Nilutamide (5,5-dimethyl-3-[4-nitro-3(trifluoromethly)phenyl] imidazolidine-2,4-
dion) (NLM) is a synthetic and non-steroidal, anti-androgen compound which blocks
the activity of androgen and is used for the treatment of advanced-stage metastatic
prostate cancer due to its long half-life and acceptable tolerability shown in Figure 2.4.
It has a longer life of = 56 h which is higher compared to other anti-androgen drugs.
The elevated dosage of NLM can cause health hazards in the human body such as
sexual dysfunction, interstitial pneumonitis, nocturnal amblyopia, nausea, decreased
libido, visual disturbance, alopecia, blood in the urine, chest pain, difficulty in
breathing, trouble with sleeping and vomiting (Sharma & Hwa, 2021). Considering the
health issues, several methods have been developed by the researchers for the
determination of NLM such as chromatography (Znaleziona et al., 2011),
spectrophotometry (Carvalho et al., 2014), UV-visible spectrophotometry (Silva et al.,
2018), automatic micro-flow system (Carvalho et al., 2014) etc. Several electrochemical
methods of detection of NLM have been reported recently due to the cost-efficiency,
early response, simple operation procedure, high sensitivity and selectivity (Karthik et
al., 2017; Karthik et al., 2017; Akhter et al., 2020; Sundaresan et al., 2020; Kokulnathan

etal., 2019; Rajendran et al., 2019; Akhter et al., 2021) etc.
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Figure 2.4: The 3D chemical structure of Nilutamide (5,5-dimethyl-3-[4-nitro-3-
(trifluoromethyl)phenyl]imidazolidine-2,4-dion) (Sriram et al., 2021) (Reproduce
with permission from the publisher).
2.10.3 Methotrexate

Methotrexate (MTX) (2,4-diamino-N-10-methyl folic acid) an anti-metabolite
therapeutic agent (shown in Figure 2.5) is administered for the treatment of leukemia,
breast cancer, head and neck cancer and autoimmune diseases. The clinical
recommendation of MTX is limited due to its severe adverse effects such as ulcer in
stomach, myelosuppression, hepatotoxicity and low white blood cell counts of this drug
in human body. As MTX has a narrow therapeutic window, it is important to monitor
the therapeutic levels to achieve the maximum therapeutic outcomes (Asadian et al.,
2017; Jandaghi et al., 2020). Considering the health issues, several approaches have
been reported for the detection of MTX including high-performance liquid
chromatography (Kim et al., 2021), spectrophotometry (Hamidi et al., 2019), gas
chromatography (Zong et al., 2020) etc. Due to the sharp and rapid response, high
selectivity and sensitivity, easy and simple on-site and trace level detection, several

voltammetric approaches have been reported for the detection of MTX (Salandari-Jolge

et al., 2020; Tajik et al., 2021).
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Figure 2.5: The 3D chemical structure of Methotrexate (MTX) (2,4-diamino-N-10-
methyl folic acid) (Rana et al., 2020). (Reproduce with permission from the
publisher).

2.10.4 Ciprofloxacin

Ciprofloxacin  (1-cyclopropyl-6-fluoro-1, 4 dihydro-4-oxo-7-(1-piperazinyl)-3-
quinoline carboxylic acid) (CIF) a third generation fluoroquinolone (shown in Figure
2.6), which is widely recommended antibiotics in clinical practice for the mitigation of
several gastro-intestinal, urinary and respiratory tract infection. Overdose of CIF can
cause severe hypersensitivity reactions, gastro-intestinal lesions etc. Besides, CIF is
widely prescribed therapeutic agent for human and livestock animals (Reddy et al.,
2018). Considering the health issues, several approaches have been reported for the
detection of CIF including high-performance liquid chromatography (Zheng et al.,
2019), spectrophotometry (El Demeiry et al., 2020) gas chromatography (Do &
Stuckey, 2019) etc. Due to the sharp and rapid response, high selectivity, easy and
simple on-site and trace level detection, several voltammetric approaches have been

reported for the detection of CIF (Gill et al., 2021; Umesh et al., 2022).
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Figure 2.6: The 3D chemical structure of Ciprofloxacin (1-cyclopropyl-6-fluoro-1,
4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinoline carboxylic acid) (Li et al., 2018)
(Reproduce with permission from the publisher).

The development of non-enzymatic electrochemical sensors for drug detection is an
attractive approach to overcome the drawbacks of enzymatic sensors. Non-enzymatic
electrochemical sensors possess advantages of high stability, good reproducibility and
facile operation. Therefore, recent efforts for the direct detection of pharmaceutical
drugs such as NLM, PR, MTX and CIF without the aid of enzymes could be achieved

by the fabrication of modified electrodes based on metal ions and their nanomaterials

based nanocomposites.

2.11 Sensor

A sensor is a type of device which responses to the presence of an analyte and the
information received will be transduced into a measurable signal such as reduction or

oxidation current, potential and impedance etc. Sensors can generate any signals as
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thermal, electrical and optical output signals which can be transformed into digital
signals for further processing. Generally, sensors can be classified into two groups,
which is the chemical and physical sensor. A chemical sensor measures the changes in
the composition, concentration and reaction rate of a chemical species. While a physical
sensor measures the physical quantity related to the physical changes such as pressure,

temperature, force and speed (Sakaguchi et al., 2007).

2.11.1 Chemical sensor

A chemical sensor is a device which transforms the information received from its
surrounding chemical species into a useful analytical signal. Generally, a chemical
sensor consists of two basic components which are a receptor and a transducer as in the
schematic diagram in Figure 2.7. The receptor interacts with the chemical species and
converts the chemical information into a form of energy that can be detected by a
transducer. Thus, the transducer is used to transform the response from the receptor into
a measurable signal. The chemical sensors can be classified into different groups such
as optical, electrical and thermal or gas sensors etc. The benefits of these sensors are
that they can detect and receive the signal from an analyte from the solid, liquid or
gaseous medium (Janata, 2002). An electrochemical sensor is a type of device that can
document the electrochemical reaction at the electrode-electrolyte interface and
transforms the information into an analytical signal. Since the past few decades, these
types of sensors have been developed and applied extensively due to their several
advantages such as miniaturization, simple composition and operation procedure, rapid
result and cost-effectiveness compared to other types of sensors (Alegret & Merkogi,

2007).

Electrochemical sensors can be divided into three groups such as the potentiometric,

amperometric and conductometric sensor. In amperometric sensors, the current is
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measured by the alternating current (A.C) or direct current (D.C) mode. These types of
sensors may or may not require an external current source. In the potentiometric sensor,
an equilibrium is reached at the electrode interface and the potential of the working
electrode is measured against a reference electrode. The composition of an analyte can
be obtained by the difference between the potential of the indicator (working) electrode
and the reference electrode. Conductometric sensors are based on the measurement of
conductivity in multiple frequency series (Janata, 2009; Janata & Bezegh, 1988; Janata

& Huber, 1985; Wang, 1988).

Figure 2.7: Basic mechanism of a chemical sensor (Yin et al., 2018) (Reproduce
with permission from the publisher).

Electrochemical sensors can be classified into two groups- enzymatic and non-
enzymatic electrochemical sensors. Enzymatic electrochemical sensors are the
integrated self-contained receptor-transducer devices which able to provide selectively
quantitative analytical information using a biologic recognition element, which is in
direct spatial contact with a transducer element (Ji et al., 2020). In enzymatic
electrochemical sensors, different types of enzymes are incorporated such as peroxidase,
lactase, reductase etc. Here, the enzymes act as the catalyst and facilitate the transfer of
electrons between the electrode and analytes during detection. Though this approach has
excellent selectivity and sensitivity, the instability of the enzymes is the main drawback

for the practical application of this type of sensor. The complex immobilization process
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and the instability of the enzyme affect the reproducibility of these sensors. Moreover,
the performance the sensor is influenced by environmental factors such as temperature,
humidity and pH (Amala & Gowtham, 2017). To minimize these disadvantages, non-
enzymatic electrochemical sensors have been studied and developed. The non-
enzymatic sensing has been in the research limelight, and most sensors based on the
nanomaterials are designed to detect single or multiple analytes. The detection
mechanism of non-enzymatic electrochemical sensor relies on the calculation of the
current flow or amperometry, which depends on either the oxidation or reduction
process, even on both the oxidation and reduction of the analytes. As the non-enzymatic
electrochemical sensor does not contain the biological recognition components, they
show longer lifetime with greater reproducibility and stability compared to enzymatic
electrochemical sensors (Hwang et al., 2018). Due to having improved stability and
sensitivity, the non-enzymatic electrochemical sensors have gathered tremendous
interest for sensor applications (Rhouati et al., 2018). The comparison between
enzymatic electrochemical sensor and non-enzymatic electrochemical sensor is shown

in Table 2.1.

Table 2.1: Comparison between enzymatic electrochemical sensor and non-
enzymatic electrochemical sensor

Electrochemical Advantage Disadvantage References
sensor
Enzymatic High selectivity and A loss of activity when (Ji et al,
electrochemical sensor  sensitivity and immobilized to transducer
catalytically active 2020)
Improved sensitivity Expensive and complex (Farzin et

immobilization process of enzymes
al., 2018)

Fairly fast-acting Poor stability mostly due to the
degradation of enzymes
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Table 2.1 continued

Electrochemical Advantage Disadvantage References
sensor
Non-enzymatic Temperature, humidity and pH
electrochemical sensor influences the sensitivity of the
sensor
High stability, selectivity, High working potential, (Hwang et
catalytically active and
rapid detection al., 2018)
Rapid detection, highly Slow electrode kinetics (Hwang et
sensitive, simplicity and
possibility of continuous al., 2018)
analysis on  different
analytes
Wide linear range and low Poisoning  possibilities  from
detection limit intermediate species
Low cost and Portable weak sensing parameters

2.11.2 Chemically modified electrodes (CMEs)

The application of electrochemical techniques involves the utilization of chemically
modified electrodes (CMEs). A chemically modified electrode is prepared by the
surface modification with specific materials to produce an electrode with different
performance or properties from the unmodified substrate. Thus, the modified electrode
shows similar properties as the modifying materials. The schematic diagram of a
chemically modified electrode is presented in Figure 2.8. Different types of electrodes
have been used for the fabrication of CMEs such as boron-doped diamond electrode,
glassy carbon electrode, screen printed electrode, gold electrode, diamond carbon paste
electrode and indium tin oxide (ITO), fluorine-doped tin oxide (FTO) as substrate
(Smyth & Vos, 1992). At the CMEs, the oxidation or reduction reaction occurs by the
transfer of electrons between the electrode and the analyte. CMEs are different
compared to other classes of electrodes, as the thin layer of a suitable material is coated
or bound on the surface of the electrode to provide special chemical features. One of the
distinct properties of CMEs is the electrocatalytic properties used in electroanalytical

34



measurements (Murray, 1980). They have several advantages such as rapid response,
reusable, resistance towards fouling, limiting the effect of interference molecules in any
complex solution, enhancing the electrocatalytic effects, chemically and thermally
stable, cost-efficient, readily available, high sensitivity and selectivity. Among the
methods, the drop-casting method onto a glassy carbon electrode (GCE) was applied in
this study. In this method, a small amount of material solution is drop onto the electrode
surface followed by the evaporation of the solution. GCE is preferable due to the low
cost, chemical inertness, low background current and broad potential window (Raoof et

al., 2004).

Figure 2.8: Modification of electrode (Beitollahi et al., 2019) (Reproduce with
permission from the publisher).

2.12 Electroanalytical techniques

An electrochemical sensor can determine the analytes through qualitative and
quantitative analysis. Electroanalytical chemistry is based on quantitative analysis
which relies on the electrical characteristics of analytes solution in the electrochemical
cell. The electroanalytical methods show high sensitivity with good reproducibility,
precision and accuracy and also broad linear range which have been extensively utilized
in several fields of science such as environmental, industrial and pharmaceuticals.
Electroanalytical techniques are used to determine the concentration or chemical

reactivity of an analyte based on the measurement of potential, current or charge. There
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are several types of electroanalytical techniques such as voltammetric, potentiometric

and coulometric techniques (Bard, 1980).

Voltammetric methods are the measurement of the current variations from the
electrochemical reactions of the analyte which occurs at the electrode surface. The basic
mechanism of voltammetry involves an electrochemical cell containing three
electrodes- working electrodes (WE), counter or auxiliary electrode (CE) and reference
electrode (RE). The working electrode is the electrode where an electrochemical
reaction under investigation occurs while the counter (CE) or auxiliary electrode is
merely to complete the electrical circuit. The potential of the electrochemical cell is
simply the potential difference between the WE and the CE. A reference electrode is
introduced into the electrochemical cell (three electrode system) when the potential of
the CE does not remain constant. The RE maintains its constant potential even the
concentration of chemical species changes in the solution. The schematic diagram of a
three electrode system electrochemical cell is presented in Figure 2.9. The electrodes are
immersed in a container which consists of a supporting electrolyte and chemical species
to be examined. The supporting electrolyte should be inert and does not easily oxidize
or reduce. The supporting electrolyte is important because decreases the resistance of
the solution and removes the influence the electromigration. The flow of current
between the WE and CE is a function of potential and is measured by an instrument
called potentiostat or galvanostat. This voltammetric measurement is drawn through the
current versus potential plot which is referred as the voltammogram (Stradiotto et al.,

2003).
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Figure 2.9: The three electrodes system electrochemical cell (Karimi-Maleh et al.,
2020) (Reproduce with permission from the publisher).

2.12.1 Cyclic voltammetry

Cyclic voltammetry (CV) is an extensively applied electrochemical technique which
is generally used for the preliminary assessment of the oxidation and reduction reaction
of the chemical species. The electrochemical characteristics of an analyte in solution or
a molecule adsorbed on the electrode surface can be studied by CV. The CV technique
is conducted by cycling the potential of the WE versus the RE and measuring the
current flow between the WE and the CE. The WE potential is usually measured against
a RE which contains a stable and known potential. The applied potential generates an
excitation signal (Farghaly et al., 2014). The potential scan can be negative from a more
positive potential to a more negative potential. The switching potential is a state where a
sufficient voltage is reached to undergo an oxidation or reduction reaction of the
analyte. The reversibility or irreversibility of the target analyte can be determined from
the voltammograms. Besides that, the parameters such as anodic and cathodic peak
current, as well as anodic and cathodic peak potential are also examined from the
voltammograms. For the reverse potential, the scan could be from positive to negative.
When an oxidation reaction is required for some analytes, the potential is scanned to the
positive direction (Cazes, 2004). The voltage rate shifts over time, during each of the
phases is called the scan rate of that specific experiment. If the electron transfer is fast

on the surface of the WE and when the current is limited by the diffusion of the analytes
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to the electrode surface, then the peak current is proportional to the square root of the
scan rate. The relationship can be explained through the Randles-Sevcik equation. Then,
the experiment samples a little portion of the solution such as the diffusion layer of the
electrode surface. In sensor applications, the CV experiments are used to determine the
electrochemical performances of the unmodified and different modified electrodes in
the presence and absence of the target analytes. The influences of different pH, pH
optimization, influences of different scan rates and scan rate optimization are also
accomplished by this technique. The active surface area of the electrode can also be
calculated using the Randles-Sevcik equation from the CV technique. The Randles-

Sevcik equation is as follows:

ip,=2.69 x 10° A C D2 (n)*?v'? (2.1)

Here, i, = redox peak current (Amp), A = surface area of the electrode (cm?), n =
number of transferred electrons, C = concentration of the ferricyanide solution (mol cm”
3), D = diffusion coefficient (7.60 x 10° cm? s') and v = scan rate (V s™).

2.12.2 Pulse voltammetry:

This voltammetry is often used for the quantitative analysis of the target analyte.
Pulse voltammetry is more sensitive than cyclic voltammetry as the double layer
charging current is minimized. Pulse voltammetry can be classified into differential
pulse voltammetry, normal pulse voltammetry and square wave voltammetry (Sharp et
al., 1984).

2.12.3 Differential pulse voltammetry

Differential pulse voltammetry (DPV) is an effective analytical technique for
quantitative electrochemical analysis, the investigation of the kinetics, mechanism of the
electrochemical reaction. DPV is a sensitive technique which is similar to squarewave

voltammetry but offers multiple benefits over other electrochemical techniques. These
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techniques possess short pulse time which enhances the measured Faradic current and
minimizes the non-Faradaic current. The DPV technique is used for the evaluation of
the analytical application of an electrochemical nano-device (Baranowska et al., 2008).
The highest to lowest analytic concentration range (linear range) and the lowest
concentrations of analytes i.e limit of detection (LOD) can be calculated by the
corresponding curves in this technique. The LOD can be calculated by the following

equation.

LOD =3 x Sy/m (2.2)

Here, 3 is the signal to noise ratio of 3, Sy denotes the standard deviation of the

blank sample and m denotes the slope of the calibration curve.

2.12.4 Chronoamperometry

Chronoamperometry is an amperometric method, where the square-wave potential is
applied to the working electrode and a steady-state current is measured as a function of
time. The changes in the current arising from the expansion or reduction of the diffusion
layer at the electrode. The concept of a diffusion layer was introduced by Nernst and
states that there is a stationary thin layer of solution in contact with the electrode surface
which is known as the Nernst diffusion layer shown in Figure. 2.10. The solid line
represents the actual concentration profile and the dashed line from C surface is the
extrapolation of the initial slope. The local analyte concentration drops to zero at the
electrode surface and diffusion controls the transfer of analyte from the bulk solution of
higher concentration to the electrode. This results in a concentration gradient away from
the electrode surface. In the bulk solution the concentration of analyte is maintained at a

value of ¢, by convective transfer (Gosser, 1993).
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In this thesis, voltammetric techniques such as cyclic voltammetry (CV), differential
pulse voltammetry (DPV) and square-wave voltammetric (SWV) methods are
described. The electrochemical performance and optimization of the electrochemical
sensor are studied by cyclic voltammetry. Besides this, the quantitative analysis of the

target analyte was performed by DPV and SWV methods.

Figure 2.10: Nernst diffusion layer model (Janssen & Hoogland, 1973) (Reproduce
with permission from the publisher).

2.13 Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) introduces a more general concept
of resistance. In direct current (DC) circuits, only resistors oppose the flow of electrons.
In alternating current (AC) circuits, the capacitors and inductors influence the flow of
electrons (impedance) in addition to resistors. Electrochemical impedance spectroscopy
is usually measured by applying an AC potential with a small amplitude (Vrms of 5 to
10 mV) to an electrochemical cell and measuring the current flow through the WE

(Willner & Katz, 2006). The advantage of EIS is that the electrochemical interface can
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be modeled by using purely electrical circuits. An electrode-electrolyte interface
undergoing an electrochemical reaction is represented as an electronic circuit consisting
of a combination of resistors and capacitors. Thus the Randles circuit consists of a
solution resistance (Rs) in series with the parallel combination of the double-layer
capacitance (Cq1) and an impedance of the Faradaic reaction of interest which consists of

charge transfer resistance (R¢) and the Warburg diffusion element W.

2.14 The development of electrochemical sensor using nanocomposite materials

A composite material is the incorporation of two or more materials which are
usually different from one another with regards to the chemical and physical properties.
While nanocomposites are composite materials, where at least one dimension in the
nanometer scale. The rise in the number of publications involving nanocomposite
materials in various research areas confirms the extra-ordinary properties of
nanostructured materials compared to the bulk materials. The functionalization of
nanocomposite materials is very crucial to improve the electrochemical sensor
performance by promoting better electrochemical properties such as outstanding
electrocatalytic activity, fast electron transfer rate and high conductivity (Munonde &

Nomngongo, 2021).

2.14.1 Development of metal-based nanocomposites

In recent years, different metal ions such as copper, cobalt, nickel, etc have been
broadly utilized in electrochemical sensor applications especially for their catalytic
properties with the incorporation of different carbon-based nanoparticles such as
multiwall carbon nanotubes, graphene and nitrogen-doped graphene. The incorporation
of metal ions and carbon nanomaterials enhances the electrochemical conductivity due

to the synergy of the electrocatalytic effect. In addition, different biopolymers such as
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chitosan and nanocellulose have been used for the construction of nanocomposites
along with the metal ion and carbon nanomaterials, which ultimately enhances the
nanomaterials dispersion, enables a modulus configuration when combined with metal
ions and possesses the characteristics of natural enzymes, preventing the fouling of
nanomaterials and ultimately increases the catalytic effect of the developed

nanocomposites.

Mao et al, 2017 reported a non-enzymatic electrochemical sensor based on
multiwall carbon nanotube, chitosan and nickel complex using a self-assembly
technique for the determination of metronidazole. They modified a glassy carbon
electrode (GCE) with MWCNTs/CTS-Ni and analysed it using a simple and
inexpensive CV and DPV method. They demonstrated that the electrode showed
excellent electrocatalytic performance for the oxidation of paracetamol in pH 7.0 PBS
with good stability, high selectivity and sensitivity, wide linear range and a low
detection limit. Shalauddin et al., 2017 reported a nanocomposite of multiwall carbon
nanotube, chitosan and copper by a self-assembly technique. They modified the GCE by
drop-casting onto a GCE surface and studied by CV and square wave voltammetry. The
developed FMWCNTSs/CTS-Cu showed a high electrochemical response for the
determination of diclofenac sodium from biological fluid and pharmaceutical dosage
forms with a broad linear range and low limit of detection. Akhter et al., 2020
developed a nanocomposite of MWCNT, nitrogen-doped graphene, chitosan with
electrodeposited of Cu on the surface of GCE for the electrochemical detection of an
anticancer drug NLM. They modified the GCE by drop-casting onto GCE surface and
studied the CV and DPV. The developed MWCNTs~NGr/CTS-Cu showed excellent
electrochemical behaviour for the determination of NLM from biological fluid and
pharmaceutical dosage forms with broad linear range and low limit of detection. While

Akhter et al., 2018 reported a nanocomposite of immobilized cobalt on the
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functionalized MWCNTs and CTS thin film for the determination of painkiller PR with
a broad concentration range and low detection limit. The developed /IMWCNTs-CTS/Co
nanocomposite was studied by CV and DPV method for paracetamol detection from

biological fluids and pharmaceutical dosage forms.

Recently, the applications of tri-metallic MOF have been observed in different fields
of material science. Compounds based on the first row of transition metals (such as Fe,
Co, and Ni) have enhanced the electronic occupancy status by improving the electron
transfer ability, and have been widely studied to replace the precious metal-based
electrocatalysts. The interaction between various compositions in a multi-metal
structure can produce additional synergistic effects and leads to better electronic
properties, forming a multi-metallic structure which is widely considered as a new
approach for the design of new nanocomposites (Abbas & Tahir, 2021). The tri-metallic
MOF sheets accelerate the ion exchange process due to the nanoscale configuration.
They are highly crystalline, possess dynamic, porous frameworks of highly ordered
networks which enhance the structural flexibility and transformability. In addition, they
show prominent chemical reactivity, diverse morphologies, high selective detection and
sensitivity, enhanced electronic charged transfer, virtuous stability, lattice strain, distinct
geometric effects and chemical transformation compared to the monometallic MOFs (Li
et al., 2021). Furthermore, they exhibit greater catalytic effects and improved selective
catalysis than monometallic and bimetallic MOFs composites. Due to these excellent
features, tri-metallic MOFs have sparked tremendous attention among researchers for
various applications especially for the development of sensors. Akhter et al reported a
tri-metallic nanocomposite of cobalt, nickel, and copper Co-Ni-Cu synthesized on the
nickel foam (NF) for the detection of anticancer drug NLM. The Co-Ni-Cu/NF
fabricated sensor showed excellent electrochemical response for the detection of NLM

with a broad linear range, low detection limit with high selectivity, stability and
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sensitivity (Akhter et al., 2021). Qui et al reported a tri-metallic platinum (Pt), gold (Au)
and silver (Ag) nanodendrites (NTs) modified GCE sensor for methanol detection. The
fabricated trimetallic Pt.Ag.Au NTs/GCE sensor was studied using CV method and
showed high sensitivity and selectivity with a broad linear range and low detection limit
(Qiu et al., 2020). Subhan et al developed a tri-metallic molybdate oxide (M0O.), iron
oxide (Fe3Os) and copper oxide (CuO) nanocomposite for the fabrication of para-
nitrophenol sensor. The developed MoO>-Fe3;04-CuO/nafion/GCE sensor was analysed
using an amperometric method and showed excellent catalytic activity towards the
detection of para-nitrophenol with high selectivity and broad linear range and low
detection limit (Subhan et al., 2020).

Table 2.2 Transition metal ion-based nanocomposite for electrochemical sensor
applications

Nanocomposite Method Electrode Analyte References
(-MWCNT- Synthesis of -MWCNT GCE Folic acid (Winiarski et al.,
Ni(OH),) by acid treatment and f- 2020)
MWCNT-ni(OH); by
ultrasonication
FMWCNT-CTS/Co  Synthesis of A MWCNT GCE Paracetamol (Akhter et al.,
by acid hydrolysis and f- 2018)

MWCNT-CTS/Co by
ultrasonication and self-
assembly method
Cu/MnO,/MWCNTs  Synthesis of GCE Glucose (Wang et al,
Cu— Cu/MNO2/MWCNT by 2016)
ultrasonication and
chemical reduction

CS/MWCNT/GCE Synthesis of Cu— GCE Rutin (Gholivand, et
CS/MWCNT/GCE al., 2016)
nanocomposite by wet
chemical method

OM-MnFeOx Synthesys of oxidized GCE Hydroquinone  (Chen et al,
multiwall carbon and Catechol 2019)
nanotubes by acid
hydrolysis and OM-

MnFeOx/GCE
nanocomposite by
hydrothermal method

MWCNT-CTS/Cu Functionalized MWCNT GCE Paracetamol (Mao et al,
by acid treatment and 2015)
MWCNT-CTS/Cu
nanocomposite by
ultrasonication and self-
assembly method
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Table 2.2 continued

Nanocomposite Method Electrode Analyte References
Zn-Co-Ni Synthesis of tri-metallic Alumina Hydrogen (Tan et al., 2020)
MOF@CNT Zn-Co-Ni MOF@CNT electrode sulfide

nanocomposite by substrate

template assisted method
Au@AgPdNPs-f- Synthesis of GCE Carbamazepine (Daneshvar &
CD-IL Au@AgPdNPs by Frens Rounaghi, 2017)

method using sodium
citrate and ascorbic acid.
Synthesis of
Au@AgPdNPs-B-CD-IL
by ultrasonic agitation

method

Co-Ni-Cu/NF Synthesis of Co-Ni-Cu/NF  Nickel Foam  Nilutamide (Akhter et al.,

by hydrothermal method substrate 2021)
(NF)

AuPdPt NPs@RGO  Synthesis of trimetallic GCE Retigabine (Alkahtani et al.,
AuPdPt NPs@RGO by 2019)
hydrothermal method

NiFeCo Synthesis of NiFeCo by GCE Hydrazine (Annalakshmi et
hydrothermal method al., 2019)

Table 2.3 Transition metal-based nanocomposite in other electrochemical
applications

Applications Nanocomposite References

Supercapacitor Fe,Os  nanoparticle  anchored  graphene/CNT (Ding & Wu, 2020)
nanocomposite synthesized by hydrothermal method
(CNFs/PCN) hybrid nanocomposite synthesized by (Wang et al., 2020)
wet chemical method for the development of
supercapacitor
Trimetallic fluoride Ni-Co—M (M = Mn, Fe, Cu, Zn) (Zhou et al., 2020)
nanoprisms synthesized by co-precipitation method
for supercapacitor

Tissue engineering ~ PU-CoNP nanocomposite synthesized by (de Laia et al., 2020)
electrospinning method for cardiac tissue applications
Cobalt-substituted hydroxyapatite (COHA) (Lin et al., 2020)
synthesized by electrodeposition for bone generation

Energy storage MnO,-Cu, composite synthesized by hydrothermal (Racik et al., 2020)
approach for energy storage applications
CuMnO,-gCN nanocomposite synthesized by one step (Siwal et al., 2020)
chemical reduction method for energy storage
applications

Trimetallic Cu,MSnSs composite synthesized by (Sahoo et al., 2020)
sequential crystallization method for energy storage
applications

Fuel cell CoNiFeO4x-NC composite synthesized by ion (Chen et al., 2021)
exchanged strategy
Au-NT-G nanocomposite synthesized by reduction (Latif et al., 2020)
electrode method
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CHAPTER 3: METHODOLOGY

This chapter presents the experimental procedures for the synthesis of transition

metal-based nanocomposites. The instruments applied in the characterization of the

nanocomposites and electrochemical sensors are also described in detail.

3.1 Materials

All chemicals and reagents in this experimental procedure were used as received,

without any further purification. All of them are listed in Table 3.1 together with the

purities and suppliers.

Table 3.1: List of chemicals and reagents used

Chemical/Reagents Purity Supplier
Paracetamol 99.0% Sigma Aldrich
Pristine MWCNTs 99.4% Bay Tubes
Cobalt(II) Chloride Hexahydrate 99.0% Sigma Aldrich
Chitosan 99.0% Sigma Aldrich
Acetic Acid 99.0% Sigma Aldrich
Glucose 96.0% Sigma Aldrich
Dopamine 98.0% Sigma Aldrich
Ascorbic Acid 99.7% R&M Chemicals
Uric Acid 99.0% Sigma Aldrich
Sucrose 99.6% Sigma Aldrich
Fructose 99.2% Sigma Aldrich
Sulfuric Acid 98.0% Sigma Aldrich
Acetone 99.8% Merck
Nitric Acid 98.0% Sigma Aldrich
Ethanol 99.9% Merck
Dipotassium hydrogen phosphate 99.0% Merck
Potassium dihydrogen phosphate 99.5% Merck
Potassium hexacyanoferrate (1) trihydrate 98.5% Sigma Aldrich
Potassium hexacyanoferrate (III) 99.0% Sigma Aldrich
Hydrazine Hydrate 51.0% Acros Organic
Nilutamide 99.0% Sigma Aldrich
Copper (II) Chloride dehydrate 98.0% Sigma Aldrich
4-Nitrophenol 99.0% Sigma Aldrich
Nitrobenzene 99.0% Sigma Aldrich
Metronidazole 97.0% Sigma Aldrich
nickel (II) chloride hexahydrate 98.0% R&M Chemicals
Terephthalic Acid 98.0% R&M Chemicals
Nickel Foam(NF, 110PPi) R&M Chemicals
Dimethyl Formamide 99.9% R&M Chemicals
Hydrochloric Acid 37.0% R&M Chemicals
Ascorbic Acid 99.5% Sigma Aldrich
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Table 3.1 continued

Chemical/Reagents Purity Supplier
Phytic Acid 98.2% Merck
Ammonium Persulfate 99.4% Merck
Tetra Choloroauric Acid 99.8% Merck
Silver nitrate 99.8% Merck

3.2 Preparation of transition metal-based nanocomposite

3.2.1 Preparation of functionalized MWCNTs (MWCNTsy)

The preparation of functionalized MWCNTs was performed by the acid hydrolysis
method (Karthik et al., 2017). Firstly, pristine MWCNTs was dissolved in a combined
solution of HNO3 and H2SO4 (1:3) and followed by reflux for 24 h. Then the obtained
carboxylated MWCNT (MWCNT-COOH) suspension was diluted using (deionized
water) DIW and filtered using Whattman filter paper. The collected residue was rinsed
several times using DIW until reaching nearly pH 7.0. The final product of MWCNTs,

was properly dried at 80 °C in an oven for 24 h.

3.2.2 Preparation of nitrogen-doped graphene (NGr)

The synthesis of NGr was accomplished using microwave-assisted approach (Anuar
et al., 2018), where graphene oxide (GO) was used as the initial substance for the
synthesis of NGr. GO was prepared using Hummer’s approach. Firstly, the GO
suspension was obtained by dispersing 5 mg of graphite in 25 mL distilled water and
sonicated in an ultrasonic bath for 40 min. Then 0.2 mg mL! quantity of GO suspension
was ultrasonicated for 30 min to achieve a yellow-brown dispersion. To start the
chemical reduction, 0.8 mL of hydrazine was added into the GO dispersion. The
solution was irradiated through high power mode activated microwave oven for 5 min.

Finally, the desired NGr was obtained by the centrifugation and properly dried at 50 °C.
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3.2.3. Synthesis of NC

NC was synthesized from the precursor material micro fibrillated cellulose followed
by the previous literature described elsewhere (Shalauddin et al., 2019). The cellulose
powder was dissolved in a mixture of HCIl and H>SO4 (1:3) and was refluxed for 16 hrs.
DIW was used to dilute the mixture of solution and centrifuged at 2000 RCF. For
neutralization, 0.1M NaOH was added into the mixture until the pH of the solution
becomes stable at pH 7.0. Then, a membrane tube was used to wash the solution 3 times
with 150 mL of DIW followed by dialyzation with continuous stirring for 24 hrs. Then
the obtained product was filtered and dried in an oven at 70 °C for 24 hrs. The final

product was obtained as a powder with a pale white appearance.

3.2.4. Synthesis of 3DPPY

The synthesis of 3DPPY was carried by acid hydrolysis method (Wang et al., 2014).
Firstly, 1.15 mL of pyrrole (Py) monomer and 3 mL of phytic acid solution were added
into 50 mL of DIW and magnetically stirred for 10 min at 0 -5 °C. An oxidant,
ammonium persulfate (APS) (3.5 g) was dispersed in 20 mL of cold water and added to
the above mixture under thorough stirring via a mechanical stirrer for 2 min to initiate
the polymerisation. Then, the solution was kept still for 15 min to produce the 3D
structured PPY. The 3DPPY was collected in a Buchner funnel connected to a suction

flask, washed several times with DIW, and subsequently dried to yield a sheet.

3.2.5 Synthesis of bimetallic Ag-Au nanoparticles

The synthesis of Ag-Au bimetallic nanoparticles has been accomplished according
to previous work (Hu et al., 2020). At first, 18.0 mL of DIW was added to each of three
50-mL of polypropylene centrifuge tubes. Then, 5.0 mM of chloroauric acid

(HAuCl4-3H>O) solution was added to each tube. Next, 10.0 mM of sodium
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borohydrate (NaBH4) solutions were prepared immediately before use. Two 1000-uL
autopipettors were ready to be used for the rapid injection of the 5.0 mM silver nitrate
(AgNO3) and NaBH4 stock solution to the HAuCly solution under vortex mixing, to
achieve a BH4 — metallic complex. The resulting solutions, which immediately turned a
shade of red to yellow depending on the metal ratio. Additional 20 s of the vortex was
continued to produce a uniform bimetallic Ag-Au nanoparticle solution. All solutions

were kept at room temperature and stored protected from light.

3.2.6 Activation of glassy carbon electrode (GCE)

Before fabrication, GCE surface was polished to a mirror-like surface on a Buehler
microcloth using 0.05 mm alumina and rinsed several times with DIW. Next, the GCE
surface was sonicated in the presence of ethanol and water (50% v/v) for 2 min and

washed thoroughly and dried properly.

3.3 Fabrication of modified sensor

3.3.1 Fabrication of (MWCNTss —NGr/CTS)-Cu nanocomposite

Firstly, MWCNTs; and NGr powder (1 mg) were dissolved individually in 2 mL of
DIW using ultrasonication for 45 min to get a uniform solution. Next, 1 mL solutions
were taken from both MWCNTs, and NGr solution and mixed together via
ultrasonication for 1 h to produce a uniform MWCNTs~NGr suspension. The CTS
solution was prepared by dissolving 25 mg amount of CTS powder (white colour) in 50
mL of 0.10 M acetic acid. 0.1 g of CuCl,2H>O powder was dispersed in 100 mL of
DIW to afford the CuCl, solution. 6 pL of MWCNTs~NGr suspension was
micropipette and drop-casted on the surface of GCE. After proper drying at open-air,
MWCNTs~NGr/GCE was dipped into the CTS solution for 20 min for the

immobilization of CTS and dried in room temperature. For the electrodeposition of Cu,
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the (MWCNTs; —-NGr/CTS)/GCE was placed in an electrochemical cell that contain
CuCl: solution and the CV experiment was performed at - 0.7 V to - 0.1 V potential
range, for 50-250 s and at 10 mV s scan rate. The schematic diagram for the

preparation of (MWCNTs;—NGr/CTS)-Cu/GCE sensor is shown in Figure 3.1.

Figure 3.1: Schematic diagram for the preparation of (MWCNTs: -NGr/CTS)-Cu
sensor for the electrochemical detection of NLM.

3.3.2 Fabrication of f-MWCNTSs/CTS-Co nanocomposite

At first, 2 mg quantity of ~FMWCNTs powder was dispersed in 2 mL of DIW to
produce f~MWCNTs suspension through ultrasonication for 15 min to obtain a
homogenous solution. Then the CTS solution was produced by 0.25 mg of CTS
dispersion into 50 ml 0.10 mol L' of acetic acid and ultrasonicated for 30 min.
Subsequently, cobalt solution was prepared by dispersing 0.1 g of CoCl2.6H>0O powder
in 100 mL of DIW through ultrasonication for 30 min. To fabricate the f-
MWCNTs/CTS-Co/GCE sensor, 5 pL of f~MWCNT dispersion and drop-casted
carefully on the surface of GCE and air-dried properly. Next, FMWCNTs/GCE was
dipped for 30 min into the solution containing CTS to immobilize CTS and dried
properly in the open air. Finally, FMWCNTs/CTS-GCE was dipped in a beaker
containing CoCl> solution for 30 min to produce f~FMWCNTs/CTS-Co/GCE. Here, Co

was deposited onto the surface of CTS through a self-assembly method. The fabricated

50



electrode was slightly rinsed with DIW and dried properly to obtain the f-
MWCNTSs/CTS-Co/GCE modified sensor. The fabrication of modified electrode is

shown in Figure 3.2.

Figure 3.2: Schematic diagram for the preparation of -MWCNTs/CTS-Co/GCE
modified sensor for the electrochemical detection of PR.

3.3.3 Fabrication of Co-Ni-Cu MOF/NF nanocomposite

To prepare tri-metallic and mono-metallic MOFs, an organic linker terephthalic acid
0.15 mmol (0.025 g) was dissolved in a beaker containing dimethylformamide (15 mL).
In another beaker, 0.05 mmol (0.012 g) of cobalt chloride hexahydrate (CoCl>-6H>0)
and nickel chloride hexahydrate, NiCl2-6H2O and 0.009 g of copper chloride dihydrate
CuClz-2H20 were dispersed in 10 mL of DIW. This tri-metallic metallic dispersion was
added slowly into the organic linker solution and continuously stirred via a magnetic
stirrer for 30 min to obtain a pink colour dispersion. Nickel foams (NF) were cleaned
using 0.1 M HCI and rinsed with the mixture of DIW and acetone and dried in an oven
at 70 °C. At this stage, 10 mL quantity of pink solution and six pieces of NF substrate

were introduced into a stainless steel autoclave and heated for 120 °C in an oven for 6 h.
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Next, the NFs were withdrawn and washed few times with DIW and ethanol to
eliminate the contaminants. The synthesized MOF was named as Co-Ni-Cu-MOF/NF
(shown in Figure 3.3). To synthesize the Co-MOF/NF, Ni-MOF/NF, Cu-MOF/NF
mono-metallic MOFs, the same procedures were followed where the tri-metal precursor
was replaced by the single-metals using 0.15 mmol of (0.036 g) CoCl,-6H>,O and
NiCl2-6H>0 and (0.026 g) of CuCl,-2H>0. Fabrication and growth mechanism of Co-

Ni-Cu MOF/NF is shown in Figure 3.4.

Figure 3.3: Synthesis of Co-Ni-Cu MOF/NF by hydrothermal method.

Figure 3.4: Mechanism of Co-Ni-Cu MOF/NF by the coordination chemistry of
organic linkers and metal nodes for the electrochemical detection of NLM.

52



3.3.4 Fabrication of NC-3DPPY@Ag-Au/GCE sensor

Before the fabrication step, glassy carbon electrode (GCE) was polished to obtain a
mirror-like surface, on the micro-cloth pad with alumina slurry. Then the GCE was
ultra-sonicated in ethanol and then in DIW for 2 min and dried properly at ambient
temperature. 1 mg of synthesized NC dispersed in 2 ml of DIW and sonicated for 15
min. On the other hand, 2 mg solid mass of 3DPPY dispersed in 4 ml of DIW and
ultrasonicated for 1 hr. Then, 3 mL of 3DPPY uniform dispersion was introduced
gradually to NC solution with continuous stirring and stirred for 1 hr. The Ag-Au
bimetallic nanoparticle solution was ultrasonicated for 5 min and 5 mL of this solution
was introduced to NC-3DPPY dispersion and ultrasonicated for 30 min to obtain NC-
3DPPY@Ag-Au. Finally, S5uL of NC-3DPPY@Ag-Au dispersion was drop-cast
carefully on GCE surface. The NC-3DPPY@Ag-Au/GCE was air-dried properly at
room temperature before starting the experiments. The schematic diagram for the

preparation of NC-3DPPY @Ag-Au/GCE modified sensor is shown in Figure 3.5.
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Figure 3.5: Schematic diagram for the preparation of NC-3DPPY@Ag-Au/GCE
modified sensor for the electrochemical detection of MTX and CIF.

3.4 Instrumentations

3.4.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) was conducted to investigate the crystalline configuration
of prepared nanocomposites according to the characteristic x-ray diffraction pattern.
The XRD spectra were obtained from PANalytical Empyrean x-ray diffractometer with
Cu Ka radiation (A=1.541 A). The finely ground powdered sample was mounted on a
sample holder and scanned at 20 of 10°-90° with a 0.02° step size. Phase identification
of the sample was conducted by comparison with the standard reference patterns. The d-

spacing and particle size can be also obtained from this analysis.
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3.4.2 Raman spectroscopy

Raman spectroscopy is an effective method for the characterization of defects,
especially in sp2 hybridized carbon nanomaterials. Raman spectroscopy was conducted
by HORIBA XploRA micro Raman microscope using a laser source with 532 nm
wavelength. No sample preparation was needed in this analysis. The Raman

spectroscopy was carried out in a wavenumber range between 1000 cm™! to 2000 cm.

3.4.3 Fourier transform infrared (FTIR) spectroscopy

Fourier transformed infrared (FTIR) spectroscopy was employed to identify the
functional groups in a material. The FTIR spectra of carbon nanomaterials and their
nanocomposite were recorded on an attenuated total reflection Perkin Elmer Spectrum
400 FTIR spectrometer, in a wavenumber range between 500 cm™ to 4000 cm™. In
principle, the functional group of the molecules in a material absorbs infrared radiation.
The FTIR spectra were obtained by measuring the absorbance of a material at various

wavelengths, thus undergoes the Fourier transform process.

3.4.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique that
determines the chemical and electronic state, and elemental composition on the material
surface. The synthesized nanocomposite materials were analyzed using a
monochromatic X-ray beam with 4404 eV, from a beam line BL-14 (Indus-2
synchrotron source). The XPS analysis was carried out in an ultra-high vacuum of
~10—8Torr Si (111). A monochromator with double-crystal and hemispherical electron
energy analyzer (SPECS PHOIBOS 225 HV) were utilized to obtain the XPS result.
The Casa XPS software was utilized to analyze the data with adventitious carbon as the
reference. A minimum amount of powder sample was mounted on the sample bars for

analysis. The sample was run at the binding energy range of 0 eV to 1000 eV. A
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photoelectron spectrum was recorded by measuring the energy of the emitted
photoelectrons. The information about the surface elements can be obtained from the

intensity and binding energy of the photoelectrons peak.

3.4.5 FESEM and EDX analysis

The morphological characteristics of the nanocomposites were observed by JSM-
7800 F JEOL field emission scanning electron microscopy (FESEM), attached to a
energy dispersive X-ray (EDX) spectrometer. The EDX spectrometer was employed in
combination with the FESEM to measure the composition of element (%) of the
nanocomposites. Prior to the analysis, the sample was attached to a double-sided
adhesive tape before being placed to the sample holder. The FESEM instrument
magnifies the images by using electrons instead of visible light. The FESEM
microscopy produces better images in terms of magnification and image resolution

compared to the conventional light microscope.

3.4.6 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was employed to observe the
morphological features to record high resolution images of the nanocomposites. A
Tecnai, G2 F20 FEI transmission electron microscopy (TEM) at 200 kV was used to
produce magnified images. However, the TEM involves the transmission of electron
beams while FESEM involves the scattering of the electron beams. FESEM only shows
the surface morphology of the nanocomposite, whereas TEM provides detailed
information about the nanocomposite such as lattice spacing. For the preparation of the
TEM sample, a few mg of nanocomposite was dispersed in ethanol and ultrasonicated
by a high-powered probe sonicator for 15 minutes. Then, one or two drops of
supernatant were drop-casted on the lacy carbon-coated copper grid. Next, the sample

was dried for 24 hrs at room temperature before analysis. GATAN software was used to
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analyse the TEM, high-resolution transmission electron microscopy (HRTEM), selected

area electron diffraction (SAED) pattern of the nanocomposite.

3.4.7 Brunauer-Emmett-Teller (BET) analysis

The Brunauer-Emmett-Teller (BET) adsorption-desorption isotherm study was
employed to calculate the specific surface area of the materials by nitrogen multilayer
adsorption measured as a pressure-induced automated analyser. This study was used to
measure the pore area and specific pore volume utilizing adsorption and desorption. The
BET equation illustrates the relationship between the amount of adsorbed gas molecules
(X) at a given relative pressure (P/Po), where C is a second parameter related to the heat
of adsorption. The BET study was accomplished employing the Quantachrome ASIQ

with the physical adsorption of nitrogen gas on the sorbent at 77 K.

3.4.8 Electrochemical analysis

The electrochemical investigations were conducted with a potentiostat/galvanostat
Autolab PGSTAT302 model from Eco Chemie (Netherlands), connected to a computer
with Frequency Response Analyzer (FRA) and General Purpose Electrochemical

System (GPES) software.

Electrochemical impedance spectroscopy (EIS) experiment was conducted in 0.1 M
KCl as the supporting electrolyte with 5.0 mM Ku[Fe(CN)g] and K3[Fe(CN)g]. For the
paracetamol, nilutamide, methotrexate and ciprofloxacin detection, cyclic voltammetry,
differential pulse voltammetry and square-wave voltammetry techniques were carried
out in an aqueous solution of 0.2 M phosphate buffer solution (PBS) at pH 7.0. While
for the determination of NLM, CV and DPV were performed in aqueous solutions of 0.1
M PBS at pH 7.0. The desired amounts of KH>PO4 and KoHPO4 were dissolved in

deionized water to prepare the PBS supporting electrolyte.
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The electrochemical experiments were conducted in a three-electrode
electrochemical cell containing the working electrode (WE), reference electrode (RE)
and a counter electrode (CE). Here, a glassy carbon electrode (GCE) was employed as
the WE which was attached on a disk supported on a peek plastic electrode shaft. The
dimensions of the GCE shaft are 52.5 mm in length, with a 3 mm diameter electrode
disk and a 10 mm outer diameter electrode shaft. In the polishing step, the GCE was
hand-polished with 0.05 um aluminium oxide powder on a microcloth polishing pad
(Buehler) before washing thoroughly with DIW. After that, the GCE was cleaned with
ethanol by ultrasonication for 5 min and washed thoroughly with DIW to remove any
adsorbed material. Finally, the GCE was dried at room temperature before being
modified with the nanocomposite material. A saturated calomel electrode (SCE) was
utilized as the RE where the tip of the SCE is made from a porous ceramic junction. The
SCE is filled with saturated KCI and stored in 3.0 M KCI when not in use. A platinum
wire with 7.0 cm length was used as the counter electrode. Prior to use, the platinum

wire was cleaned with ethanol and deionized water.

3.5 Characteristics of the electrochemical sensor

3.5.1 Linearity of calibration curve

A calibration curve is a plot of analytical signal changes with different
concentrations of the target analyte. Generally, a calibration curve is used to evaluate
the concentration of an unknown by referring to the known concentration of the target
analyte. A series of standards solutions with varying concentrations of the desired
analyte was prepared, followed by the measurement of the current response of the target
analyte to plot the calibration curve. The linearity of the calibration curve was
constructed from the straight-line plot. The linear range concentration of the target

analyte is given by the minimum to maximum concentration value in the linear
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calibration plot. From the calibration curve, the regression model, slope of the line and

correlation coefficient can be evaluated.

3.5.2 Sensitivity

The sensitivity of an electrochemical sensor was obtained from the slope of the
linear calibration curve and surface area of the electrode (Rahman et al., 2020). The
slope can be calculated by selecting any two points in the linear calibration curve which
is the ratio between the changes in the current response with respect to the changes in

concentrations of the target analyte.

3.5.3 Limit of detection

The limit of detection (LOD) is the lowest concentration of the desired analyte
which could be detected by the sensor and distinguished from the blank solution. The
LOD can be calculated by using equation 3.1; where 3 is the signal to noise ratio of 3,
Sy represents the standard deviation of the blank solution and m is the slope of the

calibration curve.

LOD =3 x Sp/m (3.1)

3.5.4 Stability

Stability is a measurement of how much the initial analytical signal remains after a
period of time. The stability of a sensor was performed by determining the initial
current response value before storage in a refrigerator. The current response was then
measured every week for 1 month. The percentage of the remaining current response
was evaluated as follows; where X; represents the initial current response and xr

represents the remaining current response.

Percentage decrease = (x;— xf) xi X 100% (3.2)
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Percentage remain = 100% - percentage decease (3.3)

3.5.5 Reproducibility

A reproducibility study is very essential to determine the consistency of a result
when the entire experiment is repeated. The reproducibility was evaluated by replicating
the analysis for the determination of the target analyte by using a similar method.
Reproducibility is reported as relative standard deviation (RSD) and the calculations are
shown below; where x represents the value of the data for each measurement, X

represents the mean of measurement and n represents the number of measurements.

Standard deviation (SD) = VE(x— X)*/n—1 (3.4)

Relative standard deviation (RSD) = SD/ X x 100% (3.5

3.5.6 Selectivity

The selectivity of an electrochemical sensor towards the target analyte is a crucial
criterion for a successful sensor. The sensor should respond to any changes in the target
analyte concentration, and must not be influenced by the presence of common
interfering compounds which also oxidizes or reduces in a similar potential range
(Karimi-Maleh et al., 2020). Otherwise, the target analyte concentration will be
inaccurate if the interfering compounds are also reactive in a similar potential range.
The selectivity study was carried out by analyzing the sensitivity of the electrochemical
sensor in the presence and absence of common interfering compounds (Drobek et al.,

2016).

3.5.7 Real sample analysis

The real sample study is a crucial characteristic for the sensor, where the sensor can

detect the presence of the desired analyte in real or practical samples such as blood
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serum, urine and pharmaceutical dosage forms. The concentration of the desired analyte
in real samples such as blood serum, urine, pharmaceutical dosage forms was evaluated
by the standard addition method. Chapter 4 of this thesis illustrates that the (MWCNTsy
-NGr/CTS)- Cu/GCE fabricated sensor showed satisfactory recovery values which were
obtained for NLM from 0.85 to 2.35% for blood serum and 0.049 to 2.02 % for tablets.
In chapter 5, the FMWCNTs/CTS-Co/GCE modified sensor showed satisfactory
recovery values which were obtained for PR from 99.26 to 99.76% for tablets and 99.7
to 98.4%. In chapter 6, the Co-Ni-Cu-MOF/NF modified electrode showed satisfactory
recovery values which were obtained for NLM from 98.0 to 102.0% for tablets and 99.0
to 101.5% for blood serum. In chapter 7, the NC-3DPPY@Ag-Au/GCE fabricated
sensor showed satisfactory recovery values which were obtained as 99.80% to 100.40%
and 99.73% to 100.60% for MTX and CIF tablets respectively. While 99.70 to 100.60%

and 100.25 to 100.80% for blood sample with MTX and CIF respectively.

3.5.8 Standard addition method

The standard addition method was carried out to measure the unknown
concentration by the extrapolation of a linear calibration curve to the x-axis. An equal
volume of the sample solution containing the analyte was added to five different
volumetric flasks. Next, the standard solution of the analyte was added into the flasks in
increasing volumes, except for the first flask. The solution in all volumetric flasks was
diluted with PBS to the same volume. The current response of each solution was
measured by the voltammetric technique. The graph of current response vs. the
concentration of added standard was plotted and the graph is extrapolated to the x-axis
at y = 0. This is the concentration of the analyte in the sample. The recoveries of the

concentration obtained from the standard addition method to the actual concentration
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were calculated as follows; where X; represents the actual concentration and X

represents the concentration obtained from the standard addition method.

Recovery = X2/X1 x 100% (3.6)
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CHAPTER 4: FUNCTIONALIZED MULTIWALL CARBON NANOTUBE,
NITROGEN-DOPED GRAPHENE AND CHITOSAN WITH COPPER FOR

NILUTAMIDE DETECTION

This chapter discusses the characterization of functionalized multiwall carbon
nanotube, nitrogen-doped graphene and chitosan with copper modified electrode for the

electrochemical determination of nilutamide in commercial tablet and blood serum

4.1 MWCNTst —-NGr/CTS)-Cu nanocomposite for nilutamide detection

In this section, functionalized multiwall carbon nanotube, nitrogen doped graphene
and chitosan with electrodeposited copper (MWCNTs; —NGr/CTS)-Cu nanocomposite
was synthesized and characterized by several analytical techniques such as FTIR
spectroscopy, Raman spectroscopy, FESEM and TEM. Then, an electrochemical sensor
was prepared for the determination of nilutamide (NLM) by modifying a GCE with the
(MWCNTs~NGr/CTS)-Cu nanocomposite. Voltammetric methods were used to
evaluate the electrochemical behavior of NLM. In addition, the linear range, limit of
detection, reproducibility, repeatability, stability and selectivity of the electrochemical
sensor were studied. The prepared sensor also showed satisfactory results in real sample

study using pharmaceuticals and biological samples.

4.2 Aim of the research

The aim of this study is to fabricate a new modified electrode based on MWCNTs;,
NGr and CTS with the electrodeposited Cu. The combination of these materials into a
nanocomposite is expected to improve the properties of the nanocomposite compared to
the single materials. Thus the synergistic effect between MWCNTs; and NGr with the

excellent electrical conductivity with improved dispersion of CTS and excellent
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catalytic effect of Cu is a hallmark for the high performance electrochemical sensing of

NLM.

4.3 Electrode characterizations

4.3.1 FT-IR spectroscopy analysis

Fourier transformed infrared (FT-IR) (Figure 4.1) spectroscopy was employed to
determine the functional groups present in the synthesized nanocomposites. Figure 4.1A
shows the FT-IR spectra of NGr (a) and MWCNTsy (b). Curve (a) shows that after the
reduction reaction, distinguished peaks appear at 1738 cm™!, 1166 cm™ and 1535 cm’!
which correspond to C=0, C-N and C=C, respectively, in the NGr (red curve) (Pan et
al., 2015). For MWCNTSsy, a prominent peak is observed at 2931 cm™!, 1745 cm’!, 1604
cm™ and 1159 cm™ which is ascribed to the O-H, C=0, C=C and C=O stretches,
respectively (black curve) (Shalauddin et al., 2017). Figure 4.1B shows the FT-IR
spectra of MWCNTs~NGr (a), where all of the characteristics peaks are present
confirming the presence of NGr and MWCNTsy (black curve). Similarly, with regards to
MWCNTs~NGr/CTS (b), all the characteristic peaks are present along with the
additional peak at 3166 cm™ which corresponds to the O-H and N-H stretch, and
confirms the presence of CTS (red curve) (Akhter et al., 2018). For (MWCNTsz
NGr/CTS)-Cu (c) all the characteristic peaks for NGr, MWCNTs; and CTS are present
and an additional peak is observed at around 500 cm™! attributed to the presence of Cu in

this nanocomposite (blue curve) (Shalauddin et al., 2017).
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Figure 4.1: (A) FITR of NGr (a) and MWCNTss (b). (B) FTIR spectra of
MWCNTs+—NGr (a), MWCNTs—NGr/CTS (b) and (MWCNTs—NGr/CTS)-Cu (c¢).

4.3.2 Raman spectroscopy analysis

Raman spectroscopy is an effective technique to investigate carbonaceous materials.
The Raman spectra of pristine and MWCNTsy is shown in Figure 4.2 A. For pristine
MWCNT (a), the D and G bands are around 1327 cm™ and 1578 cm™, accordingly,
corresponding to the Raman active Ex, analogous to graphite. The D band (1330 cm™)
and G band (1580 cm™) in the MWCNTSs; (b) spectrum are attributed to the sp’
amorphous carbons and sp? graphitic carbons, respectively. The intensity ratio of the D
and G bands (Ip/lg) is an indicator of the presence of defects. The intensity ratio of the
D band to G band (Ip/lg) increases from 1.28 to 2.84 after functionalization. This
confirms the conversion from graphitic into amorphous carbons due to the covalent
functionalization of carbons on the surface of MWCNTs (Naeimi et al., 2011; Vinayan
et al., 2012). As shown in Figure 4.2B, the D band of GO (a) and NGr (b) appears at
1430 and 1470 cm’', respectively, while the G band appears at 1600 and 1580 cm ',
respectively. The shift of the G peak from GO to NGr is due to the electron-donating
effect of the N heteroatom. In addition, the Ip/Ig ratio is used to evaluate the disorder in
graphene materials. The Ip/Ig ratio in GO is 1.10 but increases to 1.15 for NGr. The

increase of the Ip/lg ratio is due to the loss of carbon atoms from the decomposition of
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oxygen functional groups (Wei et al., 2009), and the replacement by the N heteroatoms
in the graphene lattice (Lin et al., 2010). The MWCNTs~NGr in the curve (a) (Figure
4.2C) shows the combination of MWCNTsy and NGr. When MWCNTs; and NGr are
combined together, the height of D and G band declines. For the MWCNTs~NGr/CTS
in curve (b) (Figure 4.2C), when CTS is added with the combination of MWCNTs; and
NGr, the height of D, G and 2D band increase and these bands are slightly shifted
compared to curve (a) (Figure 4.2C). These changes are observed due to the presence of
CTS. For (MWCNTs~NGr/CTS)-Cu in curve (c) (Figure 4.2C), an extra small peak
appears approximately at 620 cm™ due to the presence of Cu (Akgul et al., 2014) . The

D, G and 2D bands are almost similar compared to curve (b) (Figure 4.2C).

Figure 4.2: Raman spectra of pristine (a) and MWCNTs; (b) in (A), GO (a) and
NGr (b) in (B), and MWCNTs+NGr (a), MWCNTs—NGr/CTS (b), MWCNTSs¢ —
NGr/CTS-Cu (¢) in (C).
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4.3.3 Electron microscopy analysis

The morphological characteristics of the MWCNTs;, NGr and MWCNTs~NGr,
MWCNTs-NGr/CTS, (MWCNTs~NGr/CTS)-Cu nanocomposite were observed by
electron microscopic imaging techniques such as TEM and FESEM. Figure 4.3A shows
the TEM image of MWCNTsy with 20-60 nm diameter. The inset figure of 4.3A shows
the FESEM of MWCNTsy which was homogenously deposited on the electrode surface.
Figure 4.3B shows that the NGr flakes are distributed on several places. The inset figure
shows the FESEM image of NGr nanosheets with the wrinkled structure which
demonstrates that the 2D configuration of Gr is uninterrupted even after nitrogen doping
(Wang et al., 2010). Figure 2C shows that the NGr flakes are distributed on the
surroundings of the tubes of MWCNTs, with few aggregations. Furthermore, the inset
of the FESEM figure shows that the tubes of MWCNTsy are curved due to the
encapsulation by NGr. Figure 4.3D shows that the MWCNTs; and NGr are uniformly
distributed due to the CTS. Figure 4.3E shows that Cu was deposited properly on the
(MWCNTs+NGr/CTS). The pointed circles indicate that the Cu are deposited on the
surface. The EDS study was employed to determine the elemental percentage in the
(MWCNTsy—NGr/CTS)-Cu/GCE nanocomposite. The EDS spectrum of (MWCNTsy—
NGr/CTS)-Cu/GCE nanocomposite in Figure 4.3F confirms the presence of the major
elements such as carbon (69.55%), oxygen (18.67%) and nitrogen (3.25%) and copper
(8.53%) which confirms the successful preparation of (MWCNTs; —NGr/CTS)-Cu on

the GCE surface.
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Figure 4.3: TEM images of MWCNTss (A) (inset FESEM image), NGr (B) (inset
FESEM image), (MWCNTs+—NGr) (C) (inset FESEM image), MWCNTs+—
NGr/CTS (D), (MWCNTs+NGr/CTS)-Cu/GCE nanocomposite (E). (F) EDS
analysis of the synthesized (MWCNTSsi—NGr/CTS)-Cu/GCE nanocomposite.
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4.4 Electrochemical Characterizations

4.4.1 Electrochemical impedance spectroscopy (EIS) analysis

Electrochemical impedance spectroscopy (EIS) was performed to measure the
impedance of the electrodes before and after surface modification. The impedance plots
for bare GCE (a), MWCNTs-NGr/GCE (b), MWCNTs~NGr/CTS/GCE (c),
(MWCNTs=NGr/CTS)-Cu/GCE (d) were compared in the presence of 0.1 M KCI

aqueous solution containing 5 mM/L [Fe (CN) ¢]**

as shown in Figure 4.4. The
semicircle at higher frequencies in the Nyquist plots are attributed to the interfacial
electron transfer resistance (Rci), and the linear segment in the lower frequency is
associated with the diffusion-controlled phenomena. From the data fitting, the bare GCE
(a) shows an R value of 950 Q. The Rt value decreases to 467 Q due to the surface
modification of GCE with MWCNTs~NGr (b), where the semicircle diameter of
MWCNTs/-NGr/GCE decreases considerably compared to the bare GCE. This confirms
that the NGr decorated with MWCNTsy accelerates the electron mobilization process of
the [Fe(CN)s]** redox couple. This can be attributed to a significantly improved
electrical conductivity of the NGr sheets in the presence of MWCNTsy. The MWCNTsy-
NGr/CTS/GCE shows the nearest Ret (385 Q) value of MWCNTs, -NGr/GCE, because
CTS has very low conductivity but it ensures the homogeneous dispersion of
nanomaterials on the GCE surface. For MWCNTs;—NGr/CTS)-Cu/GCE, the R value
dramatically decreases to 168 € which indicates the deposition of Cu with MWCNTs,—
NGr/CTS enhances the conductivity of (MWCNTs;—NGr/CTS)—Cu nanocomposite and
made this sensor suitable for NLM determination. The impedance data was fitted to an
equivalent circuit as shown in inset of Figure 4.4. The Rs, Ry, CPE and W represents the
solution resistance, electron transfer resistance, constant phase element and Warburg

impedance, respectively.
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Figure 4.4: The Nyquist plots of (a) bare GCE, (b) (MWCNTs+-NGr/GCE (¢)
MWCNTs+-NGr/CTS/GCE, (d) (MWCNTs+—NGr/CTS)-Cu/GCE in a solution
containing 0.1 M KClI solution with 5.0 mM [Fe (CN) ¢]*/*, inset the equivalent
circuit is used to do the fitting.

4.4.2 CV of NLM on (MWCNTss -NGr/CTS)-Cu/GCE sensor

To investigate the electrochemical response of the unmodified and modified
electrodes in the detection of NLM, cyclic voltammetry (CV) was carried out for four
different electrodes including the bare GCE (a), MWCNTs/-NGr/GCE (b), MWCNTs;-
NGr/CTS/GCE (c), and (MWCNTs/-NGr/CTS)-Cu/GCE (d) in the presence of 150 uM
NLM in 0.2 M PBS (pH 7.0) at 50 mV s as shown in Figure 4.5. From the inset of
Figure 4.5, no redox peaks are observed at the bare GCE and (MWCNTs,-NGr/CTS)-
Cu/GCE in the absence of 150 uM NLM in 0.2 M PBS. However, the initial current
response of (MWCNTs/-NGr/CTS)-Cu/GCE is higher compared to the bare GCE which
confirms an enhanced electrochemical response of the final nanocomposite. The CV
results revealed that the fabricated electrode generates a single non -reversible reduction
peak from 0.0 to -0.8 V (Figure 4.5). This is due to the reduction of NO> group present
in NLM (Karthik et al., 2017). For the bare GCE, the reduction peak current of NLM
appears at —0.44 V (Figure 4.5 curve a). Besides, the MWCNTs~NGr/GCE shows a
distinguished reduction peak current at -0.47 V (Figure 4.5 curve b). This could be due
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to the high electro-active surface area of the MWCNTs,—NGr. The MWCNTs; prevents
the agglomeration of NGr sheets that reveals the active regions in the NGr and enables a

large surface area.

MWCNTs-NGr/CTS/GCE (Figure 4.5 curve c) showed approximately the same
peak as the peak of MWCNTs/-NGr/GCE. As CTS is less conductive, thus it could not
increase the current. On the other hand, the highest reduction peak was observed for
MWCNTs/-NGr/CTS-Cu/GCE at -0.49 V (Figure 4.5 curve d) which is six times higher
with a low reduction potential than the bare GCE (-0.44 V). This could be due to the
excellent electrocatalytic effect of electrodeposited Cu along with the expanded
electroactive surface area which enhances the electro-conductivity of the
nanocomposite. Here, the enhanced reduction peak current significantly depends on the

presence of the electrodeposited copper on the MWCNTs/-NGr/CTS/GCE surface.

Figure 4.5: Cyclic voltammograms of 150 uM NLM on bare GCE (a), MWCNTss -
NGr/GCE (b), MWCNTSs+-NGr/CTS/GCE (¢), (MWCNTst-NGr/CTS)-Cu/GCE (d)
in 0.2 M PBS (pH 7.0) at 50 mVs. Inset is the CV of (MWCNTs+NGr/CTS)-
Cu/GCE in absence of NLM.
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4.5 Optimization of the fabricated sensor

4.5.1 Scan rate study on (MWCNTs+NGr/CTS)-Cu sensor

To observe the effect of scan rates, CVs were recorded on the (MWCNTss-
NGr/CTS)-Cu/GCE at different scan rates ranges from 10 to 400 mV s in presence of
150 uM NLM in 0.2 M PBS at pH 7.0. Figure 4.6A shows that the cathodic current
increases linearly with the increase of scan rates which demonstrates that the reduction
of NLM on (MWCNTs~NGr/CTS)-Cu/GCE is a surface controlled process (Temerk,

Ibrahim, & Farhan, 2015). The linear regression equation is as follows (Figure 4.6B):

Ioc (uA) = - 0.1480 (mVs™!) — 3.634 (R? = 0.999) (4.1)

The Laviron equation was employed to estimate the number of electron participated
in the reaction (Laviron, 1979). Figure 4.6C shows a linear relationship between the

reduction peak potential and the log of scan rate (In v). The regression equation is:

EpcmV) =-0.0240 (mVs™') —0.367 (R* = 0.999) (4.2)

The Laviron equation for an irreversible reaction can be represented as E,c = E°-
(RT/anF) In ». The estimated value of o is obtained as 0.52 and the number of
transported electrons (n) is calculated as = 4. Based on the description, it can be
disclosed that the same numbers of electrons and protons participated in the

electrochemical reduction of NLM (Appendix 4.1).
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Figure 4.6: (A) CV of 150 pM NLM on (MWCNTs+NGr/CTS)-Cu/GCE at
different scan rates in 0.2 M PBS (pH 7.0). (B) The plot of cathodic peak current
vs. scan rates. (C) The relationship between cathodic peak potential vs In v of scan
rate.

4.5.2 CV at different pH

Figure 4.7A exhibits the impact of pH variations by the CV method at the
(MWCNTsy-NGr/CTS)-Cu/GCE for the determination of 150 puM NLM. The cathodic
peak gradually increases with the increase of pH values from 4.0 to 10.0. The cathodic
peak moves toward the negative domain with the increase of pH from 7.0 to 10.0, while
moves toward to positive region with the decrease of pH from 7.0 to 3.0, which
demonstrate that the reduction entails anionic species at greater pH values shown in
Figure 4.7B. The maximum peak value was achieved from pH 7.0. The linear
relationship between the cathodic peak potential (E,c) and pH values are presented in

Figure 4.7C and expressed as:
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Epe=-0.047 pH-0.192  (R?=0.999) 4.3)

The slope value of 0.047 V is adjacent to the Nernstian theoretical value of 0.059 V
and demonstrates that the electrochemical reduction of NLM at the (MWCNTs/-
NGr/CTS)-Cu/GCE sensor entails the identical number of protons and electrons (Fu et

al., 2015) (Appendix A).

Figure 4.7: (A) The effect of pH on the CVs of 150 M NLM at the modified
(MWCNTss -NGr/CTS)-Cu/GCE electrode at 50 mV s!. (B) The plot of cathodic
peak current vs pH. (C) The plot of cathodic peak potential vs. pH.
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4.6 Performance evaluation of (MWCNTs¢-NGr/CTS)-Cu/GCE sensor

4.6.1 Analytical performance of (MWCNTs+NGr/CTS)-Cu sensor

Figure 4.8A represents the influence of various NLM concentration on the DPV
curves at the (MWCNTs;-NGr/CTS)-Cu/GCE sensor, The DPV voltammograms show
that the magnitude of the DPV peak current is enhanced linearly with the increase of the
NLM concentration (Figure 4.8A). A couple of linear segments with different slope
values were achieved for various concentrations of NLM where the calibration curves
reveal a linear relationship of the NLM concentrations (0.005-10 uM) and (20-900 pM)
vs. reduction peak at Figure 4.8B and Figure 4.8C respectively, and are proportional

with each other. The linear regressions for both calibration ranges are:

I, (RA) = 0.336C +2.662 R*=0.999 (0.005-10 uM) (4.4)

I, (A) = 0.058C +5.660  R2=0.999 (20-900 uM) (4.5)

Where, C = NLM concentration, the estimated LOD obtained is 0.15 nM, by
employing 3Su/s (according to S/N = 3), Sp = standard deviation of blank and s =
sensitivity. The slope (WA/uM) of the plot at a lower concentration range (0.005-10 uM)
is around 5 times more sensitive compared to the slope at a higher concentration range
(20-900 uM). This could be due to the saturation of the analyte at the interfacial region
at a higher concentration range which decreases the sensitivity of the determination.
Table 4.1 represents a comparative study between (MWCNTsy-NGr/CTS)-Cu/GCE and
previous efforts for the NLM determination in terms of LOD and linear range. From the
comparison, it is observed that the (MWCNTs~NGr/CTS)-Cu/GCE fabricated sensor
shows outstanding outcomes compared to earlier attempts (Carvalho et al., 2014;
Karthik et al., 2017; Karthik et al., 2017; Sarat & Ramachandran, 2015; Znaleziona et

al., 2011). This could be due to the distinctive configurations and remarkable properties
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of (MWCNTs;-NGr/CTS)-Cu electrode which improves the electrochemical behavior

of the fabricated electrode for the trace level determination of NLM.

Figure 4.8: (A) DPV response at (MWCNTs+-NGr/CTS)-Cu/GCE at different
NLM concentrations (0.005-900 pM) in 0.2 M PBS (pH 7.0). (B) Calibration curve
of NLM concentration (0.005-10nM). (C) Calibration curve of NLM concentration
(20-900 nM).
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Table 4.1. The comparison of various electrodes for the determination of NLM.

Electrode/Material Linear Range Detection limit Reference
SFMWCNTs/GCE 0.01 — 535 uM 0.2nM (Karthik et al,
2017)
CTAB-ZnONP /CPE 0.03 -200 puM 321x10°mol L' (Temerk et al,
2015)
CeV/CNF/GCE 0.01 — 540 uM 2.0 nM (Kokulnathan, et al.,
2019a)
B-CD-AuNP/GO/SPCE 0.01 - 193 uM 0.4nM (Karthik et al,
2017)
(MWCNTs~NGr1/CTS)- 0.005 - 900 uM 0.11nM This work
Cu/GCE

CTAB: Cetyl trimethylammonium bromide, ZnONP: Zinc oxide nanoparticle, CeV: Cerium vanadate, [3-
CD: Beta-cyclodextrin, CNF: Carbon nanofiber, GO: Graphene oxide, SPCE: Screen
printed carbon electrode, CPE: Carbon paste electrode

4.6.2 Mechanistic pathway of the modified sensor
a) Copper loses two electrons: Cu — Cu®" + 2¢”

b) The two electrons are donated to the nitro group of the NLM. Complexation occurs
between the Cu®>* and the NO,> of the NLM.

¢) Water molecule donates one H' to the NO,?> of the NLM.

d) The water molecule donates the second H' to the OH group in the NLM to become
H>O".

e) The elimination of the water molecule from the NLM.
f) 2 electrons are donated from the electrode to the Cu®* to complete the reaction.

The proposed mechanistic pathway for electrochemical reduction mechanism of NLM

at the (MWCNTs~NGr/CTS)-Cu/GCE is shown in Figure 4.9.
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Figure 4.9: The proposed mechanistic pathway for electrochemical reduction
mechanism of NLM at the (MWCNTs+—NGr/CTS)-Cu/GCE.

4.6.3 Reproducibility, repeatability and stability

The reproducibility was studied on five different (MWCNTs;-NGr/CTS)-Cu/GCE
modified electrodes and analyzed under optimum conditions in 0.2 M PBS (pH 7.0)
with 150 uM NLM. The RSD value was calculated as 4.3%. Besides, the repeatability
of (MWCNTs, -NGr/CTS)-Cu/GCE was investigated by five independent assays
containing 150 uM of NLM with RSD value of 1.68%. These results demonstrate that
the electrode shows great reproducibility and repeatability. Moreover, the stability of
the fabricated sensor was evaluated by comparing the current responses of the electrode
after storage at ambient temperature for 2 weeks and the current response was measured
every week as shown in Figure 4.10. The DPV current response was approximately
96% after the 1st week and 90% after the second week, accordingly, which indicate that
the current variations are negligible after 2 weeks. Therefore, the overall outcomes
disclose that the (MWCNTs-NGr/CTS)-Cu/GCE exhibits great reproducibility,

repeatability and stability.
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Figure 4.10: DPV curve of MWCNTSst-NGr/CTS)-Cu/GCE in 0.2 M PBS (pH 7.0)
containing 2 pM NLM, (a) first signal, (b) 1st week interval, (c) 2nd weeks interval.

4.6.4 Anti-interference study of modified electrode

To manifest the selectivity of the modified sensor, the anti-interference investigation
was performed in the presence of some common biological compounds, interfering
molecules and 150 uM NLM in 0.2 M PBS (pH 7.0). From the amperometric study for
600 s, it is observed that even a 60 folds increase of glucose, lactose, sucrose, fructose,
ascorbic acid, dopamine, uric acid, nitro compounds (4-nitrophenol, nitrobenzene) and a
20 fold increase of Metronidazole drug do not interfere with the NLM detection (Figure
4.10A), but the current (/pa) increases upon the spike of 150 uM NLM. The DPV
response was also recorded in the presence of the same interfering molecules, but no
signal was obtained from the interfering compounds except for the desired NLM analyte
(Figure 4.11B). It can be concluded from both results that the (MWCNTs;-NGr/CTS)-
Cu/GCE sensor can selectively detect NLM even in the presence of interfering

compounds.
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Figure 4.11: (A) Amperometric responses on (MWCNTs—NGr/CTS)-Cu/GCE
with NLM in presence of 60 fold excess concentration of glucose (a), lactose (b),
sucrose (c¢), fructose (d), ascorbic acid (e), dopamine (f), and uric acid (g), and 60
fold of nitro compounds 4-nitrophenol (h), nitrobenzene (i), and 20 fold of
Metronidazole drug (j) in 0.2 M PBS (pH = 7.0). (B) DPV in the presence of
interfering molecules at same concentration with (A), in 0.2 M PBS (pH = 7.0).

4.6.5 Real sample analysis

To evaluate the potential for real application of (MWCNTs/-NGr/CTS)-Cu/GCE for
sensing NLM, real sample investigations were carried out using tablets and human
blood serum. The blood sample was collected from a healthy volunteer from University
Malaya Hospital Kuala Lumpur. For the blood collection, we prepared a request letter
with supervisor’s sign on it. After handover the letter to the head of the nurse with
proper evidence, we were able to collect the human blood from them. The serum was
collected by centrifugation, filtration and then dilution through 0.2 M PBS (pH 7.0).
Five NLM tablets (50 mg each) were finely ground into powders, dispersed in ethanol
solution and filtered. Table 4.2 and Table 4.3 represent the recovery study of NLM from
the tablets and blood serum, accordingly. Satisfactory recovery results and RSD values
were achieved for NLM in blood serum (98 — 101.5%) and tablets (98 — 102%) which

disclose that the proposed sensor has potential applications for real samples.
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Table 4.2: Determination of NLM in pharmaceutical preparations using
differential pulse voltammetry at pH 7.0 (n=5).

Sample  Labelled Added Amount Found Recovery RSD HPLC
Amount (M) (mg/tablet) (%) (%) (mg)

Tablet 50 mg 0.05 0.049 98.0 2.25 0.051
0.10 0.101 101 0.55 0.101

0.5 0.51 102 2.15 0.52

1.0 1.01 101 0.45 1.01

2.0 2.02 101 0.57 2.01

Table 4.3: Determination of NLM in human serum sample using differential pulse
voltammetry at pH 7.0 (n=5).

Sample Added (pM) Found (nM) Recovery (%) RSD (%) HPLC (uM)

Human Serum

Sample 0.1 0.101 101.0 2.35 0.102
0.5 0.049 98.0 1.50 0.51
1.00 0.99 99.0 0.85 1.01
2.00 2.03 101.5 2.28 2.02
3.00 2.98 99.33 1.75 3.01
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CHAPTER 5: AMPEROMETRIC DETECTION OF PARACETAMOL BY
IMMOBILIZED COBALT ON FUNCTIONALIZED MWCNTS - CHITOSAN

THIN FILM

This chapter focuses on the characterization of functionalized multiwall carbon
nanotubes and chitosan with immobilized cobalt modified electrodes for the

electrochemical detection of paracetamol in tablet and biological fluids

5.1 -MWCNTSs —CTS-Co nanocomposite for paracetamol detection

In this section, functionalized multiwall carbon nanotubes, chitosan and
immobilized cobalt (FMWCNTs/CTS-Co) nanocomposite were synthesized and
characterized by several analytical techniques such as FTIR spectroscopy, FESEM and
EDX analysis. Then, an electrochemical sensor was fabricated for the detection of
paracetamol (PR) by modifying a GCE with the (F-MWCNTs/CTS-Co) nanocomposite.
Voltammetric methods were used to evaluate the electrochemical behavior of PR. In
addition, the linear range, limit of detection (LOD), reproducibility, stability and
selectivity of the electrochemical sensor were studied. The prepared sensor also showed
satisfactory results in real sample analysis using commercial tablets and biological

samples.

5.2 Aim of the research

The aim of this study is to fabricate a new modified electrode based on (f-
MWCNTs, CTS and Co. The combination of these materials into a nanocomposite is
expected to improve the properties of the nanocomposite compared to the single
materials. Thus the excellent electrical conductivity of fMWCNTs and improved
dispersion of CTS and the catalytic effect of Co is a hallmark for the high performance

electrochemical sensing of PR.
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5.3 Electrode characterizations
5.3.1 FT-IR spectroscopy analysis

Figure.5.1 shows the FTIR spectra for pristine MWCNTs (a), FMWCNTs (b), f-

MWCNTs/CTS(c), and ~MWCNTs/CTS-Co (d). Curve a and b shows the presence of

an asymmetric and symmetric stretch of the CH> group at 2923 cm’ and 2852 cm’
respectively (Scheibe et al., 2010). But curve b shows the stretching vibrations of the
carboxyl group (COOH) at 1740 cm™ which is absent in curve a (Afkhami et al., 2016;
Osswald et al., 2007). Curve b also shows that the peak intensity of the ~MWCNTs

peaks is higher than the pristine MWCNT. Figure 5.1c is the spectrum of the f-

MWCNTSs/CTS composite. The peaks around 2920 cm’ and 1746 cm are attributed to

the presence of the CH, and COOH groups respectively, in the ~-MWCNTSs. The three
characteristics absorption bands are found at 3370 cm’ (O-H and N-H stretching

vibrations) and 1558 cm_l (N-H bending vibrations), 1082 cm’” (C—O—C stretching
vibrations) are attributed to the CTS molecule (Gregorio-Jauregui et al., 2012). The
presence of these functional groups confirms the presence of the ~MWCNTs and CTS
in the composite. Figure 5.1d is the spectrum of the ~FMWCNTs/CTS-Co composite

where the same characteristics bands are observed as in Figure 5.1¢ (FMWCNTs/CTS)

but with the presence of an additional band for cobalt at around 560 cm’” (Fettkenhauer

et al., 2015).
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Figure 5.1: FTIR spectra of Pristine (a), -MWCNTSs (b), -MWCNTSs/CTS (c), f-
MWCNTSs/CTS-Co (d).

5.3.2 FESEM and EDX analysis of -MWCNTSs/CTS-Co/GCE

Field emission scanning electron microscopy (FESEM) was used to investigate the
surface morphology of the ~MWCNTs/CTS-Co/GCE. Figure 5.2A shows a layer of f-
MWCNTs homogeneously distributed on the electrode surface free from aggregation.
Figure 5.2B shows that the morphology of the CTS film markedly differs from the
general morphology of ~MWCNTs. The inset (5.2) in Figure 5.2B shows clear evidence
that the CTS is homogenously dispersed on the -MWCNTs surface. Figure 5.2C is the
image of the AMWCNTs/CTS-Co composite on the GCE surface which confirms the
successful deposition of cobalt onto the ~MWCNTs surface. The cobalt metal is well
distributed, spherical in shape and did not alter the morphology of the ~FMWCNTs and
CTS. The presence of cobalt metal is highlighted by circles in the FESEM images
(Figure 5.2C to Figure 5.2D). The results demonstrate the successful preparation of f-
MWCNTS/CTS-Co composite and the incorporation on the GCE surface which

increases the electrode surface area to enhance the PR adsorption. Figure 5.2D presents
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the image of ~MWCNTS/CTS-Co composite where the circles represent the successful
deposition of cobalt ions. The energy dispersive X-ray (EDX) analysis (Figure 5.2E) of
the electrode surface confirms the presence of cobalt (2.53%), carbon (67.87%),
nitrogen (12.86%) and oxygen (16.74%) as the main elements of the composite. This
result clearly shows that cobalt is dispersed homogenously on the surface of the f-

MWCNTs layer.
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Figure 5.2: The FESEM images of (A) f-MWCNT/GCE, (B) f-
MWCNTSs/CTS/GCE and (C) f-MWCNTSs/CTS-Co/GCE, (D) SEM image for
modified electrode (-MWCNTSs/CTS-Co) surface. The circular part in (Figure D)
indicates the successful distribution of cobalt. (E) EDX analysis of f-
MWCNTs/CTS-Co/GCE.
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5.4 Electrochemical characterization

5.4.1 Electrochemical impedance spectroscopy (EIS) analysis

Electrochemical impedance spectroscopy (EIS) is utilized to investigate the
interfacial electron transfer kinetics of the modified electrode. The charge transfer
resistance (R¢¢) value depends on the dielectric and insulating characteristics at the
electrode/electrolyte interface, which can be derived from the semicircle diameters of
the Nyquist plots. This resistance controls the electron transfer kinetics of the redox
reaction at the electrode-electrolyte interface. Figure 5.3 (A) is the Nyquist plots of the
impedance spectrum of the GCE (curve a), CTS/GCE (curve b) ~MWCNTs/GCE
(curve c), FMWCNTS/CTS-Co/GCE (curve d) in 0.1 M potassium chloride solution
with 5.0 mM/L [Fe (CN) ¢*’* . From the data fitting, the bare GCE and CTS/GCE
(curve b) show R value of 580 Q and 420 Q. Compared to the bare GCE (curve a), f-
MWCNTs/GCE (curve c) shows a distinctively decreased R¢: value of 140 Q which
indicates the successful absorption of MWCNTs on the GCE surface. The decreased
resistance is due to the improved electrical conductivity of ~MWCNTs. The R of the f-
MWCNTs/CTS-Co/GCE modified electrode (curve d), is 47 Q indicating a lower
electron transfer resistance compared to fFMWCNTs/GCE. The R value of f-
MWCNTS/CTS-Co/GCE is lower than the ~FMWCNTSs/GCE suggesting that the CTS-
Co complex was dispersed successfully in the presence of ~MWCNTs on the GCE
surface. Though chitosan is an electrical insulator but is a good ion conductor, thus the

electrochemical response of the [Fe (CN) ¢]*"*

redox couple could be enhanced by the
incorporation of the complex in the chitosan matrix with Co. The impedance data was
fitted to an equivalent circuit as shown in inset of Figure 5.3. The Rs, Rer, Car and W

represents the solution resistance, electron transfer resistance, double layer capacitance

and Warburg impedance, respectively.
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Figure 5.3: (A) EIS spectra for (a) GCE, (b) CTS/GCE, (c) -MWCNTSs/GCE, (d) f-
MWCNTSs/CTS-Co/GCE modified electrode in 0.1 M KCI solution with 5 mM

[Fe(CN) 6]3-/4-. Inset (B) EIS for f-MWCNTs/CTS-Co/GCE.

5.4.2 CV of PR on -MWCNTSs/CTS/-Co/GCE electrode

The electrochemical study of PR was performed by cyclic voltammetry (CV) on (a)
bare GCE, (b) CTS/GCE, (c¢) ~MWCNTSs/GCE, (d) ~MWCNTs/CTS/GCE and (e) f-
MWCNTs/CTS-Co/GCE in the presence of 50 uM PR in 0.2 M PBS (pH 7) at 0.1 V s-
I. The inset of Figure 5.4 shows small oxidation peaks for GCE and CTS/GCE at 0.43
V attributed to paracetamol but with the absence of the reduction peak on the surface of
the bare GCE. Due to the slow electron transfer rate, no significant current change was
observed for the GCE and CTS/GCE. However, Fig. 5.4c shows the presence of a
redox peak at 0.34 V due to the higher electrical conductivity of ~-MWCNTs. Figure 4d
reveals that the FMWCNTs/CTS/GCE composite shows no significant current change
compared to the fMWCNTs/GCE. This is because although CTS has very low
electrical conductivity, it facilitates the dispersion of f~ MWCNTSs on the electrode
surface via the hydrogen bonding between CTS and FMWCNTs. In the f-

MWCNTSs/CTS-Co (Figure 5.4e) composite, a remarkably sharp redox peak is
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observed due to the higher electrochemical redox activity of the PR on the modified
electrode. In addition, the oxidation peak potential is shifted to positive region
compared to the FMWCNTs and ~FMWCNTs/CTS electrodes. The increased current of
the AMWCNTs/CTS-Co composite is attributed to the synergistic effects of CTS and
Co. The CTS immobilizes the Co into the polymeric matrix, while the fMWCNT
forms an electronic conducting network in the composite which enhances the
electrocatalytic activity of Co and increases the redox peak current significantly (Mao
et al., 2015). The CTS with OH functional groups provide and an ideal platform for the
immobilization of PR through hydrogen bonding before the electrocatalytic reaction on
Co occurs. This phenomenon is confirmed in Section 5.1.3.1 where the
electrochemical redox behavior of PR on the ~-MWCNTSs/CTS-Co modified electrode
is a surface-confined process. Thus, the composite of ~MWCNTs/CTS-Co/GCE was

further investigated for the detection of PR.

Figure 5.4: Cyclic voltammograms of 50 pM of PR on a) bare GCE, b) CTS/GCE,
¢) -MWCNTSs/GCE, d) -MWCNTSs/CTS/GCE, e) --MWCNTSs/CTS-Co/GCE in
0.2 M phosphate buffer solution (pH 7.0) as supporting electrolyte at a scan rate of

0.1Vs
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5.5 Optimization of the fabricated sensor
5.5.1 Scan rate study of -MWCNTs/CTS-Co sensor

The redox behavior of 50 uM PR (in 0.2 M L' PBS at pH 7) at the f-
MWCNTs/CTS-Co modified electrode was investigated by varying the scan rates (10-
400 mV-!) in cyclic voltammetry as shown in Figure 5.5A. The redox peak currents of
PR increase linearly with the increase of scan rate. In Figure 5.5B, the parameters from
the linear regression equations are: Ipa (LA) = 0.0045 + 0.807 with a correlation co-
efficient R?2 = 0.997; and I,c (nA) = -0.0025 + 0.196 and correlation co-efficient R? =
0.999. This confirms that the redox process of PR at the FMWCNTs/CTS-Co modified

electrode is a surface-confined process (Teng et al., 2015).

Figure 5.5: Cyclic voltammetry of 50 pnM of PR on f-MWCNTSs/CTS-Co/GCE at

scan rates ranges from 10 to 400 mVs-1 in 0.2 M phosphate buffer solution (pH
7.0) as the supporting electrolyte (A). The plot of the peak current vs. scan rates

(B).

5.5.2 Analysis of pH variation
The pH of the electrolyte affects the electrochemical response of the f-
MWCNTs/CTS-Co modified electrode due to the redox behavior of PR. Figure 5.6A

presents the cyclic voltammetry of 50 uM PR solution between pH 5.0-10.0. Figure
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5.6B shows that the anodic peak current of PR increases as the pH increases from 5.0 to
7.0 but decreases beyond pH 7.0. This is due to the slower kinetics of the PR redox
reaction with the presence of the phenoxide anion (Lu & Tsai, 2011). On the other hand,
PR is hydrolyzed to p-aminophenol at very low pH values (Arvand & Gholizadeh,
2013). Therefore, the maximum peak current occurs at pH 7.0 and was selected as the
working pH for further electrochemical experiments. Figure 5.6C shows a good linear
relationship of the anodic peak potential with pH and the resultant linear regression
equation is Epa = -0.032 pH + 0.584 and R2= 0.996. Zhou et al. reported the following
equation, dEpa/dpH = (-2.303mRT)/(nF) (Zhou et al., 2009). Here, n is the number of
electrons transferred, m is the proton number, R is the gas constant, 7 is the Kelvin
temperature, E,, is the anodic peak potential and F is the Faraday constant. From this
equation, it is clear that the redox reaction involves the same number of electrons and
protons (2) (Fanjul-Bolado et al., 2009). The anodic and cathodic peak potentials are
0.36 V and 0.31 V, respectively, for the redox reaction of PR to N-acetyl-P-quinone-
imine. The electrooxidation reaction of PR is given as below (Appendix B). For the
fabrication ~MWCNTs/CTS-Co modified GCE, metallic cobalt has been used. The
metallic cobalt does not produce any ions when goes into solution. The metallic Co
becomes Co (II) and becomes oxidized and covalently bonded with the COOH- groups
of -MWCNTs and NH; group of CTS. Thus, Co shows the catalytic effect. A simple
three steps mechanism for the electrooxidation reaction of PR on the surface of the f-

MWCNTSs/CTS-Co modified GCE can be proposed as below:

PR+-MWCNTSs/CTS-Co — PR-AMWCNTSs/CTS-Co (5.1)

PR--MWCNTSs/CTS-Co — PR--MWCNTs/CTS-Co (II) + 2¢" (5.2)

PR-~AMWCNTs/CTS-Co (II) — N-acetyl-p-quinone-imine + f~MWCNTs/CTS-

Co2HT (5.3)
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Figure 5.6: (A) The pH (5.0 to 10.0) effects on cyclic voltammograms of 50 pM of
PR at the modified -MWCNTSs/CTS-Co electrode at 0.1 V s’1. (B) The plot of
solution pH with anodic peak current. (C) The plot of pH vs anodic peak potential
(Epa).

5.6 Performance evaluation of -MWCNTs/CTS-Co/GCE sensor

5.6.1 Analytical characterization and method validation

Differential pulse voltammetry (DPV), a sensitive electrochemical technique was
utilized to evaluate the performance of the ~MWCNTs/CTS-Co modified electrode and

the quantitative determination of PR. The calibration plot for PR was determined by the
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DPV technique in 0.2 M PBS. Figure 5.7A presents the DPV response for various
concentrations of PR (0.1-400 umol L-') at the ~MWCNTs/CTS-Co modified
electrode. A well-defined and sharp anodic peak current occurs at 0.32 V with the
increase of PR concentration. Figure 5.7B presents the calibration plot of current with
PR concentration with a linear regression equation Ipa (LA) = 0.636 Cpr (umol L) +
0.273 (R2 = 0.99). The limit of detection (LOD) was estimated by following 3Sy/m,
where Sy, refers to the standard deviation of the blank sample while m refers to the slope
of the calibration curve. A comparative study of the ~FMWCNTs/CTS-Co modified
electrode with other electrodes for PR determination is presented in table 1. It is clear
that the newly developed electrode has a wider linear range and showed better LOD
compared to the other electrodes. This result indicates the reliability of the fabricated

electrode for the quantitative detection of PR.

Figure 5.7: DPVs response at f-MWCNTs/CTS-Co/GCE for different
concentration of PR between (0.01 pM — 400 pM) in 0.2 M phosphate buffer
solution (pH 7.0) (A). The calibration curve of peak current and PR concentration

(B).
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Table 5.1: The results of various electrodes for the determination of PR.

Electrode Linear Range (uM) Detection limit (uM) Reference
C60/GCE 50-150 50 (Goyal & Singh,
2006)
N-DHPB-MWCNT/CPE 15-270 10 (Li & Jing, 2007)
Poly ( taurin )-MWCNT/GCE 1-100 0.50 (Wan et al.,
2009)
Chitosan -MWCNT/GCE 1-145 0.10 (Razmi &
Habibi, 2010)
f-MWCNT/GCE 3-300 0.60 (Alothman et al.,
2010)
FMWCNTs/CTS-Co/GCE 0.1-400 0.01 This work

5.6.2 Interference Study

Generally, the analytical detection of paracetamol suffers from interference due to
the presence of some biological compounds. The amperometric method was utilized to
investigate the selectivity of PR at 0.45 V. Figure 5.8 shows the amperometric
responses of PR with a 10-fold concentration increase of interfering ions such as
dopamine, ascorbic acid, uric acid, fructose and glucose. The results confirm that the
analytical detection using the modified electrode is free from interferences and is highly

selective for the detection of PR in biological samples.

Figure 5.8: Amperometric study of the PR oxidation in the presence of 10-fold
concentration of interfering ions.
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5.6.3 Reproducibility and stability of the fabricated electrode

Reproducibility and stability are two of the most important criteria for a successful
sensor. The reproducibility of the modified electrode for the detection of PR was
conducted in the same PR standard solution and using the same modified electrode.
The relative standard deviation (RSD) of 3.009% was obtained for the anodic peak
current of PR, which indicates a good reproducibility of the modified sensor. After a
week of storage in a refrigerator at 4 °C, the PR peak current at the -MWCNTs/CTS-
Co/GCE modified electrode retained 90% of its initial value. Furthermore, the peak
current slightly decreased to 85% of the initial value after a month of storage. These
results confirmed that the ~FMWCNTs/CTS-Co/GCE maintains satisfactory storage

stability.

5.6.4 Recovery Study and analytical test results for real samples

To assess the viability of the newly developed -MWCNTs/CTS-Co/GCE sensor, a
recovery test of PR was conducted on spiked tablet samples and from human serum.
Human blood specimens were collected from University Malaya Hospital for the blood
collection, we prepared a request letter with supervisor’s sign on it. After handover the
letter to the head of the nurse with proper evidence, we were able to collect the human
blood from them. The blood serum was collected by centrifugation before the
experiments. The spiked sample consists of 1% human serum and PR in 0.2 M PBS.
From the analysis of recovery test results (Table 2 and 3), it can be considered that the
recovery of PR at the ~-MWCNTSs/CTS-Co/GCE modified electrode was satisfactory.
Furthermore, the values obtained from the modified electrode have close similarities

with the results obtained from the HPLC technique.
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Table 5.2: PR detection in tablet samples (n=3)

Sample  Labeled Found (mg/tablet) Recovery (%) RSD (%) HPLC
(mg/tablet) (mg)
250 mg 250 249.4 99.76 2.8 250.2
500 mg 500 497.6 99.52 2.2 500.8
650 mg 650 645.2 99.26 1.9 651.6

Table 5.3: Results for PR recovery test by using human serum samples (n=3)

Added (uM) Found (uM) Recovery (%) RSD (%) HPLC (uM)
0 ND* - - ND*

10 9.97 99.7 1.8 10.13

50 49.20 98.4 2.6 50.34
100 98.88 98.88 2.4 98.44
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CHAPTER 6: TRI-METALLIC COBALT-NICKEL-COPPER BASED METAL
ORGANIC FRAMEWORK NANOSTRUCTURES FOR THE DETECTION OF

AN ANTICANCER DRUG NILUTAMIDE

This chapter discusses about the Tri-Metallic cobalt-nickel-copper (Co-Ni-Cu)
based metal organic framework for the electrochemical detection of nilutamide in tablet

and biological fluids

6.1 Detection of nilutamide using Co-Ni-Cu-MOF/NF sensor

In this section, tri-metallic Co-Ni-Cu based metal organic framework
nanocomposite was synthesized and characterized by several analytical techniques such
as XRD, XPS spectroscopy, FESEM, TEM, EDX and BET analysis. The
electrochemical sensor was fabricated for the detection of nilutamide (NLM) by
modifying the nickel foam (NF) with the trimetallic Co-Ni-Cu-MOF. Voltammetric
methods were used to evaluate the electrochemical behavior of NLM. In addition, the
linear range, LOD, reproducibility, repeatability, stability and selectivity of the
electrochemical sensor were studied. The prepared sensor also showed satisfactory

results in real sample analysis using commercial tablets and biological samples.

6.2 Aim of the research

The aim of this study is to fabricate a new modified electrode based on Co-Ni-Cu-
MOF on the NF. The combination of the Co-Ni-Cu tri-metals into MOF nanocomposite
is expected to improve the properties of the nanocomposite compared to the single MOF
nanocomposite. Thus the synergistic effect of Co-Ni-Cu tri-metals with the excellent
electrical conductivity and excellent catalytic effect is a hallmark for the high

performance electrochemical sensing of NLM.
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6.3 Electrode characterizations

6.3.1 X-ray diffraction analysis

The crystalline properties of the tri-metallic Co-Ni-Cu-MOF/NF was investigated by
X-ray diffraction (XRD) spectroscopy as shown in Figure 6.1(a). The presence of high
intensity peaks is due to the crystalline phase of the MOFs. The metallic phase of cobalt
(Co) and nickel (Ni) occurs at 44.26° (111), 51.58° (002) and 76.18° (022) in
accordance to the ICSD No. 98-008-6621 and 98-006-2718 of Co and Ni, respectively
(Qiu et al., 2020), while copper (Cu) is present at 43.02° (111) and at 50.32° (002) in

accordance to the ICSD No. 98-006-2672.

Figure 6.1: XRD diffractogram of Co-Ni-Cu-MOF/NF nanocomposite.

6.3.2 X-ray photoelectron spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) provides useful information on the binding
energy and the elemental composition of the material. The surface chemistry of Co-Ni-
Cu-MOF was analyzed by XPS. The high-resolution scan of Co 2p (Figure 6.2A)

reveals two prominent peaks at 775.2 eV and 790.5 eV binding energies corresponding
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to the Co 2p32 and Co 2p12 levels, respectively, with a spin-orbital splitting (SOS) of
Aco = 15.3 eV. The presence of Co** was confirmed in the hybrid MOF composite from
the fitting of the Co peaks and the SOS value (Topcu, 2020) . The narrow scan of Ni 2p
could be deconvoluted into four different peaks as observed in Figure 6.2B, which
consists of the Ni 2p3» and Ni 2p12 peaks, in addition to the shake-up satellite peaks
(denoted as “sat”). The Ni 2p3» and Ni 2pi12 peaks occur at binding energies of 848.1
eV and 865.7 eV with a SOS value of 17.6 eV. The satellite peaks adjacent to the Ni
2p32 and Ni 2pi2 peaks confirmed the presence of Ni (II) oxidation state in the Co-Ni-
Cu tri-metallic MOF (Mohd Zain et al., 2018). The Cu 2p spectrum (Figure 6.2C)
demonstrates a pair of predominant peaks at 929.1 eV and 946.2 eV binding energies,
attributed to the Cu 2p32 and Cu 2p1.2 levels, respectively. The satellite peaks at 935.4
eV and 955.3 eV binding energies confirmed the presence of Cu (II) oxidation state in
the Co-Ni-Cu tri-metallic MOF. The SOS value of 17.1 eV suggests the formation of a
hybrid organic network with the presence of Cu*" (Wang et al., 2019). The XPS spectra
substantiate the formation of the tri-metallic Co-Ni-Cu-MOF/NF where the Co, Ni and

Cu are attached to the terephthalate linkers in the hybrid MOF.
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Figure 6.2: XPS spectrum of Co 2p (A) Ni 2p (B) and Cu 2p (C) for Co-Ni-Cu-
MOF/NF nanocomposite.

6.3.3 FESEM, TEM, and EDX analysis

Further investigations on the morphology and structure of the tri-metallic
Co-Cu-Ni-MOF/NF was performed using field emission scanning electron microscope
(FESEM) in Figure (6.3) and energy dispersive X-ray (EDX) with mapping (Figure
6.4). Table 6.1 shows the elemental percentage of the composite, respectively and

transmission emission microscope (TEM) imaging, (Figure 6.5).

The morphology of the synthesized Co-Ni-Cu-MOF/NF was investigated using

FESEM imaging. The FESEM image shows that the growth of MOF occurs uniformly
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through the NF substrate, the amount of materials grown calculated from several
samples is ~1.5-2.0 mg/cm?. Figure 6.3a shows the irregular aggregation and
compression of the Co-MOF/NF thin flakes. While Figure 6.3b shows a similar surface
morphology of the Ni-MOF/NF but with thicker flakes compared to the Co-MOF.
Figure 6.3c reveals a granular appearance of the Cu-MOF/NF, while Figure 6.3d shows
the aggregation of the tri-metallic Co-Ni-Cu-MOF/NF flakes, with the formation of thin
cuboid structures and the presence of cavities. The tri-metallic MOF possesses a rough
surface and larger surface area with the presence of cavities compared to other single

metal MOFs.

Figure 6.3: FESEM images of Co-MOF/NF (a), Ni-MOF/NF (b), Cu-MOF/NF (¢)
and Co-Ni-Cu-MOF/NF (d). The images in the first column are low-magnification
at 5000x and second column at high-magnification 10000x.

Energy dispersive X-ray spectroscopy (EDX) analysis and elemental mapping were
performed to obtain the elemental composition and distribution of the Co-Ni-Cu-
MOF/NF as shown in Figure 6.4. The EDX spectrum shows that the main elements of
the tri-metallic Co-Ni-Cu-MOF/NF composite are Co, Ni, Cu. It is confirmed that the
tri-metallic MOF is free from chemical contaminants. Table 6.1 shows the elemental

percentage of the C, O, Co, Ni and Cu are 44.73%, 44.90%, 0.70%, 7.50% and 2.17%

respectively. The percentage of Ni is greater than the other metal elements as the Co-Ni-
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Cu-MOF was grown on the Ni foam substrate. The elemental mapping from the EDX
analysis indicates the homogeneous distribution of the three metals in the tri-metallic

MOF.

Figure 6.4: EDX and Mapping analysis of the Co-Ni-Cu-MOF/NF nanocomposite.

Table 6.1 EDX data of Co-Ni-Cu-MOF/NF.

Element Weight % Atomic %
C 28.65 44.73
o 38.30 44.90
Co 221 0.70
Ni 23.49 7.50
Cu 7.35 2.17
Totals 100.00 100.00

Figure 6.5 shows TEM images with different magnifications of Co-Ni-Cu-MOF/NF
nanocomposite. Figure a and b show TEM images of Co-Ni-Cu-MOF/NF with a regular

cuboid structure of the flakes stacked closely together. The TEM images at higher
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magnifications (Figure 6.5d and 6.5¢) reveal that the cuboid flakes are decorated with
thin crumpled sheets that are concentrated on the edge of the structures. Figure 6.5¢ and
6.5f are the selected area electron diffraction (SAED) patterns which indicates the high

crystallinity of the MOF material.

Figure 6.5: TEM images of Co-Ni-Cu-MOF/NF along with their SAED pattern.

6.3.4 BET analysis of fabricated sensor

The BET adsorption-desorption isotherm analysis was performed to determine the
surface area, porosity and mean pore diameter of the synthesized a) Co-MOF/NF, b) Ni-
MOF/NF, c¢) Cu-MOF/NF and d) Co-Ni-Cu-MOF/NF and shown in Figure 6.6. The
BET surface areas of a) Co-MOF/NF, b) Ni-MOF/NF, ¢) Cu-MOF/NF and d) Co-Ni-
Cu-MOF/NF were found to be 143.47 m?%/g, 153.65 m?/g, 158.93 m?*/g and 382.87 m?/g
respectively, which confirms that the Co-Ni-Cu-MOF/NF possesses the largest surface
area compared to Co-MOF/NF, Ni-MOF/NF, and Cu-MOF/NF. The nitrogen
adsorption-desorption isotherm of Co-Ni-Cu-MOF/NF exhibits a big hysteresis loop at

high relative pressure (Psy/Po) range and the adsorption curve displays an abrupt
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enhancement in the high pressure region (> 0.5 Ps/Po) which indicates the high porous
structure of Co-Ni-Cu-MOF/NF sample. In addition, the total pore diameter and pore
volume of the Co-Ni-Cu-MOF/NF were found to be higher than the Co-MOF/NF, Ni-
MOF/NF, and Cu-MOF/NF as summarized in Table 6.2. The large surface area and
pore diameter facilitate the rapid electron transport between the electrode and

electrolytic solution.

Figure 6.6: BET analysis of (a) Co-MOF/NF, (b) Ni-MOF/NF (¢), Cu-MOF/NF (d)
Co-Ni-Cu-MOF/NF.

Table 6.2: The BET analysis of Co-MOF/NF, Ni-MOF/NF, Cu-MOF/NF and Co-
Ni-Cu-MOF/NF with their mean pore diameter and pore volume.

Sample Surface Area (m?/g) Mean pore diameter Pore volume (cm?/g)
(nm)

Co-MOF/NF 143.47 18.4 0.071

Ni-MOF/NF 153.65 18.7 0.082

Cu-MOF/NF 158.93 19.2 0.086

Co-Ni-Cu-MOF/NF 382.87 354 0.436
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6.4 Electrochemical characterization of Co-Ni-Cu-MOF/NF sensor

6.4.1 EIS analysis and characterization of effective surface area

In order to investigate the electrode performance, the active surface area of the
modified electrodes was calculated using electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) (Fig. 6.7). The results showed that the fabricated

electrodes possess an enhanced surface area and increased electrical conductivity.

Electrochemical impedance spectroscopy (EIS) was performed to study the
interfacial charge transfer resistance of the MOF sensor. The charge transfer resistance
(Ret) relies on the dielectric and insulating properties of the electrode/electrolyte
interface that was calculated from the diameter of the semicircular region in the Nyquist
plot. Figure 6.7A shows the Nyquist plots of the Co-MOF/NF (a), Ni-MOF/NF (b), Cu-
MOF/NF (c), Co-Ni-Cu-MOF/NF (d) in 0.1 M KCI aqueous solution with 5 mM
[Fe(CN)s]*”*. From the data fitting, the R value of Co-MOF/NF, Ni-MOF/NF, Cu-
MOF/NF and Co-Ni-Cu-MOF/NF was found to be 2180 Q, 1280 Q, 870 Q and 435 Q,
respectively. The lowest R¢ value of the Co-Ni-Cu-MOF/NF indicates the synergistic
catalytic effect of the three metals which enhances the interfacial electron transfer rate
compared to the single metal MOFs. The impedance data was fitted to an equivalent
circuit as shown in inset of Figure 6.7 A. The Rs, Rp, and W represents the solution

resistance, electron transfer resistance, and Warburg impedance, respectively.

To confirm the above results, the CV response (Figure 6.7B) was recorded in 5 mM
[Fe(CN)s]*”* redox couple with 0.1 M KCl at 0.6 V s™! for the measurement of active
surface areas of the Co-MOF/NF (a), Ni-MOF/NF (b), Cu-MOF/NF (c) and Co-Ni-Cu-
MOF/NF (d) fabricated electrodes using the Randles-Sevcik equation (Rawool &

Srivastava, 2019).
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[,=2.69 x 10° A C D2 (n)*? p'”? (6.1)

The electrochemical active surface area was measured by the peak currents, where I,
= redox peak current (Amp), A = surface area of the electrode (cm?), n = number of
transferred electrons, C = concentration of the ferricyanide solution (mol cm™), D =
diffusion coefficient (7.60 x 10 cm? s!) and v = scan rate (V s™!). The calculated
electrochemical active surface area of Co-MOF/NF (a), Ni-MOF/NF (b), Cu-MOF/NF
(c) and Co-Ni-Cu-MOF/NF (d) electrodes were found to be 0.0158 cm?, 0.0164 cm?,
0.0171 cm? and 0.0379 cm?, respectively. The result shows that the tri-metallic Co-Ni-
Cu-MOF/NF possesses the largest electrochemical active surface area which is
approximately 2 folds larger than other single metal MOF electrodes. This effect is
attributed to the enhanced porosity which increases the total surface area of the tri-

metallic MOF.

Figure 6.7: The electrochemical investigation in 5.0 mM [Fe(CN)s]*”* in 0.1 M KC1
solution (A) Nyquist plots of (a) Co-MOF/NF, (b) Ni-MOF/NF (c), Cu-MOF/NF (d)
Co-Ni-Cu-MOF/NF; inset is the equivalent circuit for the fitting. (B) CVs obtained
at (a) Co-MOF/NF, (b) Ni-MOF/NF (c¢), Cu-MOF/NF and (d) Co-Ni-Cu-MOF/NF;
scan rate 0.6 V s,
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6.4.2 Electrochemical analysis of Co-Ni-Cu-MOF/NF sensor

The electrochemical behavior of 300 uM NLM was investigated using cyclic
voltammetry (CV) of the Co-MOF/NF (a), Ni-MOF/NF (b), Cu-MOF/NF (c) and Co-
Ni-Cu-MOF/NF (d) sensor electrodes at 0.6 V s between -0.4 and 0.3 V in 0.1 M PBS
at pH 7.0 (Figure 6.8). The prepared MOF sensor electrodes were assessed for the redox
reaction of NLM. The MOF electrodes showed redox peaks of NLM but variations in
the current were observed for each electrode. The tri-metallic Co-Ni-Cu-MOF/NF
electrode showed the highest redox current response towards NLM compared to the
single metal MOF electrodes. This confirms that the electron transfer rate of the tri-
metallic Co-Ni-Cu-MOF/NF is remarkably enhanced due to the superior electrical
conductivity which enhances the electrocatalytic activity of the tri-metallic Co-Ni-Cu-
MOF/NF. At curve a-c, the single metal MOFs shows well-defined redox peaks of the
NLM but the tri-metallic Co-Ni-Cu-MOF/NF (curve d) exhibits the strongest
electrocatalytic effect of the redox reaction of NLM. The enhancement in the peak
height of the Co-Ni-Cu-MOF/NF electrode could be attributed to the larger surface area
due to the greater porosity, in addition to the greater affinity towards NLM due to the
presence of cavities and the synergy of the catalytic effect among the three metals in the
tri-metallic MOF. This increases the electrical conductivity which enhances the

electrocatalytic effects for the detection of NLM.
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Figure 6.8: (A) CVs of 300 uM NLM on Co-MOF/NF (a), Ni-MOF/NF (b), Cu-
MOF/NF (c¢) and Co-Ni-Cu-MOF/NF (d) in 0.1 M PBS (pH 7.0) at 0.6 V s’'. (B) Bar
diagram shows the different electrode vs current responses.

6.5 Optimization of Co-Ni-Cu-MOF/NF sensor

6.5.1 Effect of scan rate

The scan rate study was performed to investigate the kinetics of the NLM redox
reaction whether the reaction is adsorption or a diffusion-controlled process. The effect
of different scan rates from 10 to 1000 mV s! was investigated on the redox behavior of
NLM at the Co-Ni-Cu-MOF/NF in the presence of 300 uM NLM in 0.1 M PBS (pH
7.0) as shown in Figure 6.9A. The results confirm that the peak currents of NLM were
enhanced linearly with the scan rate with a slight shift of the peak potential at high scan
rates. The oxidation peak potentials were shifted from 0.012 V to 0.068 V while the
reduction peak potentials were shifted from -0.062 V to -0.119 V. The linear
relationships of the peak current (I,) and scan rate (v) are illustrated by the following

equations (Figure 6.9B):

Ipa (LA) = 0.4300 + 42.537 (R2=0.991) (6.2)

Ipe (LA) = -0.4530 - 52.686 (R%=0.992) (6.3)
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From these equations, it is clear that the redox reaction of NLM on the tri-metallic
MOF electrode is an adsorption-controlled process (Karthik et al., 2017). The Laviron
equation was used to calculate the electron transfer coefficient and the number of
transferred electrons (Anuar et al., 2018). The linear relationship of redox peak current
vs. natural logarithm of the scan rate is shown in Figure 6.9C. The regression equations

are as follows:

Epa=0.010 log v - 0.002 (R>= 0.952) (6.4)

Epe=-0.017 log v - 0.037 (R2= 0.999) (6.5)

The slopes of the anodic and cathodic curves are 2.303RT/(1-o)nF and -
2.303RT/nF, respectively. The values for the electron transfer coefficient and the
number of electrons transferred in the reduction reaction are estimated as 0.35 and 3.7 =
4, respectively. The 4 electrons electrochemical redox reaction of NLM from previous
works (Karthik et al., 2017; Kokulnathan et al., 2019a; Rajendran et al., 2019;

Sundaresan et al., 2020b) is shown in Appendix C.
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Figure 6.9: (A) CVs of 300 pM NLM on Co-Ni-Cu-MOF/NF at different scan rates
in 0.1 M PBS (pH 7.0). (B) Relationship between peak current vs. different scan
rates. (C) The redox peak potential vs. log of scan rate.

Previous studies on the electrochemical detection of NLM using functionalized
multi-walled carbon nanotubes (MWCNT) (Karthik et al., 2017), ZnO modified on
carbon paste (Temerk et al., 2015), Au nanoparticles (NPs)/graphene oxide (GO)
(Karthik et al., 2017), vanadium tetrasulfide nanorods on nitrogen-doped carbon
nanofibers (Rajendran et al., 2019), cerium vanadate (Kokulnathan et al., 2019a),
samarium tungstate (Sundaresan et al., 2020b) and MWCNT/nitrogen-doped graphene
(NDG)/chitosan (Akhter et al., 2020a) gave a single reduction peak without a reversible
oxidation peak in the reverse scan. The electroreduction of NLM is attributed to the
four-electron reduction of the nitro into hydroxylamine group between -0.5 V to -0.6 V
(vs. Ag/AgCl) at pH 7 (Karthik et al., 2017; Karthik et al., 2017; Kokulnathan et al.,

2019a; Rajendran et al., 2019; Sundaresan et al., 2020b; Temerk et al., 2015). The scan

to further positive potential gave a redox couple at around 0.05 V — 0.15 V (Karthik et
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al., 2017; Karthik et al., 2017; Kokulnathan et al., 2019a; Rajendran et al., 2019), which
is attributed to the 2 electron redox process between the hydroxylamine and nitroso
(Appendix 6.1, ESI). A totally different behavior was observed on the tri-metallic MOF
where the NLM shows a pair of redox peaks between -0.1 V and 0.05 V (Fig. 6.7A)

with a peak shift at higher scan rates.

It should be noted that the previous electro-active materials utilized for the detection
of NLM such as MWCNT (Karthik et al., 2017), Au NPs, GO (Karthik et al., 2017),
VSs (Rajendran et al., 2019), CeVOs (Kokulnathan et al., 2019), Sma(WOa)s
(Sundaresan et al., 2020) and NDG (Akhter et al., 2020) were not the constituents of the
tri-metallic MOF electrode, thus a different electrochemical response was observed in

the present investigation.

The redox peaks are attributed to the 4 electrons redox process between the nitro and
hydroxylamine group in the NLM which was not observed in previous reports (Akhter
et al., 2020; Karthik et al., 2017; Karthik et al., 2017; Kokulnathan et al., 2019;
Rajendran et al., 2019; Sundaresan et al., 2020; Temerk et al., 2015). This effect could
be due to the presence of the terephthalate linkers in the tri-metallic MOF, with an
abundance of COO" linkers and high porosity, which are efficient binding sites for the

electronegative fluorine atoms in the NLM and gives a pair of redox peaks.

6.5.2 Influence of pH

The electrochemical behavior of 300 uM NLM was studied by CV at different
solution pH (5.0-9.0) in 0.1 M PBS at 0.6 V s™! for the optimization of the solution pH.
Figure 6.10A reveals that the electrochemical behavior of NLM depends on the pH of
the solution. The redox peak potentials of NLM were shifted to the negative region with
the increase of pH from pH 5.0 to 9.0. The cathodic peak potential of NLM was shifted

from -0.028 V to -0.258 V, which indicates that the NLM undergoes an electrochemical
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reaction with the transport of protons. The highest redox current for NLM was obtained
at pH 7.0 and the peak current declines beyond pH 7.0 (Figure 6.10C). Thus, pH 7.0 is
the optimum pH and is used for all subsequent electrochemical measurements. Figure
6.10B shows the plot of redox peak potential (E,c) and pH, while the linear regression

relationship is as follows:

Epe=-0.058 pH - 0.271 (R?=0.944) (6.6)

The slope value of the plot (eq. 6.6) is close to the theoretical value of a Nernstian
behavior. This indicates that an equal number of electrons and protons participates in

the electrochemical redox reaction of NLM (Temerk et al., 2015).

Figure 6.10: (A) CV response in different solution pH (5.0-9.0) in the presence of
300 pM NLM at Co-Ni-Cu-MOF/NF electrode at 0.6 V s'. (B) Relationship
between pH vs reduction peak potential. (C) Bar diagram shows the relationship
between different pH values (5.0-9.0) vs reduction peak current of NLM (n=5).
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6.6 Performance evaluation of Co-Ni-Cu-MOF/NF sensor

6.6.1 Analytical application of the Co-Ni-Cu-MOF/NF sensor

Differential pulse voltammetry (DPV) is an effective electroanalytical technique that
yields better signal to background response compared to the CV method.
Distinguishable peaks with negligible background current can be obtained even at low
analyte concentrations by this technique. The investigation focuses on the development
of a sensitive MOF sensor electrode which could detect low and high concentrations of
NLM. Thus, the DPV technique was employed to investigate the analytical application
of the fabricated MOF sensor electrode with different concentrations of NLM (0.5-900
uM) in 0.1 M PBS (pH 7.0) at 0.6 V s!. Figure 6.11A shows that the peak current is
directly proportional to the NLM concentration. The DPV showed two linear segments
with different slope values at different concentrations ranges of NLM. The first linear
segment is in the range of 0.5-70 uM (Figure 6.11B) while the second linear segment is
in the range of 70-900 uM (Figure 6.11C). The linear regression equations for the

calibrated ranges are as follows:

ip (LWA) = -3.464C —130.088 (0.5-70 uM)  (R®=0.999) (6.7)

ip (LA) = -0.406C — 396.630 (70-900 uM)  (R%=0.997) (6.8)

The obtained limit of detection (LOD) is 0.48 + 0.021 nM from the second linear
regression equation (70-900 uM) from S/N= 3, where ‘S’ is the standard deviation of
the blank response and ‘N’ is the slope of the calibration curves. The limit of
quantification (LOQ) was calculated as 1.6 nM from S/N=10 from the linear plots of
(0.5-70 uM) and (70-900 puM). The sensitivity was calculated from the following

formula:

Sensitivity = m/A (6.9)
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Where m = slope of the calibration curve,

A = surface area of the electrode (Rahman et al., 2020)

According to the formula, the calculated sensitivity value is found to be 10.712 pA
uM' cm? which was calculated from second linear regression equation. The
performance of the tri-metallic MOF sensor towards the quantitative determination of
NLM was compared with the previous works with regards to the linear range, LOD and

sensitivity and summarized in table 6.3.

Figure 6.11: (A) Differential pulse voltammetry of 0.5 — 900 uM of NLM
concentrations at Co-Ni-Cu-MOF/NF in 0.1 M PBS (pH 7.0) at 0.6 V s’\. (B)
Relationship between reduction peak current vs. concentration (0.5-70 pM) of
NLM. (C) Relationship between reduction peak current vs. concentration (70-900
uM).
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It is concluded that the Co-Ni-Cu-MOF/NF sensor shows very low LOD and wide
linear range with very high sensitivity compared to previous reports (Karthik et al.,
2017; Kokulnathan et al., 2019b; Sundaresan et al., 2020a). This could be attributed to
the synergy of the catalytic effect of Co, Ni, Cu tri-metals, large electroactive surface
area which remarkably enhanced electrochemical performance of the Co-Ni-Cu-
MOEF/NF for the determination of NLM even at low concentrations.

Table 6.3: The comparison of Co-Ni-CuMOF/NF sensor for determination of NLM
with other published works.

. Linear range Sensitivity
Electrode Materials Method (uM) LOD (nM) pApM-lem2 Reference
(Kokulnathan
CeV/CNF/GCE DPV 0.01-540 .00 2.0 1.36 etal., 2019b)
(Rajendran et
VS4/NCNF/GCE AMP 0.001-760 0.9 6.59
al., 2019)
F~MWCNT/GCE DPV 0.01 - 535 1.8 1.412 %?%hlk t al,
(Sundaresan et
SWNPs/SPCE DPV 0.05-918.65 2.6 0.9185
al., 2020a)
B-CD- A, (Karthik et al.,
AUNP/GO/SPCE DPV 0.01-193.00 0.4 1.167 2017)
(MWCNTsz 0.005- (Akhter et al.,
NGr/CTS)-Cu/GCE 2\ 900.00 1.6 0.058 2020b)
Co-Ni-Cu- Present
MOF/NF DPV 0.5-900.00 0.4840.021 10.712 work

Carbon nano-fibers (CNF), Cerium vanadate (CeV), chitosan (CTS), cyclo-dextrin (CD), glassy carbon
electrode (GCE), amperometry (AMP), graphene oxide (GO), gold nanoparticles (AuNP), multi-walled
carbon nanotubes (MWCNT), nitrogen-doped carbon nanofibers (NCNF), nitrogen-doped graphene
(NDGQG), screen printed carbon electrode (SPCE), samarium tungstate nanoparticles (SWNP).

6.6.2 Interference study of the coexisting substances

Selectivity is an essential parameter for a successful sensor must possess and can be
determined by the interference study. One of the main objectives of the present work is
to investigate the ability of the tri-metallic MOF sensor electrode to quantify the NLM
concentrations in biological mediums such as human blood. This is due to the presence

of interfering ions which coexist with NLM in human blood.
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The interference study of NLM at the Co-Ni-Cu-MOF/NF electrode was
investigated in the presence of interfering ions in 0.1 M PBS (pH 7.0) at 0.6 Vs using
DPV method. shown in Figure 6.12 A. It was observed that, 60-fold concentration of
some common ions such as NOj; (a), SOs (b) and COs;* (c¢) and 100-fold
concentrations of glucose (d), sucrose (e), fructose (f), ascorbic acid (g), urea (h),

dopamine (i) and citric acid (j) did not interfere with the redox peak of NLM.

Figure 6.12B shows the bar diagram of DPV current response of NLM and other
interferents. The DPV current did not deviate after addition of each interferents in
presence of NLM. Which demonstrates that, after adding each of the interfering
compounds, the DPV current responses remained almost similar confirming that the Co-
Ni-Cu-MOF/NF sensor is highly selective towards the determination of NLM in

pharmaceutical products and biological samples.

Figure 6.12: (A) The interference study of Co-Ni-Cu-MOF/NF electrode to NLM in
presence of 60-fold concentration of NO3™ (a), SO4* (b) and CO3* (c¢) and 100-fold
concentrations of glucose (d), sucrose (e), fructose (f), ascorbic acid (g), urea (h),
dopamine (i) and citric acid (j) in 0.1 M PBS (pH 7.0) at 0.6 Vs''. (B) Bar diagram
shows the current response of NLM in presence of interfering compounds.

6.6.3 Reproducibility, repeatability and stability of the prepared sensor

A successful sensor must possess good reproducibility, repeatability and stability.

The reproducibility of the Co-Ni-Cu-MOF/NF sensor was studied using the CV
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technique for NLM in 0.1 M PBS (pH 7.0) at 0.6 V s™! (Figure 6.13A). The CV was
recorded three times under the same conditions using three individual freshly prepared
electrodes. The CV curves obtained from all three electrodes show almost similar peak
currents which indicate that the proposed sensor possesses acceptable reproducibility.
Furthermore, the CV curves for NLM at Co-Ni-Cu-MOF/NF showed almost similar
peak currents with the relative standard deviation (RSD) value of 1.2%, which confirms
that the fabricated electrode was not poisoned by the redox product and good
repeatability of the electrodes were obtained. The stability of the Co-Ni-Cu-MOF/NF
sensor for NLM was evaluated by CV curve which showed almost unchanged peak
currents and integral area after 5 cycles which assured that the proposed Co-Ni-Cu-

MOF/NF possesses good stability (Figure 6.13B).

Figure 6.13: (A) CV of 3 reproducible cycles of NLM at Co-Ni-Cu-MOF/NF in 0.1
M PBS (pH 7.0) at 0.6 Vs. (B) CV of 5 multiple cycles of NLM at Co-Ni-Cu-
MOF/NF in 0.1 M PBS (pH 7.0) at 0.6 Vs
6.6.4 Study of real samples

The practical feasibility of the fabricated Co-Ni-Cu-MOF/NF sensor was

investigated with NLM tablet and blood serum sample. Human blood specimens were

collected from University Malaya Hospital while human urine specimens were collected
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from healthy volunteer. For the blood collection, we prepared a request letter with
supervisor’s sign on it. After handover the letter to the head of the nurse with proper
evidence, we were able to collect the human blood from them. The blood serum is
isolated by the centrifugation before the experiments. DPV current responses were
recorded for the blood sample in the presence of 0.1 M PBS (pH 7.0) at 0.6 V s™!. The
voltammetric response of the Co-Ni-Cu-MOF/NF sensor was performed at standard
spiked solutions of NLM and the % recovery is calculated. The % recovery values were
calculated by the comparison of the DPV peak current before and after the spike of the
blood serum and tablet solution. The calculated RSD (%) values for the NLM tablet are
between 98% and 102%, while the human blood serum recovery is between 99% and
101.5% which are summarized in Tables 4 and 5 respectively. From these results, it is
confirmed that the Co-Ni-Cu-MOF/NF sensor exhibits acceptable recovery values.

Table 6.4: Determination of NLM in pharmaceutical tablets using DPV at Co-Ni-
Cu-MOF/NF at pH 7.0 (n=3).

Sample  Labelled Added Found Recovery (%) RSD (%) HPLC
Amount Amount (uM)  (mg/tablet) (mg)
Tablet 50 mg 1.0 0.98 98.0 0.45 1.01
2.0 2.02 101.0 0.57 2.02
5.0 5.01 102.0 1.15 5.02

Table 6.5: Determination of NLM in human blood serum specimen at Co-Ni-Cu-
MOF/NF at pH 7.0 (n=3).

Sample Added (uM) Found (uM) Recovery RSD (%) HPLC
(%) (uM)
Human Serum 1.00 0.99 99.0 0.85 1.02
2.00 2.03 101.5 2.28 2.01

5.00 4.98 99.6 1.05 5.03
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CHAPTER 7: NANOCELLULOSE AND 3D-POLYPYRROLE DECORATED
WITH SILVER-GOLD BIMETALLIC NANOPARTICLES FOR THE

DETECTION OF METHOTREXATE AND CIPROFLOXACIN.

This chapter focuses on the characterization of nanocellulose and 3D-polypyrrole
decorated with silver-gold bimetallic nanoparticles for the simultaneous detection of

methotrexate and ciprofloxacin in pharmaceuticals, biological fluid and water samples.

7.1 NC-3DPPY@Ag-Au nanocomposite for the detection of methotrexate and

ciprofloxacin.

In this section, nanocellulose (NC) and 3D polypyrrole (PPY) decorated with silver
(Ag) and gold (Au) bimetallic nanoparticles were synthesized and characterized by
several analytical techniques such as FTIR spectroscopy, XRD analysis, FESEM and
EDX analysis. Then, an electrochemical sensor was fabricated for the simultaneous
detection of methotrexate (MTX) and ciprofloxacin (CIF) by modifying GCE with NC-
3DPPY@Ag-Au nanocomposite. Voltammetric methods were used to evaluate the
electrochemical behavior of MTX and CIF. In addition, the linear range, limit of
detection, reproducibility, stability and selectivity of the electrochemical sensor were
studied. The prepared sensor also showed satisfactory results in real sample analysis

using commercial tablets, biological and water samples.

7.2 Aim of the research

The aim of this study is to fabricate a new modified electrode based on NC-
3DPPY@Ag-Au nanocomposite. The combination of NC-3DPPY and Ag-Au
bimetallic nanocomposite is expected to improve the properties of the nanocomposite

compared to the single metal nanocomposite. Thus the excellent electrical conductivity
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of NC-3DPPY, synergistic effect of Ag-Au with excellent catalytic effect is a hallmark

for the high performance electrochemical sensing of MTX and CIF.

7.3 Structural characterizations of NC-3DPPY @Ag-Au nanocomposite

7.3.1 FTIR spectroscopy analysis

The synthesized NC-3DPPY@Ag-Au nanocomposites were investigated by
different analytical techniques for morphological and structural analysis. The FTIR was
performed to determine the presence of functional groups and chemical compositions of
NC-3DPPY@Ag-Au. Figure 7.1A shows the FTIR spectra of NC-3DPPY (a), NC-
3DPPY@Ag (b) NC-3DPPY@Au (c) and NC-3DPPY@Ag-Au. Curve (a) shows some
characteristic peaks at 3728 cm™, 2919 cm™ and 1181 cm™ which correspond to the free
OH, C-H and C-C stretch which confirms the presence of NC (Shalauddin et al., 2019).
While a characteristic peak is observed at 1540 cm™ which could be assigned to the C-C
stretching vibrations present in the pyrrole ring while the peak at 891 cm™ represents the
doping state of 3DPPY (Shahnaz et al., 2020). In curve (b), two absorption peaks appear
at 1624 cm™! attributed to the C=0 and transmittance peak at around 455 cm™ which
confirms the presence of Ag (Deng et al., 2021). The characteristic peaks for NC-
3DPPY are also present in curve C. In curve (c), where the characteristic peaks appear
at 1678 cm™! and 812 cm™! corresponding to C=C and C-H stretch which confirms the
presence of Au (Weng et al., 2020). The characteristic peaks for NC-3DPPY are present
here. Curve (d) shows the characteristic peaks of Ag, Au, NC and 3DPPY but with the
slight shift in the peak wavenumbers. This result confirms that the NC-3DPPY layer

was successfully attached with the Ag-Au nanoparticles.
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7.3.2 XRD analysis

To observe the crystalline characteristics, the powder XRD pattern of NC-
3DPPY@Ag-Au is shown in Figure 7.1B. NC shows some distinct peaks at 20 =
15.44°, 22.62° and 34.66° which could be attributed to the presence of NC. While
another peak at 20 = 26.05° is attributed to the presence of 3DPPY (Tasrin et al., 2021).
The 26 values of the Ag—Au nanoparticles are very close to each other since Ag and Au
have very similar lattice constants. The distinct peaks at 260 =38.1°, 44.2°, 64.5° and
77.4° and the crystal planes correspond to (111), (200) ,(220) and (3 1 1) which
could be attributed to the face centered cubic (fcc) structure of Ag and Au nanoparticles

(Garcia et al., 2020).

Figure 7.1: FTIR spectra of (A) NC-3DPPY (a), NC-3DPPYwAg (b) NC-
3DPPY@Au (¢) and NC-3DPPY@Ag-Au (d). and (B) XRD pattern of NC-
3DPPY@Ag-Au nanocomposite.

7.3.3 Surface morphology analysis of modified electrode

Field emission scanning electron microscopy (FESEM) was used to investigate the
morphology of the modified electrode. Figure 7.2A shows the dispersion of NC with a
rough surface. Figure 7.2B shows a uniform mixture of NC-3DPPY fibers with a porous

foam-like network composed of NC-3DPPY. The fibers of NC are entangled and
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embedded on the layer of 3DPPY and formed a 3D network (Wang et al., 2014). Figure
7.2 C shows the homogeneous deposition of Ag-Au with spherical shapes. Figure 7.2D
shows the homogeneous deposition of Ag-Au nanoparticles on the NC-3DPPY layer.
The presence of carbon, oxygen, nitrogen, gold and silver in the NC-3DPPY@Ag-Au
nanocomposite were detected by EDX analysis as shown in Figure 7.3. The inset table
shows the percentage of major elements along with Ag and Au percentage. EDX
elemental mapping was used to investigate the distribution of Ag and Au nanoparticles
on the NC-3DPPY surface. Figure 7.4 illustrates the elemental mapping images of
carbon, oxygen, nitrogen, silver and gold. The EDX elemental mapping shows the

presence of bimetallic Ag—Au nanoparticles on the NC-3DPPY surface.
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Figure 7.2: FESEM images of NC (A), NC-3DPPY (B), Ag-Au (C) and NC-
3DPPY@Ag-Au (D).

Figure 7.3: EDX analysis for NC-3DPPY @Ag-Au nanocomposite.
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2.5 um

Figure 7.4: Elemental Mapping analysis for NC-3DPPY @Ag-Au nanocomposite.

7.4 Electrochemical characterizations

7.4.1 EIS and active surface area calculation for modified sensor

The EIS analysis was conducted to investigate the interfacial electron transfer
properties on the electrode-electrolyte interface. The optimized operational parameters
for the study were: frequency ranges from 100 kHz to 100 mHz and Vms potential of 10
mV. Figure 7.5 shows the Nyquist plots of different electrodes, the bare GCE (a),
NC/GCE (b), NC-3DPPY/GCE (c), NC-3DPPY@Ag/GCE (d), NC-3DPPY @Au/GCE
(e) and NC-3DPPY@Ag-Au/GCE (f) and in presence of 0.1M KCl and 5mM [Fe(CN)s]
374 The GCE shows the largest R value of 460 Q which could be attributed to the
poor interfacial electrons transfer. The R values obtained for NC and NC-3DPPY are
420 and 310 Q, respectively, which is attributed to the lower electrical conductivity of
NC and comparatively good electrical conductivity of NC-3DPPY. The Rc: values
obtained for NC-3DPPY @Ag and NC-3DPPY@Au are 115 and 105 Q which could be
attributed to the excellent electrical conductivity of Ag and Au. The lowest Rt value is
42 Q when the GCE is modified with NC-3DPPY @Ag-Au, which could be attributed to

the synergy of the enhanced electrochemical conductivity and excellent catalytic effect
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of bimetallic Ag and Au nanoparticles with the combination of NC-3DPPY which

facilitates the electronic mobility.

Figure 7.5: The Nyquist plots of bare GCE (a), NC/GCE (b), NC-3DPPY/GCE (c),
NC-3DPPY@Ag/GCE (d), NC-3DPPY@Au/GCE (e) and NC-3DPPY@Ag-
Au/GCE (f) in 0.1 M KCI solution with 5.0 mM [Fe (CN) ¢]*/*. Inset is the
equivalent circuit of the fitting.

Cyclic voltammetry (CV) was performed on different modified electrodes in the
presence of 0.1M KCI and 5SmM [Fe(CN)g] ** at 50 mVs™! as shown in Figure 7.6B. It
can be observed that bare GCE (a), NC/GCE (b), NC-3DPPY/GCE (c), NC-
3DPPY@Ag/GCE (d), NC-3DPPY@AU/GCE (e), and NC-3DPPY@Ag-Au/GCE (f)
has a set of obvious redox peaks due to the transfer of electrons in the presence of
[Fe(CN)¢]*~ and [Fe(CN)s]*. Compared to the bare GCE and NC/GCE, the intensity of
the redox peaks of NC-3DPPY/GCE, NC-3DPPY@Ag/GCE, NC-3DPPY@Au/GCE

has a certain increase. The highest redox peak current value is obtained from NC-

3DPPY @Ag-Au/GCE and calculated from the Randles-Sevcik equation below:

I, =2.69 x 10°n*?ADV*!2C (7.1)

Where [, is the peak current value, n is the number of electrons transferred (n= 1), A is
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the effective area of the working electrode, D is the diffusion coefficient ( 7.6 x 10-
6 cm?s '), v is the scan rate, and C (mol mL™) is the concentration of [Fe(CN)¢]*/".
Employing Eq. 7.1, the estimated effective surface area of the different working
electrodes, i.e. bare GCE, NC/GCE, NC-3DPPY/GCE, NC-3DPPY@Ag/GCE, NC-
3DPPY @Au/GCE, and NC-3DPPY@Ag-Au/GCE is 0.052 cm? (a), 0.067 cm? (b),

0.082 cm? (c), 0.105 cm?(d), 0.110 cm? (e) and 0.122 cm? (¥).

7.4.2 CV of MTX and CIF at NC-3DPPYT@Ag-Au sensor

To investigate the electrochemical behavior of different modified electrodes, cyclic
voltammetric (CV) responses were recorded. Figure 7.6A exhibits the CV curves of
bare GCE (a), NC/GCE (b), NC-3DPPY/GCE (c), NC-3DPPY@Ag (d), NC-
3DPPY@Au (e), NC-3DPPY@Ag-Au (f) for 150 uM MTX and 35 uM CIF in 0.1 M
PBS at 0.3 V s! scan rate. The bare GCE and NC/GCE exhibit almost similar oxidation
peak currents for MTX and CIF. The low conductivity of NC, could not promote the
electron transfer process. In addition, NC-3DPPY/GCE exhibited better electrochemical
response than the bare GCE and NC/GCE which could be assigned to the good electro-
conductivity of NC-3DPPY. When GCE is fabricated with NC-3DPPY@Ag and NC-
3DPPY@Au, an increased well-defined oxidation peaks are observed which could be
ascribed to the excellent electrical conductivity and catalytic activity of Ag and Au. The
presence of Ag and Au nanoparticles on the NC-3DPPY surface accelerates the electron
transport during the electrochemical detection of MTX and CIF. The NC-3DPPY @Ag-
Au shows the highest oxidation peak current for MTX and CIF compared to the NC-
3DPPY@Ag and NC-3DPPY@Au, confirming the outstanding electro-catalytic activity
of NC-3DPPY@Ag-Au towards the simultaneous detection of MTX and CIF. The
remarkable increment of the oxidation peak current is due to the synergy between the

Ag-Au bimetallic nanoparticles and NC-3DPPY. The unique combination of Ag-Au
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bimetal possesses excellent electrocatalytic behaviour and superior electronic
conductivity compared to the single metal Ag and Au nanoparticles. Furthermore, the
inclusion of Ag and Au bimetallic nanoparticles on the high surface area of NC-3DPPY
expose more electroactive sites for the efficient electron transfer between the modified
electrode and analyte (Aazam & Zaheer, 2021). Therefore, the NC-3DPPY@Ag-Au
nanocomposite modified GCE is recommended for the electrochemical detection of
MTX and CIF due to the superior conductivity, excellent electrocatalytic activity and

high surface area.

Figure 7.6: (A) CVs of 150 pyM MTX and 35 pM CIF in 0.1 M PBS (pH 7.0) at 0.1
V s on of bare GCE (a), NC/GCE (b), NC-3DPPY/GCE (c¢), NC-3DPPY@Ag (d),
NC-3DPPY@Au (e), NC-3DPPY@Ag-Au (f). (B) CVs response of bare GCE,
NC/GCE, NC-3DPPY/GCE, NC-3DPPY@Ag/GCE, NC-3DPPY@Au/GCE, and
NC-3DPPY@Ag-Au/GCE in 0.1 M KCI solution with 5.0 mM [Fe (CN) ¢]3* at 0.1
Vsl
7.5 Optimization of the fabricated sensor
7.5.1 Influence of scan rate

To understand the reaction mechanism of MTX and CIF, the influence of scan rate
was investigated on the peak current and peak potential. Figure 7.7 show the CVs of
150 uM MTX and 35 puM CIF at the NC-3DPPY@Ag-Au modified electrode in the
presence of 0.1 M PBS pH 7.0 at different scan rates from 10-300 mVs™'. It is observed
from Figure 7.7A that the oxidation peak currents of MTX and CIF increase linearly

with the increase of scan rates. This entailed that the electrochemical reactions of MTX
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and CIF on the NC-3DPPY@Ag-Au follows an adsorption controlled mechanism
(Gayen & Chaplin, 2016; Jandaghi et al., 2020). Both MTX and CIF contain benzene
ring in their chemical structure. Therefore, during the interaction between MTX and
NC-3DPPY@Ag-Au, the van der Waals force is involved while the electrostatic
interactions are involved during the interaction of CIF and NC-3DPPY@Ag-Au and
both are absorbed onto the surface of NC-3DPPY@Ag-Au. In addition, a variation of
the oxidation peak current of MTX and CIF appear with the variation of scan rates,
which reveals that the electrochemical redox reaction of MTX and oxidation reaction of
CIF is surface controlled process on the NC-3DPPY @Ag-Au nanocomposite (Karami
et al., 2019; Matsunaga et al., 2020). The oxidation currents of MTX and CIF are shifted
toward the positive direction which is due to the kinetic effect of the NC-3DPPY @Ag-
Au on the oxidation of MTX and CIF (Figure 7.7 B and C). The linear regression

equation for MTX and CIF are as following;

La (WA) = 0.556 v+ 1.732 (R2=0.999) (MTX) (7.2)

e (WA) = -0.154 v + 5.960 (R? = 0.998) (CIF) (7.3)
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Figure 7.7: CVs of 150 pM MTX and 35 pM CIF on NC-3DPPY@Ag-Au/GCE at
10 mV s7! to 300 mV s'in 0.1 M PBS (pH 7.0) (A). The calibration plot of oxidation
peak current vs. scan rates of MTX (B) and CIF (C).

7.5.2 Analysis of pH variation

The electrochemical behavior of MTX and CIF at NC-3DPPY@Ag-Au are greatly
influenced by the variations of pH. The CV responses of 150 uM MTX and 35 uM CIF
are recorded at 0.3 V s’ in the presence of 0.1 M PBS (pH 7.0) in different pH ranges
from pH 5.0 to 9.0 as shown in Figure 7.8A. It is observed that the highest current
response is obtained from pH 7.0. When the pH increases from 5.0 to 9.0, the oxidation
peak potential of MTX and CIF are gradually shifted to the negative regions. The
oxidation peak potential of MTX is shifted from 0.84 V to 0.73 V, while the oxidation
peak potential of CIF is shifted from 1.10 V to 0.90 V which indicates that the oxidation

of MTX and CIF requires the transfer of protons (Kummari et al., 2019; Matsunaga et
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al., 2020). Figures 7.8B and 7.8C represent the relationship between the oxidation peak
potential (Epa) and different pH for MTX and CIF, respectively. A linear relationship
between Epa and different pH values is observed with slope values of -0.065 V pH™! and
-0.052 V pH! for MTX and CIF respectively. The linear regression equations for the

oxidation peak potential of MTX and CIF are as follows:

Ep (MTX) = -0.052 pH + 0.963 (R? = 0.967) (7.4)

E, (CIF) = -0.065 pH + 1.422 (R? = 0.981) (1.5)

From Egs. 7.4 and 7.5, it is observed that both the slope value of MTX and CIF are
close to the Nernst equation value (0.059 V pH™), indicating that identical numbers of
electrons and protons are involved in the reactions of MTX and CIF (n= 2). Figures 7.8
D and E for MTX and CIF show an increment in the peak current when the pH changes
from 5.0 to 7.0 but decline beyond the pH 7.0. Due to the low current detection, the
oxidation reactions of MTX and CIF are less favorable in low and high pH values
(Chauhan et al., 2020; Jandaghi et al., 2020). The highest current response was observed
at pH 7.0, thus pH 7.0 was selected as optimum pH for whole experiments. It can be
concluded that the electrochemical reactions of MTX and CIF at the NC-3DPPY@Ag-
Au/GCE solely depend on the pH and NC-3DPPY@Ag-Au/GCE which show great

improvements in the oxidation peak current of MTX and CIF.
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Figure 7.8: (A) The CVs of 150 pM MTX and 35 pM CIF at the NC-3DPPY@Ag-
Au/GCE at different pH: 5.0, 6.0, 7.0, 8.0 and 9.0, at 0.1 V s’'. (B) The plot of
oxidation peak potential vs. pH of MTX. (C) The plot of oxidation peak potential
vs. pH of CIF, (D) The plot of the oxidation peak current vs. pH of MTX, (E) The
plot of the oxidation peak current vs. pH of CIF.
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7.6 Performance evaluation of NC-3DPPY @Ag-Au/GCE sensor

7.6.1 Analytical application of NC-3DPPY@Ag-Au/GCE sensor

The square-wave voltammetric (SWV) method was employed for the quantitative
analysis of NC-3DPPY@Ag-Au/GCE sensor for the simultaneous detection of MTX
and CIF. Figure 7.9A reveals the effect of different concentration ranges from 10 to 350
uM for MTX and from 0.5 to 50 puM for CIF at the NC-3DPPY @Ag-Au/GCE in the
presence of 0.1M PBS (pH 7.0) at 0.1 V s\, A gradual increase was observed for the
oxidation peaks of MTX and CIF with the increase of MTX and CIF concentrations.
Figure 7.9B shows the calibration curve between the oxidation peak current and
different concentrations of MTX, where the linear range starts from 10- 350 uM.
Similarly, Figure 7.9C shows the calibration curve between the oxidation peak currents
and different concentrations of CIF, with the linear range from 0.5 - 50 uM. The linear

regressions for the calibrated ranges are the following:

Iy(pA) = 0.191C + 1.395 (0.1 — 350 pM) (MTX) (R? = 0.992) (7.6)

I, (WA) = 1.537 + 11.383 (0.05 - 50 uM) (CIF) (R? = 0.993) (7.7)

The LOD value of MTX and CIF are calculated from the linear regression equation
(Egs. 7.6 and 7.7), respectively, from 3Sy/m, where, Sy = standard deviation of the blank
sample, m = slope of the calibration curve. The estimated limit of detection (LOD)
value for MTX and CIF is 0.0062 pM and 0.0007 uM, respectively. A comparative
study is presented between the present work and previous works in terms of LOD and
linear ranges. It is observed that the NC-3DPPY@Ag-Au/GCE shows impressive
results with lower LOD and broad linear ranges compared to the other modified
electrodes. These results demonstrate the excellent electrochemical conductivity and

catalytic activity of bimetallic Ag-Au nanoparticles with porous configuration and the
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mechanically robust structure of the NC-3DPPY network remarkably accelerates the
electronic mobility and enhances the electrochemical performance of the NC-
3DPPY@Ag-Au/GCE for the simultaneous determination of MTX and CIF at very low
concentrations.

Table 7.1 The comparative study between various electrodes for the detection of
MTX and CIF.

Analytes Electrode Method Linear Detection References
ranges(uM) limit(uM)
MTX STAB/ABPE Ccv 0.005-75.0 0.307 (Deng et al,
2020)
NiO/GCE (Y 0.05-300 0.146 (Khand et al,
2021)
PANI-Co0304 LSV 5.0-75 0.198 (Qureshi et al.,
NP/GCE 2021)
CIF Ag nps- B-CD/GCE DPV 0.1-500 0.028 (Gill et al,
2021)
g-C3N4/Ti3Co/GCE v 0.4-1000 0.13 (Yuan et al,
2021)
AuNPs/Ac/GCE DPV 0.25-250 0.20 (Gissawong et
al., 2021)
MTX & NC-3DPPY @Ag- SWV  10-350 (MTX) 0.0062 This Work
CIF Au (MTX)

0.5-50 (CIF)  0.0007 (CIF)

STAB: stearyl trimethyl ammoniumbromide, ABPE: Acetylene black paste electrode, NiO: Nickel oxide
nanostructure, PANI: Polyaniline, Co304 NP: Cobalt oxide nanoparticle, g-C3N4: Graphitic carbon nitride,
Ti3C; : Titanium carbide, AuNPs: Gold nanoparticle, AC: Activated carbon
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Figure 7.9: SWVs response at the NC-3DPPY@Ag-Au/GCE for different
concentration of MTX and CIF between (10 — 350 nM) and (0.5 — 50 puM) in 0.2 M
phosphate buffer solution (pH 7.0) (A). The calibration curve of peak current and
MTX concentration (B). The calibration curve of peak current and CIF
concentration (C).

7.6.2 Stability and reproducibility of NC-3DPPY @Ag-Au/GCE

The stability and reproducibility of NC-3DPPY@Ag-Au/GCE electrode were
carried out by SWV method in 0.1M PBS containing MTX and CIF. The fabricated
electrode was preserved at refrigerator for 21 days and the current responses was

recorded after every week. The current responses after the 1%, 2" and 3" weeks from its

initial response were 97.17%, 96.92 and 90.76% for MTX and 97.46%, 96.87% and
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90.71% for CIF (Figure 7.10), confirming the greater stability of the NC-3DPPY @Ag-
Au/GCE sensor. Besides, for the reproducibility test, a series of NC-3DPPY@Ag-
Au/GCE prepared electrodes are taken and the estimated relative standard deviation
(RSD) values for MTX and CIF are 2.75% and 3.15% respectively. From these results,
it can be demonstrated that, the NC-3DPPY @Ag-Au/GCE sensor possess good stability

and reproducibility.

Figure 7.10: The bar diagram for stability study of MTX and CIF at NC-
3DPPY@Ag-Au modified electrodes, on three consecutive weeks (a) first day; (b)
after 15 week; (c) after 2" weeks (d) after 37 weeks.

7.6.3 Selectivity test of NC-3DPPY@Ag-Au/GCE sensor

The presence of interfering compounds in the biological fluid can affect the sensor
response, thus it is necessary to evaluate the sensor selectivity toward the detection of
MTX and CIF in the presence of the non-targeted entities. The selectivity analysis was
carried out by adding the interfering molecules in the PBS solution containing MTX and
CIF. Figure 7.11 showed 500 fold of Fe** Na*, K*, CI" and SO4*, 30 fold of glycine,
glucose, ascorbic acid (AA) and dopamine (DA), and 10 fold of cephalexin (CX),

paracetamol (PR) and tetracycline (TC) could not influence the detection of MTX and
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CIF except DA. However, the distinct peak separation of DA, MTX and CIF indicates
that the presence of DA did not interrupt the simultaneous detection of MTX and CIF.
From this result, it can be disclosed that the NC-3DPPY @Ag-Au/GCE sensor is highly

selective for the detection of MTX and CIF.

Figure 7.11: SWVs signal at NC-3DPPY@Ag-Au sensor for interference study of
the MTX and CIF oxidation in the presence of interfering ions.

7.6.4 Real samples analysis

Human serum specimens were collected from University Malaya Hospital while
human urine specimens were collected from healthy volunteer. For the blood collection,
we prepared a request letter with supervisor’s sign on it. After handover the letter to the
head of the nurse with proper evidence, we were able to collect the human blood from
them. Then, 10 mL of the human blood serum was centrifuged at 2000 rpm for 15
minutes. The supernatant was filtered by a filter paper (0.45 mm) and the filtered
solution was diluted with 0.1 M PBS (pH 7.0). The tablet dosage forms of MTX and
CIF were collected from a local pharmacy and crushed into fine powders and dissolved

in DIW. Then the solutions of MTX and CIF were filtered and diluted using 0.1 M PBS.

136



The practical application of the fabricated NC-3DPPY @Ag-Au sensor was investigated

using the human blood sample and pharmaceutical tablet dosage forms. The SWV

method was utilized to determine the concentrations of MTX and CIF using the

standard addition method. The recovery and relative standard deviation (RSD %) values

were calculated from this experiment shown in Table 7.2 (tablet) and Table 7.3 (blood).

Good recovery results and low RSD values confirm the suitability, efficiency and

practical application of the NC-3DPPY@Ag-Au sensor towards the detection of MTX

and CIF.

Table 7.2: Determination of MTX and CIF in tablets at NC-3DPPY@Ag-Au/GCE

using SWV (n=3).

Tablet Sample Labelled (uM) Found (uM) Recovery (%) RSD (%) HPLC

(mg)

MTX 1 10 10.04 100.40 1.25 10.05

2 15 15.05 100.33 0.86 15.08

3 20 19.96 99.80 1.45 20.07

CIF 1 10 10.06 100.60 1.05 10.04

2 15 14.96 99.73 0.95 15.09

3 20 20.05 100.25 1.36 20.06

Table 7.3: Determination of MTX and CIF in blood serum at NC-3DPPY@Ag-

Au/GCE using SWV (n=3).

Blood Serum Sample Labelled Found Recovery (%) RSD (%) HPLC

(uM) (uM) (uM)

MTX 1 10 10.06 100.60 1.75 10.08

2 20 19.94 99.70 0.86 20.06

3 30 30.08 100.26 1.42 30.05

CIF 1 10 10.08 100.80 0.95 10.04

2 15 15.10 100.66 1.55 15.03

3 20 20.05 100.25 1.37 20.06

7.6.5 Determination of MTX and CIF in water sample

The performance of the fabricated NC-3DPPY @Ag-Au/GCE sensor was evaluated

in real water samples using the standard addition method. The water sample was

collected from the tap water. The tap water was preserved and filtered through 0.30 um
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membrane filters to remove the impurities. Then different concentrations of MTX and
CIF (0.3 to 08 uM) were added to the filtered water. The electrochemical response of
the NC-3DPPY @Ag-Au/GCE sensor for the detection of MTX and CIF is illustrated in
table 7.4 in terms of the recovery (%) and RSD (%). Excellent electrochemical response
with good recovery of 99.92 — 100.66 % and 99 — 102% was observed for the MTX and
CIF, respectively. The RSD value of 0.85 — 2.35 % and 0.78 — 1.75 was observed for
the MTX for CIF, respectively, which confirms the feasibility and applicability of the
fabricated NC-3DPPY @Ag-Au/GCE sensor for the simultaneous determination of
MTX and CIF in the water samples.

Table 7.4: Determination of MTX and CIF in water sample at NC-3DPPY @Ag-
Au/GCE using SWV (n=3)

Sample Spiked (mM) Found (nM)  Recovery (%) RSD (%)
water sample MTX 15 15.10 100.66 2.35
25 24.88 99.52 1.25
35 35.06 100.17 0.85
CIF 5 5.10 102.00 1.75
10 10.05 100.5 0.78
15 14.85 99.00 1.35
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CHAPTER 8: CONCLUSIONS AND FUTURE RECOMMENDATIONS

8.1 Conclusions

The present research illustrates the synthesis of transition metal-based
nanocomposite for the fabrication of electrochemical sensors. The functionality of
transition metal-based nanocomposites was improved either by the incorporation of
carbon-based nanomaterials and biopolymers or by the introduction of tri-metals into a
metallic foam as a substrate to develop a tri-metal based metal-organic framework. We
have developed four sensing platforms and illustrated in the present study. Chapter 4 of
this thesis focuses on the development of a nanocomposite of functionalized multiwall
carbon nanotubes, nitrogen-doped graphene and chitosan with electrodeposited copper
for nilutamide detection. Chapter 5 focuses on the nanocomposite of functionalized
multiwall carbon nanotubes, chitosan and cobalt for the detection of paracetamol.
Chapter 6 illustrates the design of a tri-metallic MOF employing cobalt, nickel and
copper tri-metals based metal-organic framework onto the nickel foam for the
determination of nilutamide. While chapter 7 focuses on the incorporation of silver and
gold bimetallic nanoparticles on the nanocellulose and 3D polypyrrole nanocomposite

for the simultaneous detection of methotrexate and ciprofloxacin.

The key findings of each sensing platforms are summarized in the following:

1. A nanocomposite of (MWCNTs~NGr/CTS)-Cu was synthesized successfully and
characterized using various analytical techniques. The XRD results confirmed the
presence of Cu on the MWCNTs~NGt/CTS nanocomposite. The TEM images confirm
the deposition of Cu on the high surface area of MWCNTs/~NGr/CTS. The
electrochemical reduction of NLM was achieved on the (MWCNTs~NGr/CTS)-Cu

nanocomposite modified GCE. The high electroactive surface area and synergy between
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the MWCNTsy and NGr improves the mobility of ions and electrons, while improved
the dispersion of nanomaterials by CTS and enhanced the electrocatalytic effect of
electrodeposited copper greatly improve the reduction peak current of NLM. The
fabricated sensor can detect NLM in a linear range of 0.005 to 900 uM with a
correlation co-efficient of 0.999 and low LOD of 1.6 nM. The sensor showed high
selectivity toward the detection of NLM even in the presence of interfering compounds.
The modified electrode was successfully applied to blood serum sample and
commercial tablets with the great recovery of 98.0-101.5% and 98.0-102.0%
respectively.

2. While a nanocomposite comprising of f~MWCNTs/CTS-Co was successfully
synthesized and characterized by several techniques. The XRD results confirmed the
successful incorporation of Co on the ~MWCNTSs/CTS nanocomposite. The FESEM
images showed that the spherical shaped Co was deposited on the surface of f-
MWCNTSs/CTS. The electrochemical performance of the ~-MWCNTs/CTS-Co modified
electrode towards the oxidation of PR was studied by cyclic voltammetry and
differential pulse voltammetry. The outstanding electrical conductivity of ~MWCNTs,
excellent adsorption ability and dispersion profile of CTS which assures the
homogenous dispersion of f~MWCNTs, and catalytic effect of Co, facilitates the
electrons transfer between the modified electrode and PR, which greatly improved the
redox response of the PR. The developed sensor is able to detect PR in a linear
concentration range between 0.1 and 400 umol L™! with a low LOD of 0.01 pmol L.
This modified electrode exhibited a satisfying reproducibility and also good selectivity
in the presence of some common interferences. Finally, the modified electrode was
successfully tested for the detection of PR in the real sample.

3. While another nanocomposite comprising of Co, Ni and Cu based tri-metallic metal-

organic framework grown at nickel foam was successfully synthesized and
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characterized by several analytical methods. The XRD results confirmed the successful
formation of tri-metallic Co-Ni-Cu-MOF/NF nanocomposite. The FESEM and TEM
images of nanocomposite showed the uniform deposition of Co, Ni and Cu on the
surface of the NF substrate. The information about the chemical state of Co, Ni and Cu
in the Co-Ni-Cu-MOF/NF nanocomposite was determined by XPS analysis. The BET
spectrum gave the surface area of the Co-Ni-Cu-MOF/NF nanocomposite. The
electrochemical behaviour of the Co-Ni-Cu/NF modified electrode towards the redox
response of NLM was studied by cyclic voltammetry and differential pulse
voltammetry. The fabricated electrode presented superior electrocatalytic activity
towards the redox response of NLM. The synergistic combination of Co, Ni and Cu tri-
metals makes this nanocomposite as better electrocatalyst for NLM detection. In
addition, the 3D network of tri-metals with greater catalytic activity, efficient binding
sites and high electro-active surface area accelerates the electron transfer process. The
developed sensor is able to detect NLM in a linear concentration range between from
0.5 to 900 uM. The sensitivity and limit of detection at the Co-Ni-Cu-MOF/NF was
10.712 pA pM 'em? and 0.48 + 0.02 nM, respectively. This modified electrode
exhibited good selectivity in the presence of some common interferences. Finally, the
modified electrode was successfully tested for the detection of NLM in the real sample.

4. Another nanocomposite composed of Ag-Au bimetallic nanoparticles and NC-
3DPPY was successfully synthesized and characterized by several techniques. The
XRD results confirmed the successful formation of bimetallic Ag-Au in the NC-3DPPY
nanocomposite. The FESEM images of NC-3DPPY@Ag-Au/GCE nanocomposite
confirmed deposition of the Ag-Au bimetallic nanoparticles on the surface of the NC-
3DPPY support. The electrochemical performance of the NC-3DPPY@Ag-Au/GCE
modified electrode towards the oxidation of MTX and CIF was studied by cyclic

voltammetry and squarewave voltammetry. The fabricated electrode showed excellent
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electrocatalytic activity towards the oxidation of MTX and CIF. The synergistic
combination of Ag-Au bimetallic nanoparticles with porous appearance of NC-3DPPY
makes the nanocomposite an excellent electrocatalyst for MTX and CIF detection. In
addition, an increase in the electroactive sites for the efficient electron transfer process
between MTX, CIF and the modified electrode is due to the deposition of Ag-Au
bimetallic nanoparticles on the high surface area of NC-3DPPY. The developed sensor
can detect MTX and CIF in a linear concentration range between 0.1 uM to 600 uM and
0.5 uM to 500 uM respectively. The modified electrode showed high selectivity towards
the detection of MTX and CIF in presence of some common interference with a low
LOD of 0.005 uM for MTX and 0.04 uM for CIF. Finally, the modified electrode was
successfully tested for the detection of MTX and CIF in the real sample.

The present study represents different electrochemical sensing platforms for the
quantitative detection of pharmaceutical drugs. Furthermore, the study explores the
different applications of the proposed sensors in clinical, pharmaceutical and
environmental monitoring aspect which proves the potential of this research
investigation and could contribute to the research community. By comparing the
advantages and sensing performances of all the developed sensing platforms included in
this study, the Co-Ni-Cu-MOF/NF electrochemical sensing platform might be selected
for commercialization purpose for pharmaceutical routine analysis and clinical
monitoring due to its novelty, simplicity and fewer fabrication steps, cost-effectivity,

very low LOD and broad linear ranges.

8.2 Future recommendations

The current research work focuses on the synthesis of nanocomposite by the
incorporation of transition metals such as cobalt and copper with the assimilation of
carbon-based nanostructured materials such as multiwall carbon nanotubes and

nitrogen-doped graphene. While the design of cobalt, nickel and copper tri-metals MOF
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network with this transition metal on porous metallic nickel foam with enhanced
catalytic effect and electrochemical response. In this work, the synthesized transition
metal-based nanocomposite was utilized as a sensing platform for the electrochemical
determination of pharmaceutical drugs in commercial preparations and biological fluids.
The attachment of transition metal ions along with carbon-based nanomaterials and
biopolymers facilitated the efficient electron transfer at the electrode and electrolyte
interface, provides synergy in the catalytic effect, thus enhances the electrochemical
signals. From these results it can be demonstrated that, some future works can be
explored based on improved and the scopes could be widened with the incorporation of
novel concepts which are listed below:

(1) The scope of electrochemical sensors could be expanded with the synthesis of
the transition metals with different nanostructured morphology (nanorods, nanowires,
nanobelts, nanotubes etc), bimetallic nanostructures are yet to be explored.

(2) The electrochemical performances of the transition metal-based nanocomposite
could be modified by the selection of carbon-based nanomaterials of the different
nanostructured forms such as nanorods, nanotubes, nanobeads, nanoribbons, nanofibers
and others are yet to be explored.

(3) The synthesis of tri-metallic MOFs could be modified by the incorporations of
other transition metals such as zinc, iron, manganese and others with the incorporation
of other metallic substrates such as titanium, aluminium, silica and others.

(4) The sensitivity and flexibility of the transition metals-based nanocomposite
could be further improved by the incorporation of different synthesized forms of
biopolymers such as chitosan nanoparticle, carboxylated nanocellulose, nanocellulose
aerogels etc or other conductive polymers such as polyaniline. Both approaches
contribute to an improvement in the electrocatalytic activity of the nanocomposite

towards analyte detection.
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(5) The proposed transition metal-based nanocomposites could be efficiently used
for the electrochemical determination of other analytes, supercapacitors and solar cell
applications. However, more studies are needed for the synthesis and preparation of
different types of transition metal-based nanocomposites for the fabrication of advanced

electrochemical sensors.
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