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ABSTRACT

Technology plays an indispensable role in daily life, streamlining processes and
addressing multifaceted challenges. Within healthcare, advanced diagnostics
significantly enhance treatment efficacy. The emergence of reliable biosensors holds
the potential to augment testing precision, surpassing conventional limitations. This
thesis, titled "*Synthesis of Nanomaterials and their Applications in Biosensors™
delves into the intricate domain of biosensing utilizing metal oxide nanomaterials, with
a specific focus on monitoring glucose and cholesterol levels. The research initiates
with meticulous synthesis and detailed characterization of various nanomaterials,
including V-doped TiO2, Ce-doped ZnO, and Pd/C-decorated SnO,. Advanced
analytical techniques and electrochemical methods are employed to study non-

enzymatic biosensor activity.

In the domain of glucose biosensing, V-doped TiO2 nanoparticles, notably
Vo0.03Ti09702, emerge as highly promising candidates. This material exhibits
exceptional sensitivity, detecting glucose at a rate of 1129.31 pA mMtcm? with a
remarkably low detection limit of 1.8 uM. Moreover, its response time of 2.1 s in 0.1
M KOH solution underscores its rapid analytical capabilities, validated through testing
with human samples. Further optimization via varying vanadium concentrations
identifies Vo07TiogsO2 as an even more efficient biosensing material, achieving a
heightened sensitivity of 1482.8 nA mM™cm™? and a detection limit of 488 uM. In
exploring cholesterol biosensing, the research focuses on synthesizing and
characterizing ZnO and cerium-doped ZnO (Znoo3Ceoe70-CZ0O3) nanomaterials.
CZ0O3 emerges as a particularly effective photoelectrochemical non-enzymatic
cholesterol biosensor, demonstrating a sensitivity of 2.81 mA.mM1.cm? and a
detection limit of 17 uM, validated through testing with human samples. Additionally,
the study investigates Pd/C-decorated SnO> nanoparticles for their cholesterol
biosensing capabilities, showing sensitivity of 1.50 mA.mMt.cm and a rapid response
time of 2 s, validated through testing with human samples.

These findings underscore significant advancements in leveraging metal oxide

nanomaterials for biosensing applications. By elucidating the development, thorough



characterization, and practical applications of these innovative biosensors, this thesis
contributes valuable insights poised to enhance biomedical research and clinical

diagnostics in the foreseeable future.

Keywords: Non-enzymatic Biosensor; Metal-Oxide; Glucose; Cholesterol; Electrochemistry.
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CHAPTER 1

INTRODUCTION TO BIOSENSORS AND NANOMATERIALS







Abstract: Chapter 1 describes the basic features, methods of functioning, and
classifications of biosensors are explained. Special attention is paid to the
electrochemical methods. It discusses the importance of nanomaterials and outlines
their essential functions in biosensor applications. In addition, the chapter explores the
complexities of electrochemical cells and methods, providing a thorough grasp of them.

1. INTRODUCTION

In today's world, technology is deeply ingrained in every aspect of our daily lives,
showcasing its vital role in navigating the complexities of modernity. Its widespread
presence underscores its significance in simplifying processes and addressing various
challenges faced by humanity through innovation, application, and information
exchange. Nowhere is its impact more profound than in healthcare, where
advancements in diagnostic technologies have brought about transformative changes.
These innovations enhance the efficiency of life-saving treatments by enabling
healthcare professionals to swiftly identify and address health issues. Consequently, the
availability of reliable analytical tools capable of conducting tests rapidly and
accurately is indispensable (Monosik et al. 2012). Given these circumstances, the
meticulous development and implementation of biosensors emerge as a promising

solution to mitigate the limitations of traditional techniques.

According to the National Institutes of Health's criteria, as per IUPAC regulations from
1999, "A biosensor is an independent integrated receptor transducer device that
can provide specific information from a biological recognition method that is a
guantitative or semi-quantitative element” (Bhalla et al. 2016). Biosensors serve a
broad range of purposes aimed at enhancing quality of life. These include identifying
diseases, ensuring food quality and safety, safeguarding against threats, monitoring
environmental conditions, and aiding in developing medicines, among others. A key
role of biosensors is to detect biomolecules that can serve as targets for pharmaceutical
interventions or as indicators of disease. In clinical settings, biomarkers are often
identified using electrochemical biosensing techniques. These applications typically
rely on disposable, cost-effective sensing platforms known as "single shot™ analytical

instruments (Jolly et al. 2015a; b).



Dr. Leland C. Clark's pioneering work in 1960 led to the development of the first
biosensor, marking a significant advancement in biomedical technology. This
milestone achievement involved developing a prototype “enzyme electrode” glycemia
sensor, designed to accurately monitor glucose concentration in blood samples. The
constructed device incorporated a thin layer of immobilized glucose oxidase onto an
electrode, which was safeguarded by a semipermeable membrane. This configuration
facilitated the measurement of oxygen consumption during enzyme-catalyzed
reactions. This innovative technology revolutionized various industries, including
biotechnology and medical diagnostics, laying the foundation for further advancements

in biosensing techniques.
CeH1206 (Glucose) + O2 — CsH1207 (Gluconic acid) + H202 (1.1)

During the process of monitoring oxygen, Dr. Leland Clark observed something
remarkable: the enzyme could convert inactive substrates into active products. He
observed a reduction in the signal that exhibited a direct correlation with the oxygen
concentration relative to the glucose concentration in the solution. Another approach
involved monitoring the levels of hydrogen peroxide (H202), which is generated when
glucose undergoes oxidation, as a means of gauging the glucose quantity (Eq. 1.1)
(Santoro and Ricciardi 2016).



1.1 Constituents of Biosensing Devices
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Figure 1.1. Schematic diagram of a typical biosensor.

A biosensor comprises a transducer coupled with bioreceptors or other biosensing
constituents. Upon interaction with the analyte, the bioreceptor initiates a biological
response, which the transducer then converts into an electrical signal. This electrical
signal is directly proportional to the concentration of the analyte. In biosensing
applications, bioreceptors encompass a diverse array of molecules, including
antibodies, DNA, phage, proteins, enzymes, Peptide Nucleic Acids (PNA), and
aptamers (Bhalla et al. 2016; Monosik et al. 2012). A schematic diagram of a typical
biosensor is illustrated in Fig 1.1.

i.  Analyte: In the realm of biosensing, the term "analyte™ denotes a substance of
particular significance targeted for detection within a specific environment.
(Chakraborty and Hashmi 2017).

ii.  Bioreceptor: In the realm of biosensing, a bioreceptor, also termed a molecular
recognition element, is characterized by its specific affinity for the target
analyte. Bio-recognition delineates the process whereby the bioreceptor
interacts with the analyte, leading to the generation of a discernible signal,
which may manifest as light emission, heat release, pH alteration, charge
modulation, or mass variation (Bhalla et al. 2016).

iii.  Transducer: The transducer, an indispensable component of a biosensor, plays

a pivotal role in converting one form of energy into another. The optical or

3



electrical signals generated by transducers are frequently indicative of the

magnitude of analyte-bioreceptor interactions (Bhalla et al. 2016).

1.2 Fundamental Characteristics of Biosensing Devices

An optimal biosensor should exhibit the following essential characteristics: (Bhalla et
al. 2016; Grattarola and Massobrio 1998; Malhotra and Ali 2018).

Vi.

Sensitivity: A key consideration for biosensors is the lowest concentration of
the analyte that can be detected, often known as the sensitivity. A high degree
of sensitivity is essential in biosensing technology because medical and
environmental analytes can occur at extremely low concentrations, often as little
as nanograms per milliliter.

Selectivity: The ability to identify and distinguish a specific analyte from a
complex combination of many analytes without interference or disruption.
Reproducibility: The reproducibility of a biosensor is the ability to generate
identical results under the same experimental settings.

Response time: The reaction's kinetics control how quickly a biosensor
generates a response. The kinetics of enzymatic activities are usually quicker,
which means that biosensors that use these mechanisms will respond more
quickly.

Lifetime: The bioreceptor may degrade over time, which would reduce its
capacity for biosensing. As such, an optimal biosensor needs to have a long
working life in order to guarantee its continued efficacy.

Linearity: The precision of the data obtained, especially when represented on
a linear scale, is referred to as linearity within a biosensor. This feature clarifies
the sensor's capacity to deliver precise readings over a variety of analyte
concentrations. Moreover, linearity defines the lowest incremental change in
analyte concentration required for detection, which helps the biosensor achieve

resolution.



1.3 Comprehensive Overview of Biosensor Classification

The two main types of biosensors are those that depend on the biological component
used in the analysis and those that depend on the transduction mechanism applied. The
transduction mechanism type used in the sensor, which is related to the physiochemical
changes that arise from the sensing event, is the primary factor that determines the
categorization of biosensors (Karunakaran et al. 2015). All of the different kinds of

biosensors are listed in detail in Table 1.1.

Table 1.1. Comprehensive list of different types of biosensors

Biosensor
piggical Transducer
Elements
Antibod Electrochemical Optical Mass-based
y Biosensor Biosensor Biosensor
DNA Potentiometric Absorption anrtz erystal
microbalance
Micro and
Enzyme Amperometric Fluorescence nanomechanical
cantilevers

Conductometric Chemiluminescence

Surface
Plasmon
Resonance

Biosensors are categorized based on the types of transducers they utilize:
i.  Electrochemical Biosensors
ii.  Optical-based Biosensors

ili.  Mass-based Biosensor



1.3.1 Electrochemical Biosensor

Electrochemical biosensors, characterized by their utilization of oxidation and
reduction processes to monitor electrical signals, feature an electrochemical transducer
as their distinguishing component. These molecular sensing devices enable the
conversion of biological recognition events into detectable electrical signals by
meticulously immobilizing a biological recognition element onto solid electrode
surfaces or arrays that respond to applied electrical stimuli. The capacity of
electrochemical biosensors to accurately determine analyte concentrations in biological
samples renders them highly desirable. Notably, the primary advantage of
electrochemical transduction lies in its compatibility with complex and opaque media,
enabling the development of miniaturized and cost-effective devices (Karunakaran et
al. 2015; Mohankumar et al. 2021).

Electrochemical sensors are frequently employed for the quantitative assessment of
bioactive substances, leveraging catalytic enhancements to facilitate potential-driven
redox reactions in biofluids. These sensors boast high accuracy and rapid response
rates, maintaining linearity even at lower analyte concentrations. Operating on affinity-
based principles, they detect voltage or current changes, offering promise for cost-
effective applications due to their energy efficiency, affordability, and ease of
miniaturization. Given their remarkable sensitivity, affordability, and ability to provide
swift and precise results, electrochemical biosensors have garnered significant interest

in recent years (Griffin et al. 2014).
Three primary categories of Electrochemical Biosensors are:

i.  Potentiometric biosensors employ ion-selective electrodes to detect variations
in the concentration of targeted ions.
ii. Amperometric biosensors quantitate the electric current arising from electron
transfer during redox reactions.
ili. Conductometric biosensors gauge alterations in the conductivity of a medium
caused by enzyme-mediated reactions, which subsequently alter its ionic

composition.



1.3.1.1 Potentiometric Biosensor

The electrochemical biosensor under consideration operates at a consistent current level
and employs potentiometry to gauge the ionic activity involved in electrochemical
reactions. Potentiometric biosensors assess the potential difference between two
solutions across an ion-selective membrane. Notably, ion-selective electrodes,
exemplified by the pH electrode, serve as valuable tools for monitoring alterations in
ionic concentrations. Furthermore, selective electrodes designed for detecting
substances like ammonia and carbon dioxide play significant roles in biosensing
applications (Chakraborty and Hashmi 2017; Santoro and Ricciardi 2016).

Potentiometric sensors typically necessitate both a reference electrode and an indication
(working) electrode to interface with the test sample solution effectively. Upon
integration with ion-selective electrodes, these sensors exhibit sensitivity to a spectrum
of ions, encompassing hydrogen, fluorine, iodine, chlorine, as well as gases like carbon
dioxide and ammonia (Alarcon-Angeles et al. 2018; Ronkainen et al. 2010; Thévenot

et al. 2001). Fig 1.2 illustrates the schematic diagram of a potentiometric biosensor.
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Figure 1.2. Schematic diagram of typical Potentiometric biosensor.
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Advantages:
i.  The biosensor demonstrates the capability to detect ions over a broad dynamic
range, typically spanning concentrations from 1 uM to 0.1M.
ii.  Due to its capacity for continuous measurement, the biosensor is particularly
suited for environmental monitoring and clinical diagnostics applications.

Inexpensive and portable (Zhu et al. 2002).

Disadvantages:
i. In enzyme-based sensors, maintaining optimal enzyme activity often
necessitates the use of pH buffers, which can sometimes restrict the range over
which analytes can be detected (Zhu et al. 2002).

1.3.1.2 Amperometric Biosensor

Amperometric systems, belonging to the realm of electrochemical devices,
continuously measure current during biological reactions by detecting the redox
reaction of electroactive molecules at the electrode surface. Notably, a linear
relationship exists between the target concentration and the resultant current.
Amperometry, the method utilized for measuring changes in current over time while
maintaining a constant voltage between the working and reference electrodes,
determines the current by either sustaining the potential at the desired level or promptly
reaching it. Consequently, a strong correlation emerges between the bulk concentration
of the analyte in the solution and the peak current value measured within a linear

potential range (Davis 1985).

Numerous enzymatic assays involving hydrogen peroxide generation during the
reaction process commonly employ amperometry. Subsequently, hydrogen peroxide
undergoes oxidation at a constant voltage to yield oxygen molecules, eliciting an
electron flow that generates a discernible current directly correlated with the
concentration of hydrogen peroxide (Eq. 1.2) (Santoro and Ricciardi 2016; Zhu et al.
2002).

Substrate + Oxygen (O2) — Product + Hydrogen peroxide (H20z2) (1.2)



Amperometric biosensors generate signals through electron transfer occurring between
an electrode and the biological system situated within the bioreceptor layer. In the
context of amperometric biosensors, the analyte typically undergoes a redox reaction,
resulting in an observable current within the electrochemical cell, thus determining the
outcome. Through a (bio)chemical process, the analyte or its associated species
modulates the oxidation state of the electrode. Subsequently, the measured electron
flow is directly proportional to the quantity of species electrochemically altered at the
electrode (Belluzo et al. 2008). The fundamental workings of an amperometric

biosensor are depicted in Fig 1.3.

The working electrode material in biosensors varies, with options including carbon
nanotubes and noble metals such as gold, titanium, nickel, or titanium tin oxide, which
are commonly employed. An illustrious instance of an amperometric biosensor is the
Clark electrode, renowned for its simplicity and often utilized to measure the partial

pressure of dissolved oxygen in blood or other substances (Monosik et al. 2012).
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Figure 1.3. Schematic diagram of typical Amperometric biosensor.



Advantages:
i.  Utilization of economically feasible and disposable electrodes.
ii.  The instrumentation required for these biosensors is cost-effective and compact,
facilitating the feasibility of conducting on-site measurements.
iili.  The amperometric biosensor responds quickly, has a broad linear range, and is

very sensitive.

Disadvantages:
i.  The signal may be obstructed by other electroactive materials. The biosensor is

therefore not selective (Zhu et al. 2002).

1.3.1.3 Conductometric Biosensor

The generation of ions or electrons during biological processes causes variations in the
solution’s overall conductivity or resistivity. Since many processes result in changes to
the concentration of ions in a medium, conductance which is closely correlated with
ion concentration serves as a good parameter for conductometric biosensors. When
using this transducer, the electrical conductance or resistance of the solution is the
measured parameter. The sensitivity of conductance measurements is usually rather
poor. On the other hand, to counteract unwanted effects including concentration
polarization, double-layer charging, and Faradaic processes, an electric field is
produced when an AC sinusoidal voltage is used. These biosensors are used to detect

drugs in human urine and track environmental pollution levels (Monosik et al. 2012).

Biosensors are categorized into distinct groups according to the type of bioreceptor

utilized.

1.3.2 Enzymatic Biosensor

Enzymes are the basis of enzymatic biosensors; they require the right environment for
maximum activity. Local chemical and temperature variables may have an impact on
the stability of the enzymes. The kind of transducer, the physicochemical characteristics
of the analyte, the function of the bioreceptor, and other variables all affect the enzyme's
maximal activity. High selectivity towards particular analytes is another feature of

enzymatic biosensors (Revathi and Rajendra Kumar 2019).
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Enzymes are immobilized through various methods:

I.  Adsorption: Stronger bonding, defined by the formation of covalent bonds, is
involved in chemisorption, whereas physical sorption includes weaker
connections mediated by van der Waals forces.

ii.  Covalent bonding: It occurs at the interface between a functional group and
the transducer.

iii.  Cross-linking: To improve the stability of the adsorbed biomaterial, the
biomaterial and the supporting material are chemically linked during this

procedure.

The selectivity and sensitivity of enzyme-based electrochemical biosensors are
remarkable; on the other hand, there are drawbacks, such as the enzyme's sensitivity to
temperature, pH, and hazardous chemicals, and its vulnerability to denaturation during
immobilization. Furthermore, improvements are needed to make enzyme-based sensors
more reproducible. Non-enzymatic sensors have been developed in response to these
limits, and they provide benefits such as increased stability, ease of manufacturing,

greater repeatability, and affordability (Revathi and Rajendra Kumar 2019).

1.3.3 Non-enzymatic Biosensor

Enzyme immobilization on transducers and short shelf life are major obstacles to
enzyme-based biosensors, regardless of their great selectivity towards analytes. Their
use is further complicated by compound interference issues. As a result, non-enzymatic
biosensors have become a viable substitute. Non-enzymatic biosensors can achieve
improved simplicity, repeatability, and stability by using nanomaterials. The large
surface area, particular shape, and effective electron transport of nanomaterials make
them essential for enhancing electrocatalytic activity and selectivity (Revathi and
Rajendra Kumar 2019).

A variety of materials are used to alter the functioning electrode of biosensors
to overcome these difficulties. For high-performance nonenzymatic electrochemical
sensors, nanomaterials, such as graphene, quantum dots, and noble metals like Au and
Pt, as well as carbon-based materials like CNTs, act as efficient conductive supports.
In addition, metal oxide nanoparticles (ZnO, Cu.0, NiO, SiO,, Fe.03, MnOg,
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Co0304, etc.) are used because of their high catalytic activity and affordability.
Composite materials are commonly used to improve both chemical and physical
properties by mixing several nanomaterials (Revathi and Rajendra Kumar 2019). Non-
enzymatic can be further classified into subcategories according to the manner the
particular analyte binds:

i.  Immunosensors: High-affinity interactions between antibodies and the
corresponding antigens are the basis of immunosensor function, producing
measurable signals. Antibodies interact with antigens by immobilization on a
solid surface, triggering a signaling reaction. These biosensors show remarkable
selectivity and have the potential to be improved by generating new
recombinant antibodies.

ii.  DNA: The unique property of DNA that these biosensors, designed to replace
immunosensors, utilize the ability of a single DNA strand (or any nucleic acid)
to recognize its corresponding strand in the analyte, made possible by hydrogen
bonding between the two strands. They are extremely selective and stable due
to their fundamental quality while maintaining cost-effectiveness.

iii.  Organelle-based: These biosensors are very stable since they are made of
biological organelles such as microsomes, mitochondria, chloroplasts, and cell
membranes. They are distinguished by extended detection times (Alhadrami
2018; Malhotra and Ali 2018).

1.4 Nanomaterials and Various Synthesis Techniques

The origins of nanotechnology may be attributed to a revolutionary speech given in
December 1959 at the American Physical Society annual conference by Nobel winner
Richard P. Feynman, a physicist. In his address titled 'There's Plenty of Room at the
Bottom', Feynman envisioned the possibility of miniaturization on an unprecedented
scale. He proposed that the complete Encyclopaedia Britannica might be replicated on

the head of a pin to demonstrate the idea (Nasrollahzadeh et al. 2019).

Numerous techniques may be used to synthesize different kinds of nanomaterials, such
as thin films, colloidal nanoparticles, nanowires, nanotubes, nanorods, and
nanoclusters. These techniques combine conventional procedures with modifications to

attain nanoscale dimensions. Currently, physical, chemical, biological, and hybrid
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methods may be used to synthesize nanomaterials. The particular material or
nanomaterial to be synthesized—zero-dimensional (0D), one-dimensional (1D), or
two-dimensional (2D), as well as factors like size and quantity requirements, all
influence the synthesis process choice (Malhotra and Ali 2018).

Top-down and bottom-up approaches are the two ways to approach the nanoscale as
shown in Fig 1.4. Reducing the structure to the nanoscale is the top-down approach.

Using a bottom-up method, smaller atoms and molecules are used to build larger

~

nanostructures (Malhotra and Ali 2018).
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Figure 1.4. General techniques for synthesizing nanostructures employing top-down
and bottom-up approaches.

1.4.1 Bottom-up Approach

According to this process, material constituents are reduced to the atomic level and then
allowed to self-assemble to develop nanostructures. During the process of self-
assembly, larger components are constructed from nanostructured materials. Using this

method, quantum dots have been produced during epitaxial growth, and nanoparticles
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from colloidal dispersions have been produced. Using this method yields materials with

a more homogeneous chemical structure and fewer defects (Malhotra and Ali 2018).

1.4.2 Top-down Approach

With this technology, desirable nanostructures may be fabricated and the macroscopic
structure can be externally manipulated. Methods like ball milling, large plastic
deformation, and mask-based etching are examples of this method. However, a
significant disadvantage of this technique is that the resultant nanostructures have
surface imperfections. These surface imperfections can have a substantial effect on the
physical properties of the nanoparticles because of the high aspect ratio that is
characteristic of this technique (Malhotra and Ali 2018).

1.4.1.1 Hydrothermal Method

Hydrothermal synthesis involves the precipitation of microscopic particles from a solid
reacting with an aqueous solution under elevated pressure and temperature conditions
within a steel autoclave. This method, using water as a solvent, enables precise control
over parameters like temperature and pressure, surpassing the boiling point to achieve
vapor saturation. Renowned for its consistent yield, cost-effectiveness, environmental
sustainability, scalability, and capacity to produce high-purity end products,
hydrothermal synthesis has made significant contributions to contemporary scientific
and technological advancements. Its diverse applications span material synthesis,
crystallization, organic waste treatment, and the production of refined ceramic powders
(Abid et al. 2022).

Advantages:
i.  Controlling the size of nanoparticles with accuracy.
ii.  Produce nanocrystals with high crystallinity.

Disadvantages:

I.  High-priced autoclave.
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1.4.1.2 Co-precipitation Method

The co-precipitation method is a widely utilized wet chemistry approach for
synthesizing nanomaterials. It involves initiating a precipitation process in a
homogeneous solution containing two or more cations, resulting in nanomaterials with
small diameters and narrow size distributions. pH adjustment using solutions like
sodium hydroxide or ammonia is common. Filtration or centrifugation is then used to
collect precipitates, followed by secondary washing with solvents like ethanol or
distilled water to ensure high purity by removing impurities. Post-processing
techniques such as sintering, annealing, or calcination are often employed to achieve
desired morphologies and crystal structures in the synthesized nanomaterials (Abid et
al. 2022).

Advantages:
i.  Several choices for modifying the particle surface condition and overall
homogeneity.
ii.  Low temperature and energy efficiency.

iii.  Easy and quick preparation.

Disadvantages:
i.  If the precipitation rates of the reactants differ considerably, this method will

not work.

1.5 Significance of Nanomaterials in Advancing Electrochemical Biosensor

It is possible to categorize nanomaterials (NMs) according to dimensionality, shape,
condition, and chemical composition, among other factors. Their size is a major
determining factor in this classification; they are often between 1 and 100 nanometers
in at least one dimension. These criteria are usually used to classify nanomaterials into
discrete groups, which are further subdivided by dimensionality and general structural
arrangement, allowing for more thorough categorization (Nasrollahzadeh et al. 2019).

NMs can be further divided into four classes:

i.  Zero-dimensional NMs (0D): Every object in the 0-dimensional (OD) category

has all three dimensions in nanoscale, which are generally less than 100
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nanometers. The structures that fall under this category include hollow spheres,
spherical nanomaterials, cubes, polygons, metal and core-shell nanoparticles,
and quantum dots (QDs).

ii.  One-dimensional NMs (1D): The materials classified as 1-dimensional (1D)
have two dimensions at the nanoscale and one dimension that is not in the
nanoscale. This category includes a wide range of materials, such as metallic,
ceramic, and polymeric structures, in addition to different types of nanowires,
nanofibers, nanorods, and nanotubes.

iii. Two-dimensional NMs (2D): In the 2-dimensional (2D) category, materials
only have one dimension at the nanoscale; the other two dimensions are not in
the nanoscale. This class includes a range of shapes with crystalline or
amorphous components, such as single-layered and multi-layered structures.
Nanocoating, nanoplates, and thin films are a few examples of such structures.

iv.  Three-dimensional NMs (3D): Materials that are classified as 3-dimensional
(3D) extend over 100 nanometers in size. These materials sometimes consist of
many nanocrystals arranged in different orientations, generating complex three-
dimensional structures. Foams, fibers, carbon nanobuds, nanotubes, fullerenes,
pillars, polycrystals, honeycombs, and layered skeletons are a few examples of

these structures.

NMs are categorized into many groups according to their varied chemical properties.
Single constituent nanoparticles (NPs) and nanocomposites are among these classes;
each is further split into several varieties according to the composition of its constituent
chemicals as shown in Fig 1.5. Carbon-based substances including fullerenes, carbon
nanotubes (CNTs), and graphenes make up the majority of carbonaceous
nanomaterials. Alumina, zinc, titania, silver, copper, iron, and silica are some of the
metals that are used to make metallic nanostructures. Branched dendrimers are a
subclass of nanomaterials that exhibit nanoscale branch-like features. Quantum dots
(QDs) are very small semiconductor particles with special optical and electrical
characteristics that come from quantum mechanics. These particles are usually just a

few nanometres in size (Nasrollahzadeh et al. 2019; Santoro and Ricciardi 2016).
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Ultrasensitive electrochemical biosensor development appears to have a bright future
because of nanotechnology. As a result of their nanometric size, exceptional electrical
characteristics, large surface area, and electrocatalytic activity qualities that improve
signal detection. Nanotechnology is a growing contributor to the development of
biosensors. The field of nanomaterials research has made significant progress recently,
resulting in a wide range of innovative materials that have the potential to be used in
many other contexts, such as biosensor integration. A remarkable range of inorganic
nanomaterials have been synthesized and characterized. These include nanoparticles,
which include Ti, Zn, Cu, and iron nanocrystals, which include quantum dots (QDs);
nanorods, nanowires; and different carbon nanostructures, such as single and

multiwalled carbon nanotubes and nanofibers (Griffin et al. 2014).

Nanomaterials have unique physical characteristics that make them ideal scaffolds for
biosensing applications because of their small size. These capabilities include electrical
conductivity, unique optical properties, special structural features with very high
surface area-to-volume ratios, and particular biological properties that are a result of
their nanoscale size. The integration of microfabrication and nanofabrication
techniques facilitates the creation of materials and devices with dimensions generally
less than 100 nanometers (Griffin et al. 2014; Santoro and Ricciardi 2016). The
advantages of this smaller-scale approach are further substantiated by the potential to

i.  Lowering unit costs through the implementation of large-scale production

methods.

ii.  Reduce sample volumes to microliters or less.

ili.  Reduced costs associated with reagents.

iv.  Employ microfluidics to mitigate sample processing duration and streamline
analysis time.

V.  Reduce the dependency on power consumption.

vi.  Enhance the portability of electronic systems while simultaneously augmenting

the sensitivity of biosensors (Santoro and Ricciardi 2016).
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1.6 Electrochemical Cell

Counter electrode
Reference electrode |
-

Glass beaker
Working electrode

Electrolyte

Figure 1.6. Schematic diagram of a typical electrochemical cell for electrochemical

techniques.

1.6.1 Electrolyte Solution

In cyclic voltammetry (CV) experiments, ions in the solution facilitate electron transfer,
maintaining electrical balance. When electrons move from the electrode to the analyte,
ions in the solution shift positions to balance the charge and complete the electrical
circuit. To decrease solution resistance, a salt known as a supportive electrolyte is
dissolved in the solvent. This combination of solvent and supporting electrolyte is often
termed the "electrolyte solution.” The schematic three-electrode system is depicted in
Fig 1.6.

In a liquid medium, the electrical conductivity of the analyte can undergo alterations.
Consequently, the electrolyte solution imparts conductivity to the analyte solution and
impedes the migration of charged ions toward their respective electrodes. Such ion
migration can potentially obstruct ion diffusion processes. Supporting electrolytes, such
as strong acids, bases, and buffer solutions, furnish the necessary H* and OH" ions
essential for electrochemical reactions. Commonly employed supporting electrolytes
include ions like H*, Li*, Na*, CI", Br-, and PF* (Elgrishi et al. 2018).
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1.6.2 Reference Electrode

A reference electrode possesses a distinct and consistent equilibrium potential, serving
as a benchmark for comparing the potentials of other electrodes within an
electrochemical cell. Often denoted by "vs" alongside a designated reference, the
applied potential can be precisely determined. Several electrode configurations are
renowned for maintaining their potential irrespective of the electrolyte composition
within the cell. Notable examples of reference electrodes frequently employed in
aqueous environments include the saturated calomel electrode (SCE), standard
hydrogen electrode (SHE), and AgCI/Ag electrode. (Elgrishi et al. 2018; Lefrou et al.
2010).

1.6.3 Counter Electrode

The initiation of current flow occurs when an electrical potential is applied to the
working electrode, facilitating the reduction or oxidation of the analyte. The role of the
counter electrode is to complete the electrical circuit. The counter electrode, which is
usually made of platinum wire or disk but may alternatively be made of carbon, helps
with an oxidation process when reduction takes place at the working electrode. To
reduce any unintended reactions, it is crucial to select a counter electrode with inert
qualities. Counter electrodes may develop byproducts depending on the experiment, in
which case they must be isolated via a fritted compartment from the rest of the system
(Elgrishi et al. 2018; Lefrou et al. 2010).

1.6.4 Working Electrode

Electrochemical processes are significantly enhanced by the working electrode, whose
potential is precisely regulated by a potentiostat relative to the reference electrode. A
key feature of the working electrode is its composition of redox-inert materials,
matched to the appropriate potential range. Common materials include glassy carbon,
Nickel Foam (NF), serving as indicators of the reaction of interest. Prior to experiments,
the working electrode undergoes meticulous preparation: it is polished with abrasive
materials like alumina or diamond paste, rinsed with solvents such as water or ethanol,
and subjected to ultrasonic treatment to remove residual particles, ensuring uniform

surface conditions (Dekanski et al. 2001).
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i.  Glassy Carbon Electrode: A polymer composed of benzene units is utilized to
produce a glassy carbon electrode. This material is robust, chemically inert, and
exhibits a non-porous, glass-like structure when fractured. The electrode's
properties are significantly influenced by the production temperature and the
initial polymer composition. Notably, the glassy carbon electrode demonstrates
exceptional resistance to chemical corrosion and gas permeability, enhancing
the reversibility of various redox processes. Additionally, it presents a cost-
effective alternative to platinum and gold electrodes while offering an extended
potential window (Dekanski et al. 2001).

ii.  Nickel Foam: Nickel foam (NF) is widely used in electrochemical applications
due to its uniformity, high porosity, and lightweight nature. Its strong
mechanical strength, excellent corrosion resistance, moderate ionic diffusion
resistance, and high electrical and thermal conductivity make NF an ideal
current collector. These attributes enhance the stability of electrodes by
maximizing contact surfaces between charged species, active materials, and the
NF substrate, thereby improving electrochemical performance (Ratsoma et al.
2023).

1.7 Electrochemical Techniques

Electrochemical processes are essentially dependent on reactions occurring at an
electrode surface. Electrochemical detection refers to the monitoring of changes in an
electrical signal that results from these processes, which are frequently caused by an
applied voltage or current. Significant approaches in this field are voltammetric
techniques such as Differential Pulse VVoltammetry (DPV), Chronoamperometry, and

Cyclic Voltammetry (Rezaei and Irannejad 2019).

1.7.1 Voltammetric measurements

Voltammetry, derived from "volt" and "amperometry,” measures current as a function
of electrode potential. It encompasses methods that evaluate current in relation to
electrode potential, divided into controlled potential and controlled current techniques.
Controlled potential techniques use potentiostats to regulate electrode potential, while

current measurements assess the system's response to potential changes. This makes
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voltammetry a fundamental technique for studying electrode/electrolyte interface

processes (Scholz 2015).

1.7.1.1 Cyclic Voltammetry (CV)

Cyclic Voltammetry (CV) is a widely used electrochemical technique for investigating
oxidation and reduction processes of molecular species. It is essential for analyzing
electron transport-mediated chemical processes, providing estimates of redox
potentials, electron transfer rates, and analyte stability during oxidation. In CV, a
stationary working electrode is immersed in a quiescent solution with an excess of
supporting electrolyte, ensuring that electroactive species exchange with the electrode
surface occurs solely through diffusion. This method operates by measuring the current
generated and adjusting the applied voltage at a working electrode at a predetermined
scan rate. Initially, the first scan moves away from the switching potential in one
direction, then reverses and proceeds upward. A cycle can be completed fully, partially,
or over multiple rounds, depending on specific analytical requirements (Bontempelli et
al. 2016; Scholz 2015). The Cyclic voltagramm is represented in Fig 1.7.
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Figure 1.7. Cyclic Voltammogram for reversible reaction
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Electrochemical reactions typically entail the following sequential steps:

I.  Reactants and products migrate in opposing directions from the bulk solution to
the electrode surface in the first stage.
ii.  Reaction of charge transfer.
iii.  Significant changes in structure and/or chemical composition might occur
before, after, or simultaneously with the charge transfer phase, as well as in

the times between subsequent charge transfer events (Scholz 2015).

In addition, adsorption and other surface reactions might get involved. Depending on
the chosen scan rate, each of these phases might have different effects on voltammetric
responses, which define the experimental window for monitoring the electrochemical
process. Several tens of millivolts per second to hundreds of volts per second are the
ranges within which scan rates may be varied. This allows for flexibility in timeframes,
ranging from 107 to 102 seconds (Bontempelli et al. 2016).

As shown in Fig. 1.7, this approach involves the voltage undergoing a scanning process
from a starting point (V1) to a specified point (V2) and then back to its initial level. A
crucial parameter in this approach is the scan rate (V2 - V1) / (t2 - t1), as significant
chemical reactions need sufficient time to take place. As a result, changing the scan rate
produces different results. The working electrode's potential changes caused by the
reference electrode are controlled during this process, and the current between the
working and counter electrodes is observed. These observations yield voltage-versus-

current plots or voltammograms.

Additionally, when the voltage becomes closer to the analyte's electrochemical
reduction potential, the current generated by the electrochemical process experiences
an increment. A peak on the voltammogram when the voltage increases toward V> and
the current drops, indicating that the high oxidation potential of the electrode is
reducing the analyte concentration close to the electrode surface. The reaction then
starts to reoxidize the main reaction product as the voltage drops back to starting point
of V1 to finish the CV. In this phase, voltage scan moves toward V1, and the current

shows a polarity reversal from the forward scan before dropping once more. As such,
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for a certain scan rate, a reverse scan provides relevant information on the reversibility
of the reaction (Bontempelli et al. 2016).

1.7.1.2 Chronoamperometry (CA)

Chronoamperometry (CA) is a recognized electrochemical technique that involves
applying a pulsed potential to a functional electrode and monitoring the resulting
current over time. This method tracks changes in the current caused by variations in the
analyte's diffuse layer near the electrode surface. The diffuse layer, where analyte
concentrations differ from the bulk solution, forms due to analyte diffusion from higher
concentration regions (bulk solution) to the electrode surface under an applied voltage,
reducing the local analyte concentration to zero (Kamat et al. 2010; Rezaei and
Irannejad 2019).
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Figure 1.9. Double potential step chronoamperometry process
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Chronoamperometric experiments can be of two main types: single potential steps (Fig
1.8), in which a forward potential is applied and the current that results are recorded, or
double potential steps (Fig 1.9), in which a forward potential is applied and the initial
value is returned within a predetermined amount of time. Cottrell's equation (Eq. 1.3)
controls the current in reversible redox processes at every time point that follows a
significant single potential step (Evans and Kelly 1982).

nFACyDgy1/?
l/2¢1/2

it = (1.3)

Cottrell's equation is utilized in chronoamperometric analysis to evaluate the current
data following a significant single potential step. This formula includes parameters like
'n’, which is the stoichiometric number of electrons in the redox reaction; 'F' stands for
Faraday's constant; 'A' is the electrode surface area; and 'C' and 'D' are the concentration

and diffusion constant of the electroactive species respectively in the solution.

Chronoamperometry enables the measurement of electrode surface area (A) via a redox
reaction (n, C, and D). Once the electrode area is known, quantifying electroactive
species in solution becomes straightforward. Particularly in product absorption
systems, the double potential step approaches offer an extremely thorough insight
into the chemical reaction's rate constants (Bontempelli et al. 2016; Rezaei and
Irannejad 2019).

1.7.1.3 Differential Pulse Voltammetry (DPV)

Using amplitude potential pulses on a linear ramp potential, DPV is an electrochemical
method used to measure the concentrations of ions in a solution. An electrode in DPV
is adjusted to a base potential where no faradaic reaction takes place. The base potential
is then gradually increased in between pulses. Immediate current measurements are
collected before and after each pulse is applied, and the difference between these
readings is noted. When the voltage is raised, the current rises, peaks, and then falls as
expected. The magnitude of this peak is indicative of the concentration of the
electroactive substance present in the sample (Simdes and Xavier 2017). Fig 1.10

depicts the typical DPV plot.
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Figure 1.10. Differential pulse voltammetry graph

1.7.1.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a fast, inexpensive, and non-invasive
technique widely used in biological system studies. Impedance examines the resistance
properties of an electrical circuit under an alternating current. By applying a small
sinusoidal voltage, EIS measures current flow responses and detects frequency
variations over a broad range. This response, represented as a complex number with
real and imaginary components, is analyzed through mathematical relations adjusted
for excitation frequency. EIS plays a crucial role in material characterization and
biosensor transductions, enabling the investigation of conductivity, resistivity,
capacitance, and other intrinsic material properties in electrochemical systems.
Electrolyte-based systems are analyzed using EIS, which involves key components:
ohmic resistance (Rs), capacitance (C), constant phase element (CPE), and Warburg
impedance (W). Selecting an appropriate circuit is crucial for impedance analysis, with
equivalent circuits providing detailed descriptions of impedance components in parallel
or series configurations (Rezaei and Irannejad 2019). Fig 1.11 depicts the typical EIS

graph and its equivalent circuit.
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Figure 1.11. The Nyquist plot of an electrochemical cell and its Randles’ equivalent

circuit
1.8 Applications of Biosensor

Scientific and medical institutions increasingly rely on affordable biosensors for diverse
applications, including detecting pollutants in food and water, monitoring biological
processes in humans, and facilitating precise health diagnostics. This trend reflects the
academic and healthcare sectors' demand for reliable, cost-effective tools to advance
research, safeguard public health, and deliver personalized healthcare solutions.
Biosensors provide a straightforward, economical means to address these challenges
effectively (Haleem et al. 2021).

1.8.1 Clinical Diagnosis

Advances in biosensor technology are increasingly crucial in modern medicine, pivotal
for disease diagnosis including viral screening, chronic illness management, early
detection, and mental health monitoring. Recent innovations have enhanced early
disease detection, characterization, treatment monitoring, and efficacy assessment.
There is a rising demand in clinical settings for affordable, reliable biosensors
empowering patients, notably those with conditions like diabetes. Low-cost biosensors
show promise across diverse settings, from home to hospital, given the cost
considerations of laboratory equipment upkeep. Meeting varied healthcare needs
requires advanced biomolecular sensor development, research, and commercialization,

emphasizing material exploration for surface immobilization and integration to enhance
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usability and effectiveness in medical and health monitoring applications.(Monosik et
al. 2012).

i.  Detection of glucose: To effectively manage diabetes mellitus, a chronic
metabolic condition, blood glucose levels must be continuously monitored. In
the past, sample destruction and heavy equipment were involved in this tedious
monitoring procedure. However, the development of biosensors has completely
changed the process of determining glucose levels, providing increased
simplicity and dependability. Although finger-prick biosensors are widely used
in commercial applications, they are invasive and require frequent replacement
even if they yield quick findings. More long-term stability is provided by
implanted biosensors, which are the result of advancements in the area.
Furthermore, the use of nanomaterials has improved glucose detection's
sensitivity and selectivity even further (Gouvea 2011; Monosik et al. 2012).

i.  Detection of cholesterol: As a precursor to several important compounds,
including steroids, hormones, and vitamin D, cholesterol plays a crucial
structural role in biological cells, including nerve cells and plasma. High
cholesterol levels can cause cholesterol to accumulate on artery walls, which
leads to diseases including myocardial infarction, arteriosclerosis, and coronary
heart disease. As such, there is a significant public health issue with respect to
the identification and measurement of cholesterol levels. While conventional
techniques like spectrometry, colorimetry, and HPLC have been used
historically for this purpose, their time-consuming and procedurally complex
nature highlights the need for more effective alternatives. Biosensors have
become an appropriate choice since they can detect cholesterol levels quickly
and accurately, allowing for prompt action and control of any related health
problems (Gouvea 2011; Nandini et al. 2016).

1.8.2 Environmental Applications

Public concern has increased as a result of the increasing amount of contaminants in
the environment, which highlights the urgent need for improved environmental
supervision. As a result, there is an increasing need to selectively monitor and evaluate

these contaminants. Conventional approaches have excellent sensitivity and accuracy,
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but they are also associated with long processing times, high costs, and the need for
specialist staff (Rogers 2006; Sassolas et al. 2012; Serra 2011).

The substances that can be detected are:

i. Heavy metals: Even in low quantities, heavy metals such as zinc, mercury,
copper, lead, and cadmium are exceptionally hazardous to individuals and the
environment. To precisely detect the quantities of heavy metals, bacterial and
enzyme biosensors are frequently employed to overcome this challenge.

ii.  Nitrogen compounds: Nitrogen materials, such as nitrites, which frequently
serve as soil fertilizers, are highly dangerous to individuals and may lead to
several diseases. Therefore, they must be found and observed. For this,
amperometric biosensors are employed, whereby cytochrome c serves as the
electrochemical bioreceptor.

iii.  Pesticides: Pesticides are extremely harmful to both individuals and the
environment, and that is the reason that enzymatic biosensors are utilized in

their detection.

1.8.3 Food Safety

The identification of allergens and pathogens in food is a major challenge for the food
processing industry. Biosensors offer a promising solution by enabling rapid detection
of these contaminants. They are effective for various aspects of food quality control,
such as monitoring raw materials, detecting pollutants, authenticating products, and
evaluating freshness. Unlike traditional tests that require time-consuming procedures,
biosensors provide efficient, non-destructive analytical techniques, potentially
revolutionizing quality control in the food and agriculture industries (Anand et al.
2013).

1.9 Summary

Nanomaterials and biosensors play crucial roles across various disciplines in modern
society. Nanomaterials, distinguished by their extensive surface area and distinct
chemical properties, significantly enhance the sensitivity and reliability of biosensors.
This advancement enables precise detection of minute molecules critical for

environmental monitoring, food safety, and medical diagnostics. In healthcare,
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biosensors facilitate real-time measurement of biomarkers such as glucose and
cholesterol levels, thereby improving patient outcomes and treatment efficacy. Their
adaptability for decentralized testing and integration into portable devices further
enhances their utility in diverse applications, including healthcare. Together, biosensors
and nanomaterials exemplify scientific progress that upholds essential standards of
environmental sustainability, health, and safety, while also enhancing operational

efficiency in contemporary society.
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CHAPTER 2

LITERATURE REVIEW, RESEARCH SCOPE AND OBJECTIVE







Abstract: Chapter 2 delves into the historical progression of non-enzymatic biosensors
designed for the detection of glucose and cholesterol. Various metal oxide and
nanocomposite materials are investigated within this context and thoroughly examined
throughout the chapter. Additionally, the chapter outlines the scope and objectives of

the current research endeavour.

In the domain of nano biosensors, metal oxides are essential and have attracted a lot of
interest from environmental science, analytical chemistry, and biological sciences.
Their extraordinary properties, including a large surface area, unique nanomorphology,
excellent biocompatibility, non-toxicity, chemical stability, and catalytic activity,
precisely make them appealing. These nanomaterials provide strong adsorption and
improved electron-transfer kinetics, which create ideal microenvironments for
biomolecule immobilization and improve biosensor performance. Metal oxide-based
biosensors are especially appealing for broad use because they provide accessible and
affordable substitutes for metal alloys. The mesoporous frameworks of transition metal
oxide nanoparticles, in particular, have been the subject of much investigation due to
their exceptional electrocatalytic and photocatalytic characteristics, which are
determined by their size, shape, and large surface area. Moreover, metal and metal
oxide nanostructures are frequently combined with semiconducting materials like some
dopants, carbon nanotubes, graphene, and quantum dots to improve optical, electrical,
and magnetic properties, which improves biosensor qualities. Semiconducting metal
oxide nanoparticles are used as tracers and markers in electrochemical research,
whereas biocompatible transition metal oxide nanoparticles are useful in immobilizing
biomolecules for the construction of immunosensors, DNA sensors, and enzyme
sensors (Agnihotri et al. 2021; Dong et al. 2021; Liu and Liu 2019; Rahman et al. 2010).
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2.1 Glucose Biosensor Utilizing Metal Oxide-Based Materials

Over the years, glucose biosensors have come across several difficulties, including low
stability, pH sensitivity, and enzyme dependence. Although promising at first,
enzymatic glucose sensors have drawbacks such as expensive production and
environmental sensitivity that need disposable use. Emerging as a possible fourth-
generation solution, non-enzymatic glucose biosensors provide direct glucose oxidation
independent of enzymes. These biosensors offer increased sensitivity, stability, and
cost-effectiveness by using a variety of electrode materials, such as metals, metal
oxides, alloys, and carbon-based substrates. By adding nanomaterials to electrode
modifications, catalytic activity is increased and heightened sensitivity is achieved in
glucose detection. Despite being widely used, noble metal electrodes have slow kinetics
and are susceptible to biological substances. Wide linearity and low detection limits are
two advantages of using nanostructured materials, such as metal oxides and carbon
composites, in enhancing electrode performance. Non-enzymatic glucose biosensors
have the potential to deliver improved performance and reliability in glucose
monitoring by precisely optimizing the shape and composition of the electrodes (Fahmy
Taha et al. 2020; Mohamad Nor et al. 2022).

Prasad and Bhat et al. synthesized self-assembled cobalt oxide-multiwalled carbon
nanotube composites using a simple and effective wet chemical method (Prasad and
Bhat 2015a). A modified glassy carbon electrode was subsequently fabricated and
evaluated for enzyme-free glucose sensor applications. The sensor demonstrated an
impressive sensitivity of 5089.1 pA.mM~1cm2 with LOD of 10.42 uM across a glucose
concentration range of 0.05-12 mM. Additionally, the sensor exhibited desirable

features such as stability, selectivity, and rapid detection capabilities.

Zhou et al. synthesized CuO-Cu nanospheres electrodeposited on a TiO2 nanotube array
are employed in a non-enzymatic glucose sensor that demonstrates promising
performance (Zhou et al. 2020). The sensor exhibits a broad linear range of 0.2-90 mM,
LOD of 19 nM, a high sensitivity of 234 pA.mM*cm2, and a typical operating voltage
of 0.65 V in 0.1 M NaOH solution. These results emphasize the promise of the CuO-

Cu nanosphere/TNT array electrode for sensitive and selective glucose detection in
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biosensing applications. Moreover, the sensor shows selectivity against interfering

substances.

Prasad et al. developed a solvent-free method to decorate multi-walled carbon
nanotubes (MWCNTSs) with nickel oxide NPs (NiO-NPs) (Prasad and Bhat 2015b).
Utilizing the synthesized composite material, an enzyme-free modified carbon paste
electrode was fabricated and evaluated for glucose sensing applications. The sensor
incorporating 10% NiO-MWCNTs composites exhibited excellent electro-catalytic
activity towards direct glucose oxidation. The sensor demonstrated a sensitivity of 1696
HA.mM1cm2 and 122.1 uA.mM*cm2, with LOD of 11.04 nM and 31 uM for linear
responses over glucose concentration ranges of 1-200 pM and 0.5-9.0 mM,
respectively. Additionally, the 10% NiO-MWCNTSs sensor showcased excellent anti-
interference capability, high stability, and good reproducibility.

Grochowska et al. developed titanium dioxide nanotubes coated in gold that have
superior qualities for detecting glucose (Grochowska et al. 2019). Anodization and
magnetron sputtering were used in the fabrication process to develop a homogeneous
architecture with gold collars forming at the edges of the nanotubes. Electrochemical
analysis showed the sensitivity of 540 and 185 pA.cm®mM?, a LOD of 10 pM in
NaOH, and 45 pAcmmM- sensitivity with LOD of 50 uM in PBS. Even with human
serum diluted in NaOH, the sensor’s sensitivity is lowered to 124 pA.cm?mM?, yet it
is still appropriate for non-enzymatic glucose detection within physiological limits. The
developed electrodes show remarkable resistance to repetitive bending and extended

use, demonstrating their dependability and endurance in practical applications.

Prasad et al. (2015) synthesized plant root nodule-like NiO-MWCNT nanocomposites
using a simple, rapid, and solvent-free method with nickel formate as a precursor
(Prasad et al. 2015). The resulting NiO-MWCNT composite was employed to fabricate
a modified non-enzymatic Carbon paste electrode for glucose sensing. Electrochemical
investigations revealed that the fabricated sensor exhibited an outstanding sensitivity of
6527 uA.mMtcm2, with LOD of 19 uM and a linear response range of 0.001-14 mM
for glucose concentration at an applied potential of 0.5V. The sensor also demonstrated

superior stability, selectivity, and reproducibility.
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Khosroshahi et al. presented a porous structure composed of three-dimensional
graphene decorated with Cu-based nanoparticles (Cu or Cu-Cuz0) to develop an
enzyme-free electrochemical glucose sensor (Khosroshahi et al. 2020). Cu-Cu20
NPs@3DG foam showed linear range of 0.8-10 mM (R=0.9951) and LOD of 16 uM.
This electrode attained a high sensitivity of 230.86 pA.mMcm™. The sensor was
noteworthy for its great selectivity and strong repeatability, and no discernible

interference from interfering species was found.

Ahmad et al. proposed a biosensor with outstanding analytical performance that uses a
nanohybrid composition of ZnO nanorods and CuO nanoparticles (Ahmad et al. 2017).
The hybrid CuO-ZnO material that resulted was then covered with Nafion. The hybrid
sensor demonstrated LOD of 0.40 uM, a linear range of 8.45 mM, a sensitivity of
2961.7 pPA.mM1cm, and a quick response time. The sensor also showed outstanding

stability, selectivity, reproducibility, and repeatability.

Viswanathan et al. developed an electrocatalyst made of Cu/CuO/Cu(OH), in the
presence of dopamine. By reducing Cu (Il) to Cu (0), dopamine improves the
conductivity of metal oxides (CuO /Cu(OH).) (Viswanathan et al. 2019). The electrode
modified with composite catalyst exhibits an excellent sensitivity of 223.17 7 pA.mM~
lem?, LOD of 20 uM, and a linear range that extends up to 20 mM, making it
appropriate for measuring blood glucose levels. In addition, the sensor shows excellent
selectivity, repeatability, stability, and application for the detection of glucose in human

urine samples, with a response time of less than 3 s.

Prasad et al. (2016) developed a solvent-free method for synthesizing a NiO-carbon
nanotube/graphene ternary composite, utilizing nickel formate as a green precursor
through a thermal decomposition process (Prasad et al. 2016). The synthesized NiO
particles were uniformly decorated on the surface of conductive carbon matrix
networks, such as MWCNTs and reduced graphene oxide (rGO). Under optimal
conditions, the composite containing 20 wt.% NiO-MWCNT/rGO on a glassy carbon
electrode (GCE) exhibited a sensitivity of 4223.3 pA.cm?mM™ and LOD of 0.92 pM,
within a linear glucose concentration range up to 19 mM. The constructed sensor
demonstrated effective performance in detecting glucose in real human blood serum

samples, yielding satisfactory results.
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Vinoth et al. describe a simple and affordable way for fabricating a glucose sensor using
zinc oxide quantum dots (ZnO QDs) immobilized by ultrasonication on MWCNTS
nanocomposites (Vinoth et al. 2021). ZnO QDs anchored on MWCNTs showed
consistent findings with LOD of 0.208 uM and a sensitivity of 9.36 uA.mM*cm™. By
using nanocomposites, the reaction time was lowered to less than 3s and the linear range
was increased from 0.1-2.5 uM. The sensor’s ability to detect glucose levels in human
urine samples effectively highlights its potential for useful glucose monitoring

applications.

Jang et al. describe the synthesis of spinel-type NiC0204 (NCO) nanostructures for
glucose detection by post-heating at 450°C after a chemical bath technique (Jang et al.
2021). Its characteristics include a greater sensitivity of 146.27 pA.mM*cm?and a
quick current response of 5 s, all within the linear range of 0.01-6 mM. Furthermore,
NCQO’s excellent selectivity for glucose detection is shown by its exclusive oxidation
reaction with glucose, indicating possible applications in clinical diabetes diagnosis and

human health monitoring systems.

Thi Phong Thu et al. work aimed at developing a non-enzymatic glucose sensor, using
NiO nanoflowers that were grown directly on a commercial pencil graphite electrode
(Thi Phong Thu et al. 2024). A simple and inexpensive chemical process was used to
deposit NiO materials on the electrode without the need for a binder. The electrode that
was developed exhibited remarkable selectivity, LOD of 4 uM, and a high sensitivity
of 337 pA.mMcm2 Moreover, the NiO/PGE sensor successfully measured the
amounts of glucose in human serum samples, demonstrating its usefulness and

dependability in clinical situations.

T. et al. synthesized CeO,@CuO core-shell nanostructures (CeCCS NSs) were
utilized to develop a fourth-generation glucose biosensor (T. et al. 2018). To evaluate
the conductivity and catalytic activity of CeCCS NSs toward glucose sensing, SPEs
were employed. The CeCCS/SPE modified electrode, optimized at a potential of 0.4 V,
showed a sensitivity of 3319.83 pA.mM1cm? and LOD of 0.019 pM, according to

am perometric measurements.
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2.2 Cholesterol Biosensor Utilizing Metal Oxide-Based Materials

Recent developments in electrode materials, notably in metal and metal oxide
nanostructures like ZnO, TiO2, WOz, SnO2, and Co0304, have contributed to the
development of effective and trustworthy cholesterol non-enzymatic biosensors.
Numerous technological benefits are provided by these electrodes based on
nanostructures, such as a high surface-to-volume ratio, more active sites, fast charge
transfer rates, and improved electrochemical characteristics at the nanoscale. They are
very competitive materials for biosensing applications because of their morphological
versatility, chemical stability, and possibility for composite constructions. Typically,
polymer binders are used to immobilize electrochemically active molecules onto the

working electrode in cholesterol sensor composition (Ahmad et al. 2022).

Khaliq et al. used titanium (Ti) foil anodization to develop TiO2 nanotubes (TNTS),
which were then coated with Cu2O NPs using chemical bath deposition (Khaliq et al.
2020). In comparison to pristine electrodes, the hybrid electrode showed a remarkable
sensitivity of 6034.04 pA.mM™.cm?, LOD of 0.05 uM, and a response reaction time
of 3 s. Furthermore, the activity of the developed biosensor compared to commercially
available cholesterol biosensors, real-time measurement of cholesterol in human blood

serum showed good accuracy.

Anh et al. synthesized a highly sensitive nonenzymatic biosensor for detecting
cholesterol concentrations using ZnO nanorods (NRs) was developed (Anh et al. 2018).
With the addition of Ag nanoparticles (AgNPs) to the ZnO-NRs structure, the
biosensor’s sensitivity increased to 135.5 pA.mM*cm™ from 4.2 pA.mM1ecm2, and the
LOD to 0.184 mM from 1.78 mM. The biosensor showed a linear response range of 1-
9 mM. Investigations into the biosensor’s repeatability, stability, and reusability further
highlighted its potential for useful applications in the monitoring of cholesterol in-

home care and clinical settings.

Alam et al. developed a cholesterol sensor using a GCE coated with ternary low-
dimensional ZnO/SnO2/RuO2 NMs is the main objective of this electrochemical
investigation (Alam et al. 2021). The sensitivity was found to be 11.3513 pA.uM*cm-

2 based on the slope of the calibration curve, and the linear range was 0.1 nM - 0.01
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mM. The lowest LOD was found to be 91.42 +4.57 pM based on a S/N=3. Real-sample
detection revealed the fabricated cholesterol sensor’s good reproducibility, fast

response time, and ability to perform over extended sensor elapse time.

Nagarajan et al. for the objective of non-enzymatic electrochemical cholesterol
detection in this study, a GCE was modified with an Au@NIiO decorated polypyrrole
nanocomposite (Au@NiO/PPy-GCE) (Nagarajan et al. 2023). The results showed a
sensitivity of 7.6 pA.mM~cm? and LOD of 5.8 x107" M. Interestingly, a linear
detection range was found, ranging from 1.0x107°-1.0x10* M. As such, this composite
material exhibits great potential for a variety of practical applications in the

development of industrial sensors.

Rengaraj et al. a novel non-enzymatic cholesterol sensor developed using a composite
material consisting of high-quality graphene and nickel oxide (Rengaraj et al. 2015).
Electrochemical analyses of the sensor revealed a notable sensitivity of 40.6 mA.uM"
'em?, a fast response time of 5 s, and LOD of 0.13 puM for cholesterol detection. The
composite electrode demonstrated robust cholesterol detection capabilities, with good
reproducibility and long-term stability, due to the synergistic interactions between NiO
and graphene.

Umar et al. synthesized Bismuth subcarbonate (Bi.O.COs3) nanoplates that were
produced at low temperatures by means of a simple hydrothermal process (Umar et al.
2016). The resultant biosensors showed remarkable characteristics, such as LOD of 10
mM for cholesterol sensing, a wide linear detection range spanning from 0.05-7.4 mM,
and a sensitivity of 139.5 pA.Mmcm™. The biosensors also demonstrated a rapid
response time of 4 s. The biosensor also demonstrated strong anti-interference
properties, repeatability, and long-term stability, highlighting its potential for real-

world uses.

Waleed et al. developed Cos04 nanosheets loaded with different concentrations of CdS
NPs were prepared using a modified SILAR approach in combination with a
hydrothermal procedure (Waleed et al. 2024). C0304@CdS-3 exhibited remarkable
sensing capacities for cholesterol throughout an extensive linear range of 250-5000 uM.

This electrode was noteworthy for its very high sensitivity of 13564.8 pA.mM*cm?,
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which outperformed earlier nanomaterial-based, non-enzymatic cholesterol biosensors.
Additionally, it demonstrated a remarkable sensitivity for the detection of cholesterol

in real samples, suggesting that it could potentially have beneficial applications.

Ghorui et al. synthesized WOz nanoflakes were deposited on hexagon-shaped ZnO
nanoplates to develop a composite film (ZnO/WO3) using a basic galvanic deposition
process (Ghorui et al. 2023). At the electrode surface, this biosensor demonstrated a
remarkable sensitivity of 176.6 pA.cm®mM™ and LOD of 5.5 nM. High selectivity,
long-term stability, repeatability, and reproducibility were all displayed by the
biosensor, indicating that it may be used with real blood samples for clinical diagnosis.

SnO2-PANI nanocomposite was synthesized by in situ chemical polymerization of
aniline with ammonium persulfate functioning as the oxidizing agent (Singh et al.
2023). With LOD of 0.25 uM (S/N=3) and a sensitivity of 300 pA.Mm™cm™, the
resultant SnO2-PANI/NF sensor showed a linear detection range of 1-100 uM for
cholesterol. SnO2-PANI has the potential to be a flexible platform for a range of
electrochemical-based bioanalytical applications, as demonstrated by the sensor’s good
selectivity and accuracy in determining the concentration of Cholesterol in mimicked
blood serum samples.

MnO: was electrochemically deposited on a graphene-coated Pencil Graphite Electrode
to develop an electrochemical sensor for measuring cholesterol (Rison et al. 2020). The
linear dynamic range for determining cholesterol under optimal conditions was found
to be 12x1071°- 240%x102° M. The technique’s remarkable ultralow LOD of 0.42 nM
highlighted its exceptional sensitivity. The achievement of ultralow levels of
cholesterol determination in human blood samples by non-enzymatic means provided

additional evidence of the effectiveness of the built technology.

2.3 Scope of the Work

In the application of non-enzymatic biosensors aimed at identifying important analytes
such as glucose and cholesterol, metal oxides have several functions that are essential
to the overall performance of the sensors. Metal oxides play a key role in these

biosensors because of their catalytic activity, which allows target analytes to be directly
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detected electrochemically without the need for enzyme mediation. This catalytic

ability is especially useful since it lowers related expenses and simplifies sensor design.

In addition, metal oxides have a remarkable surface-to-volume ratio and offer a wide
range of active sites for analyte adsorption and subsequent electron transfer, particularly
when designed at the nanoscale (Ratnam et al. 2020). Because of its increased surface
area, the biosensor is more sensitive and can detect even minute levels of the target
analyte. Furthermore, by functionalizing or doping metal oxides, one may modify their
ability to interact with certain molecules, improving the selectivity of the biosensor and

reducing interference from other elements found in complicated biological media.

Metal oxides contribute to the stability and longevity of the biosensor in addition to
their catalytic and selectivity-enhancing qualities. They provide chemical and
mechanical resistance, protecting the sensor interaction from degradation and ensuring
steady performance even after frequent usage. Moreover, metal oxide-based non-
enzymatic biosensors can be easily incorporated into portable point-of-care systems due
to their compatibility with microfabrication processes. Due to their compactness,
biosensors are currently able to be readily analyzed on-site, making them essential
instruments for rapid diagnosis in a variety of environmental and biological settings.
Fundamentally, metal oxides are adaptable and essential parts of the design of non-
enzymatic biosensors, and they are essential to extending the boundaries of biosensing
technology (Malhotra and Ali 2018).

2.4 Objectives

In the current chapters, we aim to achieve the following objectives:

i.  To synthesize metal oxide/ doped-metal oxide/ metal oxide nanocomposite via
hydrothermal or co-precipitation method.

ii.  To characterize the synthesized nanoparticles to ascertain their chemical and
structural composition utilizing appropriate techniques, including XRD, XPS,
FE-SEM, HR-TEM, UV-Vis spectroscopy, PL study, and Raman spectroscopy.

iili.  To assemble the electrochemical cell utilizing the synthesized active electrode

materials to facilitate electrochemical analysis.
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iv.

To investigate the constructed electrode for detecting biologically active
molecules such as Glucose and Cholesterol.
To investigate the capability to detect analytes in real samples collected in

compliance with ethical standards.
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CHAPTER 3

EXPERIMENTAL PROCEDURES AND METHODOLOGY







Abstract: Chapter 3 describes the chemicals employed, electrode fabrications, and

tools used in this research

3.1 Chemical reagents

Loba supplied the following chemicals (AR grade): Potassium chloride (KCI), Sodium
chloride (NaCl), dopamine (CgH1:NO>) (DP), Uric Acid (CsHsN4Oz) (UA), N-methyl
pyrrolidone (NMP), Cholesterol (C27H460), and Ascorbic Acid (CsHgOs) (AA). D-
glucose (CeH120e), Triton X 100 and Polyvinylidene fluoride (PVDF) were purchased
from Sigma. We purchased a 0.5 mm thick piece of nickel foam (NF) from Global
Nanotech in Mumbai. Each solution was made using ultrapure Milli-Q water (18.2
MQ). Due to the high purity of the ingredients used, further purification procedures

were not performed.

3.2 Real-Time Samples

According to the study protocol sanctioned by the Ethical Committee of the National
Institute of Technology Karnataka, Surathkal (Reference No. NITK/Bioethics/2023/02
dated 24/04/2023), blood serum samples were voluntarily donated by consenting
patients for the purpose of this research. To verify the concentrations of the analytes,
commercially available biosensors were utilized. The analytical performance of these
commercial biosensors was subsequently compared to that of the electrodes developed

in our investigation.3.4 Electrode Fabrication

3.3 Preparation of Nickel Foam for Fabrication

The nickel foam, cut into dimensions of 3x1 cm?, underwent a meticulous cleaning
protocol prior to fabrication. Initially, the foam was immersed in a 3 N HCI solution,
followed by sequential immersion in acetone and distilled water. Each immersion step
was accompanied by sonication for a duration of five minutes to ensure thorough

cleaning. After the three-step cleaning process, the foam was dried in an oven at 90°C.

A predetermined quantity of synthesized material was mixed in a 9:1 ratio
with PVDF binder and then mixed with NMP until homogeneity was achieved,

resulting in a uniform paste. Following that, the final paste was coated over a 1 cm?
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area of NF. Following application, the electrode was allowed to dry at 80°C for 24 hr.

It was determined that the loading capacity was 10+0.2 mg.

3.4 Preparation of Glucose Stock Solution

To prepare the glucose stock solution, 18 mg of glucose was dissolved in 50 mL of
standard flask water and then filled up to the mark. Subsequently, the stock solution

was kept at 4°C and used as needed.

3.5 Preparation of Cholesterol Stock Solution

To make the cholesterol stock solution, dissolve 0.040 g of cholesterol in 1 mL of Triton
X 100 and heat it to 60°C while stirring constantly. The 0.1 M KOH solution was then
added in an amount of 9 mL. Following that, the stock solution was kept at 4°C and

subsequently diluted with KOH to get the desired range of cholesterol concentrations.

3.6 Electrochemical Characterization

The electrochemical studies were performed for coated electrodes using an Autolab
PGSTAT204 electrochemical workstation. The electrochemical cell was constructed
using three electrode system having modified nickel foam as the working electrode,
platinum foil (Pt) as the counter electrode, and Ag/AgCl electrode with the ceramic frit
as a reference electrode with 0.1 M KOH as a supporting electrolyte. The entire
experimental part was carried out with stirring conditions and without purging any inert
gases. The data obtained here are not iR compensated. The CV studies were carried out
with a potential range for all the modified electrodes with different scan rates from 5-
120 mV/s. The CA study was conducted by applying peak potential within a certain
period. The DPV was performed with the applied potential with a scan rate of 5 mV/s
and pulse amplitude of 50 mV. The Electrochemical Impedance Spectra (EIS) was
carried out with the frequency range of 1-1000 kHz at zero-bias voltage.
Electrochemical Active Surface Area (ECAS) was carried out for different scan rates
from 5-120 mV/s. The double-layer capacitance (Cai) was calculated by plotting A4j= j,
— je vs. scan rate, half the slope is equivalent to the Cqi value (Kim et al. 2020). Further,

the real surface area is calculated using the formula Cy;/C, , where Cgis capacitance of
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an automically smooth surface (40 uF.cm?) (Junita et al. 2023). The sensitivity

calculated with the calibration curve vs. concentration graph is given as;

Slope of the calibration curve

Sensitivity = @3.1)

Surface area

LOD and LOQ are calculated using the formula;

LOD= 3 X Standard deviation (3.2)

Slope of the calibration curve

10 X Standard deviation

LOQ = 3.3)

Slope of the calibration curve

3.7 Characterization Techniques

Understanding the structural, morphological, and chemical characteristics of biosensor
materials is essential, as these attributes directly impact their functionality and
performance. Researchers can gain profound insights into the composition, surface
chemistry, electronic structure, and other critical properties of biosensor materials by
employing a comprehensive array of advanced characterization techniques. These
techniques, encompassing spectroscopy, diffraction, and microscopy, each provide
complementary and distinct insights into the biosensors, thereby facilitating a thorough

evaluation and optimization of their performance.

a) Field Emission Scanning Electron Microscopy (FE-SEM): Field Emission
Scanning Electron Microscopy (FE-SEM) was employed to investigate the
morphology and topography of the synthesized material using a Carl Zeiss
instrument (USA). The sample was meticulously prepared, mounted on a
conductive substrate, and coated with gold or carbon to enhance conductivity.
Following calibration, multiple regions were scanned to acquire high-resolution
images, which were subsequently analyzed to determine particle size, shape,
surface texture, and distribution.

b) Energy-dispersive X-ray spectroscopy (EDS): Energy-dispersive X-ray
Spectroscopy (EDS) was utilized to ascertain the elemental composition and

distribution within the synthesized materials, employing a Nano XFlash
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d)

Detector from BRUKER (Germany). This technique involves bombarding the
sample with an electron beam in a Scanning Electron Microscope (SEM),
inducing the emission of characteristic X-rays. These X-rays were then detected
and analyzed to reveal the material's elemental composition.

X-ray diffraction (XRD): X-ray Diffraction (XRD) was employed to analyze
the phase composition and crystalline structure of materials using the Rigaku
Miniflex 600 instrument. This technique involves exposing the sample to X-
rays to measure the diffraction pattern, which reveals information about the
atomic arrangement and crystallographic phases present. The experimental
process included preparing the sample as a thin film or powder, positioning it in
the X-ray beam path, and analyzing the resultant diffraction pattern using
specialized software to identify crystallographic phases and extract structural
parameters such as lattice constants and grain size.

High-Resolution Transmission Electron Microscopy (HR-TEM): High-
Resolution Transmission Electron Microscopy (HR-TEM), specifically
utilizing the Jeol JM 2100 model in this study, enabled a detailed examination
of nanomaterials, elucidating their morphology, crystal structure, and atomic-
scale defects. This technique involved the preparation of ultrathin, electron-
transparent samples subjected to a focused electron beam. Analysis of the
transmitted electrons yielded high-resolution images that unveiled precise
structural characteristics at the atomic level. HR-TEM played a pivotal role in
comprehending essential properties of nanomaterials, crucial for advancing
scientific and technological applications.

X-ray photoelectron spectroscopy (XPS): X-ray Photoelectron Spectroscopy
(XPS), utilizing the Thermo Fischer Scientific ESCALAB Xi+, was employed
to analyze the elemental composition, chemical bonding, and electronic state of
material surfaces. This technique involves X-ray irradiation to induce
photoelectron emission, which is then analyzed by kinetic energy to determine
surface elemental composition and chemical states. XPS provided crucial
insights into surface chemistry, facilitating understanding of reactions,
oxidation states, and compositional dynamics with exceptional sensitivity and

resolution.
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f)

g)

h)

Lambda 950 UV-Vis spectrometer: The Lambda 950 UV-Vis spectrometer
was utilized to investigate the electronic structure and purity of substances
through their absorption of ultraviolet and visible light. This involved preparing
samples, measuring absorbance spectra from 190 to 1100 nm, and analyzing
electronic transitions, concentration, and optical properties.
Photoluminescence (PL) spectroscopy: Photoluminescence  (PL)
spectroscopy examined material energy band structures, electronic
configurations, and defects by exposing them to specific wavelength light, often
from lasers or filtered lamps. This excitation caused electrons to transition to
higher energy states, emitting photons that revealed details about electronic
transitions, band gaps, and structural imperfections such as vacancies or
impurities. The Fluromax-4 TCSPC spectrophotometer by Horiba Jobin Yvon
was used for precise PL measurements.

Raman spectroscopy (Renishaw Raman spectrometer): The Renishaw
Raman spectrometer was employed to analyze molecular composition,
chemical bonding, and crystal structure through the measurement of inelastic
scattering of monochromatic light. This technique involved illuminating the
sample with a laser beam and analyzing the scattered light to identify unique
vibrational modes associated with various molecular structures. These analyses
provided critical insights into the chemical composition and structural
properties of the materials studied.

Liquid Chromatography-Mass  Spectrometry (LC-MS): Liquid
Chromatography-Mass Spectrometry (LC-MS) enabled the thorough analysis
of polar and non-polar compounds through chromatographic separation,
ionization, and precise mass-to-charge ratio detection. The Xevo QToF system
from Waters, USA, employed in this research, ensured high-resolution mass

analysis for accurate compound identification and quantification.

The fabrication of electrodes and the assessment of biosensing activity require

precise chemical reagents and preparation methods. These are crucial for improving

the performance and sensitivity of biosensors. Additionally, meticulous preparation
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of analyte solutions is essential for accurate biosensor evaluation, collectively

enhancing sensor efficacy.
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CHAPTER 4

SYNTHESIS OF MESOPOROUS M;Ti1xO: (M=V, Ni, OR Co)
(x=0.00, 0.01, 0.02, OR 0.03) AS AN EFFECTIVE
ELECTROCHEMICAL NON-ENZYMATIC BLOOD GLUCOSE
SENSOR







Abstract: The synthesis of MxTi1xO2 (M = Vanadium, Nickel, or Cobalt) with different
doping levels (x=0.00, 0.01, 0.02, or 0.03) is described in detail in this chapter along
with a comprehensive characterization that is intended to make the electrochemical

detection of glucose levels in human serum simpler.

4.1 Introduction

The International Diabetes Federation (IDF) lists lack of insulin and hyperglycemia as
two of the top 10 deadly conditions in the world for diabetes mellitus. It is the most
common chronic disease and has a high risk of cardiovascular consequences, kidney
problems, retinal vascular diseases, and peripheral neuropathy, among other health
issues. According to recent statistics, diabetes is projected to be the cause of over 4
million deaths worldwide, with 300 million people expected to be impacted by the
disease by 2045. The significant financial cost of USD 727 billion in 2017 emphasizes
the significance of regularly monitoring and controlling blood glucose levels, which
may be made easier with the use of electrochemical glucose sensors, to reduce the
health risks related to diabetes (Chiu et al. 2021; Fox 2004; Wang 2008).

In recent years, glucose sensors incorporated with nanomaterials helped in the
enhancement of electron transfer, where the nanomaterials can be mono-metallic (Luo
etal. 2012; Ye et al. 2015), bi-metallic (Karimi-Maleh et al. 2020; Li et al. 2015), metal
oxide (MO) based (Guo et al. 2013; Liu et al. 2013; Qi et al. 2022; Tian et al. 2018;
Zhuang et al. 2008), mixed M-M based nanomaterials (Chiu et al. 2020; Ding et al.
2010; Su et al. 2018; Zheng et al. 2014). These nanomaterials have a larger surface area
and some of the important physical properties that help to increase the efficiency of the
sensor such as sensitivity, response time, and accuracy. Especially, transition metals like
Ni, Co, Cu, Au, and metal-oxides help to detect glucose as they help in the oxidation of
glucose (Duan et al. 2019; Prasad et al. 2015b; Sehit and Altintas 2020).

Few research has been conducted to study the catalytic nature of TiO2 by embracing
metal oxides, metals and it is used as it has a metal-semiconductor property with low

cost, innocuous, and biocompatible nature (Schneider et al. 2014; Si et al. 2011). It has
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a larger surface area and higher active sites which makes this material suitable for
biosensing, with the properties of porosity, crystalline nature, the morphology of the
material, and dependents on dopant elements used for doping TiO. Importantly, the
usage of pure TiO2 is restricted due to the wide band gap (3.2 eV), which will obstruct
the rapid electrochemical response to the analyte. Thus, the incorporation of the metal
dopant will make the TiO» inspect rapid electrochemical response (Rajendran et al.

2018).

Here, vanadium, nickel, and cobalt have been incorporated into TiO; in varied molar
ratios as the three distinct dopants respectively. To discover more about each material’s
electrocatalytic properties, it is all coated on the NF. The best material is then subjected
to further electrochemical testing for its biosensing capacity toward glucose utilizing
CV, CA, and DPV. In the meanwhile, we additionally looked at material choice using a
Density Functional Theory (DFT) approach. The results of the model, which were in
agreement with the experimental data, indicated the charge transfer of the D-Glucose
adsorbed on the material surface. Actual blood glucose samples will also be evaluated

in the content.

4.2 Experimental Section
4.2.1 Chemical Reagents

Titanium isopropoxide (TIP), Vanadium (III) chloride (VCls), and Cobalt (II) chloride
hexahydrate (CoCl2.6H20) were purchased from Sigma. Nickel chloride hexahydrate
(NiCl2.6H20), isopropyl alcohol (IPA), and Acetic acid (CH3COOH) was purchased

from Loba.
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4.2.2 Synthesis of MxTi1-xO2 (x = 0.00, 0.01, 0.02, 0.03) Nanoparticles
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Figure 4.1. Schematic diagram of the synthesis of the TiO2 / V,Ti1xO>/ CoxTi;xO2 /
NixTii+O:

M;Ti1xO2 (M=V, Ni, Co) (x = 0.00, 0.01, 0.02, 0.03) nanoparticles were synthesized
by incorporating a specified amount of the precursor Titanium Isopropxide (TIP) into
50 mL of an IPA solution and stirred for 10 min. The dopants VClz, CoCl,.6H>O, and
NiCl.6H>0, respectively, were calculated in considerable molar concentration (i.e.,
x=0.01, 0.02, and 0.03) and dissolved in a known volume of diluted HCI1 (0.01 M). To
synthesize the corresponding MxTi1xO2, each dopant solution was individually added
to the aforementioned TIP solution and agitated for 10 min. TiO2 is prepared using a
similar process without the addition of any dopants. To regulate the hydrolysis, a known
volume of CH3COOH acid was added dropwise, and the mixture was rapidly agitated
for 2 h. The obtained solution is then placed in a 100 mL autoclave and heated at 180°C
for 8 h. The resulting materials were washed twice with ethanol and Milli-Q water
and dried at 80°C for 36 h. The dried materials were ground to a fine powder and then
employed for further investigation. Fig 4.1 represents the schematic diagram of the

synthesis of TiO2/ VxTi1.x02/ CoxTi1xO2 / NixTi1xOx.
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4.2.3 First Principle Study (Density Functional Theory)

In this study, we focused on the tetragonal crystallographic structure of anatase with a
space group of 141/amd and lattice parameters of a =b = 3.785A and ¢ = 9.514A. The
surface under investigation was derived from the anatase crystallographic structure
through cleavage. To delve into its properties, we conducted Density Functional Theory
(DFT) calculations on a basal (3x3) supercell of the anatase (1 0 1) slab, comprising
four O-Ti-O trilayers. Our computational work was carried out using Material Studio
20.1.0, specifically the Forcite tool. For structural optimization, we employed a
sophisticated algorithm along with the COMPASS force field and the Ewald summation
method. Subsequently, we conducted adsorption studies using the Adsorption Locator

tool of Material Studio 20.1.0.
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4.3 Results and Discussion

4.3.1 X-ray diffraction (XRD) Analysis
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Figure 4.2. XRD analysis of (a) ViTi1O:; (b) NixTi1-xO:, (c) CoxTi;xO:; (d) XRD
analysis of TiO2, Vo.03Tio.9702, Ni0.03Ti0.9702, and Co0.02Tio.9s02, (e) XRD (101) peak
shift towards higher diffraction angle with different dopants.
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The structure and phase purity of each produced MxTi1-xO> (M=V, Ni, Co, x=0.00, 0.01,
0.02, 0.03) material were determined by the XRD analysis, as shown in Fig 4.2 (a-c).
From XRD, the anatase phase with a tetragonal structure of both doped and undoped
TiO2 is well matched with the JCPDS number 71-1168. V, Ni, and Co ions were
incorporated into TiO» without affecting the material’s composition as there is no
impurity peaks observed as all of the dopants’ ionic radii are equal to those of the Ti ion

and may readily replace the Ti ion when doped into a TiO: lattice.

As shown in Fig 4.2 (d-e) all selected best materials Vo.03Tio.9702, Nio.03Ti0.9702, and
Co00.02Ti0.9802 subjected to XRD investigation exhibit a minor shift in the diffraction
peak to the higher diffraction angle and a change in peak intensity reflecting the
confirmation of doping in their respective hosts. This result is further substantiated in
Fig 4.3 (e). The increased crystalline nature of the substance, as seen in Table 4.1,
causes further defects in the TiO; structure that aid in increasing the electron transfer
rate, which explains the higher activity of Vo.03Tio9702. Contrary to pure TiO,, Table
4.1 displays materials incorporating Ni/Co that have larger ionic radii (i.e., Ni = 0.69
A, Co =0.65 A) than Ti (0.61 A), which causes a difference in the lattice parameters

owing to doping, but there is no variation in the crystalline structure.

Table 4.1. XRD Parameters and Crystalline size of the TiO», and doped TiOx.

SAMPLES a=b (A) c(A) D (nm)
TiO> 3.795 9.528 9.104
V0.03Ti0.9702 3.833 9.398 9.469.
Nio.03Ti0.9702 3.800 12.99 7.823
C00.02Ti0.0802 3.783 11.317 7.479
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4.3.2 Cyclic Voltammetry (CV) Analysis
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Figure 4.3. Cyclic voltammogram of (a) VxTi;xO2@NF; (b) NixTi;xO2@NF;, (c)
CoxTi1-xO2@NF compared to TiOz at a scan rate of 25 mV/s in 0.1 H KOH; (d)
Comparison of cyclic voltammograms for Vo.03Tio.0702@NFE Nig.03Tio.970:@NF, and
Co00.02Ti.9s02@NF, demonstrating superior activity relative to pure TiO2(@NF.

The CV additionally worked to find the best active material in the potential window of
0.2-0.8 V vs Ag/AgCl at a scan rate of 25 mV/s for the coated TiO>@NF and MTi-
xO2@NF as displayed in Fig 4.3 (a-c), where V(.03Ti0.9702@NF, Nig.03T10.9702@NF,
and Coo.02Ti0.9802@NF, were showing superior activity compared to all other varied
molar concentration doped TiO2@NF shown in Fig 4.3 (d). According to the CV
analysis, Vo.03T10.9702@NF exhibits much greater anodic and cathodic peaks than pure

TiO,@NF and Ni/Co-TiO».
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Figure 4.4. Redox peak study for the determination of the number of electrons of
(a), (b) TiO:@NF'; (c), (d) Vo.03Tio.o70:@NF; (e), (f) Nio.osTio.o7O:@NF, and (g),
(h) Co0.02Tio.0sO2@NF at a scan rate of 25 mV/s.
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An examination of surface-active sites using redox peak current data as shown in Fig
4.4 (a-h) supports the choice of Vo.03Ti0.9702@NF as the best material. When the
number of electrons transported in the oxidation and reduction peaks were computed,
TiO2@NF, V0.03Ti0.9702@NF, Nig.03Tio.0702@NF, and Co00.02Ti0.9s02@NF resulted in
values of 1.59x10', 5.0x10'°, 2.17x10', and 2.24x10" for oxidation peak and
0.775%x10%, 4.26x10'°, 1.19x10" and 1.31x10"° for reduction peak respectively. These
numbers show that V.03Tio.9702@NF is the most efficient material since it has the

largest electron transport in its anodic and cathodic peaks respectively.
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4.3.3 Morphological Analysis
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Figure 4.5. FE-SEM images (a) TiO:; (b) Vo.03Ti0.9702; (C) C00.02Tio.9s02; (d)
Nio.03Tio.9702; EDS images of (e) TiOz; (f) V0.03Ti0.9702, (g) C00.02Ti0.9502; (h)
Nio.03Tig.970>.
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The morphological structures of TiO2, V.03Ti0.9702, C00.02T10.9802, and Nig.03Ti0.9702
were analyzed using FE-SEM, as depicted in Fig 4.5 (a-d). TiO> exhibited a
mesoporous morphology, which was largely retained upon the addition of V, Ni, and
Co, with only minor variations in particle size and degree of agglomeration observed.
EDS was employed to confirm the elemental composition of the samples. As shown in
Fig 4.5 (e-h), the presence of Ti and O in the pure TiO, sample was verified, along with
the successful incorporation of Co, Ni, and V as dopants in the TiO; matrix, confirming

effective doping.
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Figure 4.6. HR-TEM images (a), (e) TiO2, (b), (f) Vo.03Ti0.9702; (c) (g) Coo.02Ti.9s02;
(d), (h) Nio.03Ti0.9702.

HR-TEM images of TiO2, V0.03Ti0.9702, C00.02Ti0.9802, and Nig.03Ti0.9702, exhibiting
uniform lattice fringes, are presented in Fig 4.6 (a-h). It confirms the agglomerated
particle distribution of all chosen materials as observed in FE-SEM. As per Fig 4.7 (a-
d), these material exhibits a mesoporous nature with an irregular spherical shape,
ranging in diameter from 10 to 30 nm. HR-TEM reveals uniform fringes with a 0.21

nm spacing, corresponding to the (0 0 4) plane of TiO2, as shown in Fig 4.6 (e). The d-

64



spacing values determined from HR-TEM confirm the anatase phase with a tetragonal
structure, matching JCPDS card no: 71-1168. Notably, for the dopant MxTi1.xO2 (M=V,
Ni, Co), uniform fringes with an approximate 0.3 nm spacing corresponding to the (1 0

1) plane of the anatase phase with the tetragonal structure are observed, indicating the

retention of the host material.
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Figure 4.7. Particle size analysis of (a) TiOz, (b) V0.03Tio.9702; (c) Nio.03Ti0.9702;
and (d) Co0.02Tio.950:.
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4.3.4 UV-Visible Spectra and Bandgap Study
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Figure 4.8. (a) UV-Vis spectra of TiO:, V.031i0.9702, C00.02Ti0.0s0>, and
Nio.03Tio.9702, Optical band-gap energy of (b) TiO2; (c) Vo.03Tio.070>; (d)
Nio.03Ti0.9702, and (e) Coo.02Tio.0s02; (f) Image of the synthesized compounds TiO>,
V0.03Ti0.9702, Nig.03Tio.9702, and Co.02Tio.930: (Right to lefi).
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UV-Vis absorption spectra of pure TiO2, V0.03Ti0.9702, Nio.03Ti0.9702, and Co0.02Ti0.9802
are presented in Fig 4.8 (a). The absorption spectrum of pure TiO> predominantly shows
a peak in the range of 200-330 nm. Upon doping with V, Ni, and Co, a broad peak is
observed between 400-800 nm, indicating the presence of dopants in the TiO2> host

lattice.

The band gap of the materials was further determined by plotting the square of the
Kubelka-Munk function f(R)? versus energy in electron volts as shown in Fig 4.8 (b-
e). Pure TiO; has a band gap of 3.60 eV, whereas V.03Tio.9702, C00.02Tio.9802, and
Nio.03Ti0.9702 have a band gap of 3.2 eV, 3.56 eV and 3.54 eV respectively. All materials
exhibit different colours where pure TiO» is white, Vo.03Tio9702 is dark brown,

Nio.03Ti0.970: 1s light brown, and Co0.02Ti0.9802 is pale yellow as shown in Fig 4.8 (f).

4.3.5 Raman Analysis
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Figure 4.9. Raman spectra of TiOz, V.031i0.9702, Nio.03Tio.9702, and C0¢.02Ti0.950>.

The Raman spectra of pure TiO2 and Vo.03Ti0.9702, Nio.03Ti0.9702, and Co0.02Ti0.9802
samples were analysed as shown in Fig 4.9, revealing four distinct Raman-active peaks
centred around 143 cm™ (Eg), 395 cm™ (Big), 513 cm™ (A1), and 637 cm™ (E,) for pure
TiO». These peaks were found to be located at 144 cm™, 399 cm!, 516 cm™!, and 639
cm’! respectively, for doped TiOx. The close alignment of the peaks with those of pure

TiO; indicates the formation of the pure anatase phase in the doped samples. The slight
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broadening of the Raman spectra at 144 cm™' suggests a partial breakdown of the long-

range translational crystal symmetry, which can be attributed to the incorporation of

dopant ions into the TiO; lattice.

4.3.6 Electrochemical Active Surface Area (ECSA) Analysis
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Figure 4.10. CV study for ECSA plot of (a) TiO2@NF; (b) V.03Tio.o702@NF; (c)
Nio.03Ti0.9702@NF; (d) Co0.02Tio.9sO2@NF; (e) Bare NF, and (f) ECSA plot of
TiO2@NFE V.03Ti0.9702@NF, Nio.03Ti0.9702@NF, Co0.02Ti0.90s02@NF and bare NF.
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According to Fig 4.10 (a-e), the ECSA compares the activity of TiO>@NF and
Vo0.03T10.9702@NF, Nig.03Ti0.9702@NF, Co00.02Ti0.9802@NF and bare NF electrodes.
Unlike the BET research, this particular study fully immerses the material in the
electrolyte, allowing us to determine the material’s accurate surface area activity.
According to Fig 4.10 (f), the 2Cq values for TiO2@NF, Vo.03Ti0.9702@NF,
Nio.03Ti0.9702@NF, C00.02Tio.9sO2@NF and bare NF are 2.59 pF.cm™, 4.07 uF.cm?,
235 pFem?, 1.66 pF.em?, and 1.18 pF.ecm™ respectively. For TiO@NF,
V0.03T10.9702@NF, Nig.03Ti0.9702@NF, and Coo.02Ti0.90802@NF, the electrochemically
active surface areas were determined to be 0.032 cm?, 0.051 cm?, 0.029 cm?, 0.021 cm?,
and 0.0147 cm? respectively. Due to the improvement of the active sites in comparison
to the other electrodes, it is confirmed unequivocally that Vo.03Tio.9702@NF is the

optimum material.

4.3.7 Electrochemical Impedance Spectra (EIS) Analysis
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Figure 4.11. Nyquist Plot of TiO2@NE, V.03Tio.9702@NF, Nio.03Ti0.9702@NF
and Co00.02Ti0.9s02@NF.

Using the same three-electrode setup we conducted EIS, the conductivity and

interference properties of TiIO2@NF and Vo.03Ti0.9702@NF, Nig.03Ti0.9702@NF, and
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Co00.02Ti0.9s02@NF were investigated. The corresponding circuit is fitted to the Nyquist
plot in Fig 4.11. It has a solution resistance of (Rs), double layer resistance of (Rcar),
charge transfer resistance of (Rct), and internal resistance of (Rir), which are all parallel
to the corresponding double layer capacitance (Cca), charge transfer capacitance (Ce),
and internal capacitance (Ci;). The charge transfer resistance for Vo.03Tio.9702@NF was
found to be very low, which validates the material’s high activity. Table 4.2 displays

the electrochemically fitted parameter.

Table 4.2. EIS parameters for the fitted circuit

Samples Rs Cet Ret Cear Real Cir Rir
(0 (F) ) (F) (0] (F) (9]
TiO; 6.41 5.99x 7.545 | 1.66% 21.52 4.5% | 156.3
10 10¢ 10°
V0.03Ti0.9702 3.12 1.42x 3.673 | 3.86x% 1.279 2.8x | 17.84
10 10+ 10
Nio.03Ti0.9702 6.15 2.39x 19.19 | 5.84x 187.7 9.8x | 5.355
10 107 10°
C00.02Ti0.9802 5.34 3.14x 1442 | 1.382 2.596 1.2x | 66.69
10 x104 10
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4.3.8 Density Functional Theory (DFT) Study

(a) (b)

(d)

Figure 4.12. (a) Optimized structure of D-Glucose, (b) Optimized surface of (1 0 1) of
TiOz, Adsorption of D-Glucose on the surface of (1 0 1) of (c) TiOz, (d) V0.03Tio.9702;
(e) Co0.02Ti.050>; (f) Nio.03Ti0.970:.

Geometry optimization and adsorption of glucose on pure TiO2 and doped TiO> surfaces
were studied using the DFT method. TiO> surface (1 0 1) was optimized using the DFT
method and is shown in Fig 4.12 (b) and the optimized structure of D-Glucose is shown
in Fig 4.12 (a). After optimization, the bond lengths of vertical and horizontal Ti-O
were found to be 1.973 A and 1.930 A respectively which matches the experimental
(1.95 A) and theoretical values (1.90 A — 1.93 A). The angle of O-Ti-O was slightly
reduced from the original 78.10° to 78.04°. To calculate the anatase doping, a Ti atom
was doped with 3d transition metals such as V, Co, and Ni either by replacing the Ti**

or by inserting them into the gaps and optimizing their geometry.

After optimizing the surfaces, we conducted a detailed investigation into how D-
Glucose molecules adsorb onto different sites of TiO2 and metal-doped TiO> surfaces.
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D-Glucose has unique properties due to its ether oxygen and various hydroxyl groups,
allowing it to bind in multiple ways to these surfaces. Specifically, we focused on end-
on adsorption, where the oxygen atoms of TiO> and metal-doped TiO; interact with
hydrogen atoms in D-Glucose, while metal atoms like Ti, V, Co, and Ni bind with
oxygen atoms in D-Glucose, as illustrated Fig 4.12 (c-f). In our analysis, we considered
the energies of various configurations involving doped atoms and adjacent oxygen
atoms for all optimized surfaces. The configuration with the lowest energy was used to
determine the adsorption energy. We calculated the adsorption energy of D-Glucose
with TiO2 and TiO2 doped with Vanadium, Cobalt, and Nickel using the following

equation:
AEsystem = E(surface-glucose) — Esurface — Eglucose (4.1)

Where: Esurface-glucose) = Energy of the optimized system containing glucose and the TiO>
(101) surface. Esurface = Energy of the optimized pure or doped TiO- surfaces. Egiucose =

Energy of the optimized glucose molecule.

Our results showed that the adsorption energy of D-Glucose on TiO2 was -150.30 eV,
with a binding distance of 2.578 A. In contrast, for TiO, surfaces doped with V, Co,
and Ni, the adsorption energies were -389.73 eV, -236.57 eV, and -228.41 eV,
respectively. Similarly, the binding distances for V, Co, and Ni-doped TiO> surfaces
were found to be 1.345 A, 1.722 A, and 1.817 A, respectively. These results indicate
that metal-doped TiO surfaces exhibit higher adsorption energy and shorter binding
distances compared to pure TiO2, making them more favourable for D-Glucose
adsorption. Among the surfaces studied, the Vanadium-doped TiO; surface exhibited
the best performance for sensing glucose and it will match with the experimental data.
Table 4.3 shows the adsorption energy and binding distance of the glucose with TiO2,

V0.03Ti0.9702, C00.02Ti0.9802, and Nio.03Tio.9702 respectively.
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Table 4.3. Adsorption energy (eV) and binding distance (4)

System Adsorption energy (eV) Binding distance (A)
TiO2-Glucose -150.30 2.578
V-TiO,-Glucose -389.73 1.345
Co-TiO2-Glucose -236.57 1.722
Ni-TiO2-Glucose -228.41 1.817

4.3.9 X-ray photoelectron spectroscopy (XPS) Analysis

— Vo0sTlo970 C1s
(@) TiZp (b)
O1s
5 S
: ©
= Vv 2p —
> g
2 —Tio, S
g Ti2p b=
= 01s =
Cls
1 1 1 1 L 4 =LA s> )|
200 400 600 800 1000 456 460 464 468
Binding energy / eV Binding energy / eV
o V2p O Vg03Tip.e70.
(C) AV2Dy, (d) O 1s e 0.03 110.9702
4\ e Ti-O-Ti
1 \° ©) OO’
s l’ I| . o l Q
< [ S Q@ Q. _ TioH
s [ < C e Ti-0-V
> | || O vap,, ; (C‘ & -
S o,
% of | ;’\\‘ E |
= | ) I O TiO.
[ b o |O1ls 2
- : ‘\ 4 ' "E (_\(51%0
S | \ a A = a o
. o ! \ o s R a O » Ti-O-Ti
/ g ; a A
/ i
.U.__._.___/ \k_./ \'\}, q o TioH
T T T T 16
510 515 520 525 M«f Q%N\:M
Binding energy / eV aa——

529 530 531 532 533 534
Binding energy / eV

Figure 4.13. XPS of V.03Tio.970>, and TiO: (a) Survey, (b) Ti 2p; (c) V 2p; (d)
O Is.
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All of the aforementioned experiments demonstrate that Vo.03Tio.9702 activity is more
effective than that of TiO2 and MxTi1xO2 (M = Ni, Co). The Vo.03Ti0.9702, TiO2 XPS
spectrum, seen in Fig 4.13 (a-d), aids in the analysis of the chemical composition by
determining the state of the system’s constituent components. The survey spectra of the
Vo0.03Ti0.9702 and TiO; are shown in Fig 4.13 (a), and they demonstrate the existence of

Ti, O, and V elements in the sample.

The XPS spectra of the Ti 2p state in Vo.03Ti0.9702 and TiO; are shown in Fig 4.13 (b).
It consists of two peaks with binding energies of 458.6 eV and 464.5 eV, respectively,
which represent the Ti 2p1/2 and Ti 2p3/ states. The Ti*" state is present in V.03 Tio.9702
and in TiO; as evidenced by the Ti 2p doublet’s peak position and it has a peak

separation of 5.9 eV.

The doping of vanadium onto the TiO> matrix is confirmed by the XPS spectra of the
V 2p state in Fig 4.13 (¢). The V 2p12 peak is partially merged with the O 1s peak, and
the V 2ps2 and V 2pi 2 states are also recognized. There are two states V¥"and V>* in V
2p2s3, which are deconvoluted into two main peaks with binding energies of 515.98 eV
and 523.27 eV, respectively. V#*is due to the formation of Ti-O-V bonding and V*' can
be replaced easily into a TiO: lattice, whereas, V" is in the form of V2Os on the surface
of the TiO, and Ti*' is substituted by the V' ion which may cause the space charge
layer at the interference with TiO2 due to delocalization of the valence electron around

the V°* positive centre. It is also seen that Vo 03Ti.9702 existed mainly in V" ions.

Vanadium doping causes the O 1s peak to move to the higher binding energy, as seen
in Fig 4.13 (d), which displays the XPS spectra of the O 1s peak for Vo.03Ti0.9702 and
TiO, respectively. The O 1s peak in Vo03Tio9702 has three primary peaks that
correspond to binding energies of 529.75 eV, 530.5 eV, and 532.5 eV. The peak at the
binding energy of 530.5 eV is attributed to the Ti-OH bond formed by the reaction
between TiO2 and H>O absorbed on the surface of the sample, and the photopeak at the
binding energy of 532.5 eV is assigned to the Ti-O-V bond as it indicates that Ti has
been replaced by vanadium in the TiO lattice. The photopeak corresponding to 529.75
eV binding energy is the Ti-O-Ti bond. Whereas, the pure TiO> for the XPS study shows
the same peaks at 531.5 eV and 530.2 eV are attributed to Ti-OH and Ti-O-Ti

respectively. This shows that vanadium-doped TiO2 is confirmed.

74



4.3.10 Electrochemical Studies
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Figure 4.14. (a) Cyclic voltammogram of V.03Tio.9702@NF in 0.1 M KOH at
increasing scan rates from 5-120 mV/s. The corresponding anodic peak current and
cathodic peak current as a function of the square root of the scan rate (Inset), (b)
Cyclic voltammogram of V.03Tio.o702@NF, TiO2@NF and bare NFin 0.1 M KOH

with the presence of 2 mM glucose.

As shown in Fig 4.14 (a), the fabrication of V¢.03Ti0.9702@NF was subjected to a CV
investigation with various scan rates ranging from 5-120 mV/s. It demonstrates the
nature and reaction kinetics of the modified electrodes and the investigation of the
impact of scan rate on anodic and cathodic peak current. The anodic and cathodic peaks
are shown to rise as the scan rate rises. This results from the formation of a diffusion
layer that reduces as the scan rate increases. When the scan rate is lower, more diffusion
layer is formed, which allows lesser electroactive species to reach the electrode surface,
resulting in lower cathodic and anodic peak currents. When the scan rate is higher, the
reverse is valid. As the scan rate increased, the cathodic peak altered to the negative
side while the anodic peak shifted to the positive side. It demonstrates that the redox
behavior of the Vo.03Ti0.9702@NF has a linear connection with the square root of the
scan rate (Inset), demonstrating unequivocally that the diffusion layer is impermeable
to the electroactive species and that an electron transfer occurs via the outer sphere
mechanism. As seen in Fig 4.14 (b), the material Vo.03Tio9702@NF was tested for

glucose oxidation together with bare NF and TiO>@NF in the presence of 2 mM glucose
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in 0.1 M KOH. This demonstrates clearly that in the potential range of 0.2 to 0.8 V
versus Ag/AgCl, bare NF does not exhibit any discernible catalytic reaction toward the
oxidation of glucose. In contrast, the TiO2@NF material responded to glucose by
increasing the anodic peak current, which supported the oxidation of the glucose.
Additionally, a significant increase in anodic peak current was seen for
V0.03T10.9702@NF at Epa= 0.634V in response to the addition of glucose at the same
concentration. Compared to TiO2@NF, Vo.03Ti0.9702@NF exhibits a 1.7-fold increase
in anodic peak current responsiveness. This demonstrates strongly that the vanadium-
doped TiO: has higher electrochemical activity than pure TiO2, and the mechanism at
play is that glucose (CsH120) is oxidized to gluconolactone (C¢H10Og on the working
electrode, and the production of electrons causes the change in the current for a

particular amount of glucose solution (Eq. 4.2).
V0.03Ti'0.9702 + CéH1206 = Vo.03Ti™M0.9702 + C6H1006 + ¢ + 2H* 4.2)

As vanadium doping increases the activity of TiO2 with an increase in adsorption energy
and a decrease in binding distance as mentioned in the DFT study, along with the
material’s crystallinity and an increase in the number of electrons transferred, a defect
produced in the mesoporous TiO», which has a larger surface area, affects the efficiency
of glucose oxidation. The number of electrons involved in the oxidation of glucose can

be calculated using the Laviron equation (Eq. 4.3).

_RT
Fan

Slope “4.3)
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Figure 4.15. Laviron equation study of In v vs Epq.

According to Fig 4.15, the Laviron equation is calculated using the slope of In (v) vs
anodic peak potential in the presence of glucose addition. Here, R is the ideal gas
constant (R=8.314 J K''mol ™), T is 300 K, F is 96 480 C mol, is the transfer co-
efficient (0=0.5), and n is the number of electrons involved in glucose oxidation.
Furthermore, the electro-oxidation of glucose results in the transmission of 1.055

electrons, confirming that just one electron is transmitted during the process.
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Figure 4.16. (a) The successive addition of glucose in 0.1 M KOH at the scan rate of
50mV/s; (b) The CA study of Vo.03Tio.o70:@NF in 0.1 M KOH with the successive
addition of glucose in stirring condition. Applied potential: 0.6 V; (c) Calibration plot
of the V0.03Tio.o702@NF for the determination of the glucose, (d) DPV study of
Vo.03Ti0.9702@NF in 0.1 M KOH with the successive addition of glucose in stirring

condition.

The successive addition study of glucose in 0.1 M KOH is shown in Fig 4.16 (a),
showing that as the addition of glucose increases, the anodic peak also increases
gradually exhibiting the electrocatalytic oxidation of glucose. This is due to an increase

in the diffusion layer of the analyte that causes an increase in the anodic peak.
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Therefore, it is suited for the amperometric sensor for the determination of glucose. The
enzyme-free glucose sensor is subjected to an analytical performance by carrying out
CA measurements for Vo.03Ti0.9702@NF with glucose addition at a varied concentration
to find the linear response of glucose in a range of 20 uM to 2 mM. For this
amperometric study, a constant potential of 0.6 V and its amperometric response is
noted at every 60 sec by the addition of the glucose in the stirring condition. The
behavior of the material was found to increase with the increase in the current step-wise
suggesting an increase in the anodic peak upon each glucose addition as shown in Fig
4.16 (b). This is due to each addition of glucose being sensed by the material and current
change occurs due to an increase in the diffusion layer of the analyte near the surface
of the working electrode. But there was a gradual depletion in the line was observed,
this is due to the stirring condition and the conversion of glucose to the respective
product causing the change. The sudden hike in the current was observed at 900 sec
which is due to disturbance caused because of stirring. The saturation was observed
near 2500 sec for a 2 mM concentration of glucose. The calibration curve of the glucose
sensor has a linear relationship for concentration in the range of 20 uM to 2 mM as
shown in Fig 4.16 (c), this helps to find the sensitivity, LOD, and LOQ of the material
and it is found to be 1129.31 pA mM' cm™, 1.8 uM and 6.2 uM respectively with a

response time of 2.1 s.

DPV study showed much better reproducibility, thus making DPV analysis reliable. The
DPV study for Vo.03Ti0.9702@NF as shown in Fig 4.16 (d) in the linear range of 0.4
mM to 2 mM. This successive addition of glucose in 0.1 M of KOH was added at the
scan rate of 5 mV/s and it is seen that the change in the current was observed for every
addition of glucose concentration with the linearity obtained from the calibration curve
of current vs concentration of R?=0.99663. All the above study shows, that there is a
response of Vo.03Ti0.9702@NF for each addition of glucose because of its mesoporous

nature along with the defects of TiO> makes the material sense the glucose analyte.
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Figure 4.17. The CVs of (a) Vo.03Tio.9702@NF’; (b) Nio.03Tio.9702@NF; (c)

Co00.02Ti0.9s02@NF with 2 mM glucose for 50 cycles in 0.1 M KOH at the scan rate of
50 mVys.

The long-term stability of the Vo.03Ti0.9702@NF is studied by measuring the response
of the electrode for 50 cycles in the presence of the 2 mM glucose, achieving the 100%
retention of anodic current as shown in Fig 4.17 (a), suggesting that the material is
studied for the longer analysis and shelf life found to be outstanding confirming that
the ability to reuse the same electrode for the varied occasion with the very less
depletion in the response. Similarly, the electrochemical studies of Nig.03Ti0.9702@NF
and Coo.02Ti0.9802@NF were also conducted by adding 2 mM glucose and running 50
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cycles at a scan rate of 50 mV/s as shown in Fig 4.17 (b-c¢). The results indicate a 99%

retention rate with a stable current throughout the cycles.
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Figure 4.18. (a), (b) Amperometric response of Vo.03Tio.070:@NF towards the
interference species under stirring condition in 0.1 M KOH. Applied potential :0.6 V;
(c) DPV interference study for Vo.03Tio.o7;O2@NF at a scan rate of 5 mV/s with the
pulse amplitude of 5 mV/s.

The primary challenge when developing an electrochemical glucose sensor is the
removal of interfering compounds during glucose oxidation, which speaks well of the
material’s selectivity for glucose detection. The CA adds various substances, such as
AA, DP, NaCl, KCI, UA and Glucose to a 0.1 M KOH solution to study the selectivity
of the Vo.03Ti0.9702.@NF. Fig 4.18 (a-b) depicts the interference of species at a 0.5 mM

concentration, which exhibits no reaction to Vo.03Tio.9702@NF but exhibits a sharp rise
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in current at the addition of 1 mM glucose. In reality, human blood has a glucose
concentration of 4 mM to 7 mM, demonstrating that the response to the interference
should be minimal because of its low concentration. Thus, this research demonstrates
that the interference species will not affect glucose oxidation activity even at larger
concentrations. This demonstrates the high selectivity of Vo.03Ti0.9702@NF for glucose

sensing.

Similar to the CA-based investigation, the interference study using DPV was also
conducted and the findings are displayed in Fig 4.18 (¢). Additionally, a DPV analysis
was conducted on the mixture that included 1 mM glucose and all of the interference
species at a concentration of 0.5 mM. The lack of a significant shift in the material’s
activity confirms that the interfering species won’t change the V.03Tio.9702@NF’s
sensitivity to glucose. This further demonstrates the high selectivity and potential of

V0.03Ti0.9702@NF as a material for the oxidation of glucose.

4.3.11 Post-Glucose Oxidation Characterization
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Figure 4.19. (a) XRD analysis of V0.03Ti0.9702@NF, C00.02Ti0.9sO2@NF , and
Nio.03Tio.070:@NF before and after glucose oxidation ; (b) Raman analysis of
V0.03Ti0.9702@NF, C00.02Ti0.0s02@NF and Nio.03Tio.o70:@NF before and after glucose
oxidation .

The materials underwent XRD and Raman spectroscopy before and after glucose

oxidation, as depicted in Fig 4.19 (a-b). The XRD analysis revealed peaks at 44° and
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53°, attributable to the NF, with the remaining peaks indicative of V.03 Ti0.9702@NF, as
illustrated in Fig 4.19 (a). Similarly, the other two materials, C00.02Ti0.9s02@NF and
Nio.03Ti0.9702@NF, underwent the same treatment, with no observed change in
composition. This suggests that the material configuration remains consistent even after
glucose oxidation. In the Raman spectra, peaks at 1132, 1376, and 1572 cm
correspond to the NF, with the remaining peaks matching the Raman spectra of
V0.03Ti0.0702@NF, as shown in Fig 4.19 (b). Again, the other two materials,
C00.02Ti0.9802@NF and Nio.03Ti0.9702@NF, showed no change in composition when
subjected to the same analysis. Therefore, there is no evidence of additional peaks,

indicating that the material remains unchanged following glucose oxidation.

As demonstrated in Table 4.4, the observed biosensing characteristics are equivalent to
and superior to those of published glucose biosensors. For the first time, a non-
enzymatic vanadium-doped TiO:2 glucose biosensor has been proposed and confirmed

utilizing theoretical and experimental research techniques.
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Table 4.4. List of Electrochemical performance of non-enzymatic glucose sensors

Electrodes Linear Sensitivity LOD | Response Ref.
Range (MAmM-cm?) uM time (s)
Cu NPs-LIG | 1 pM-6 mM 495 0.39 <0.5 (Zhang et al.
2020)
NF/AuNPs/C 0.5 uM- 872.71 0.5 - (Bao et al.
uO-MoS> 5.67 mM 2019)
NiCo0204 5 uM-0.25 806.17 2.75 - (Joetal.
mM 2020)
AuNi/NX/M | 1-1900 uM 662.93 0.063 - (Amiripour et
WCNT/GCE al. 2021)
Pd-Ni@f- 0.01-1.4 71 0.026 - (Karimi-
MWCNT mM Maleh et al.
2020)
V0.03Ti0.9702 20 uM-2 1129.31 1.8 2.1 This work
@NF mM

4.3.12 Real-sample Study

Vo0.03T10.9702@NF was used to measure the amount of glucose in human blood serum.
The human serum was collected from hospitals with glucose concentrations ranging
from 4 mM to 24 mM. Since the serum acquired further was not altered and was utilized
directly for the examination of the genuine sample, the values closely matched the
estimated values. As can be shown in Table 4.5, the Vo.03Ti0.9702@NF electrode,
therefore, provides an acceptable range for determining the glucose from the actual
sample. Fig 4.20 displays the blood serum that was utilized in real sample

investigations.
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Table 4.5. Analysis of human blood sample

Patient Gender | Clinically Found Deviation
tested (mg/dL)
(mg/dL)
1 M 85 79.2 5.8
2 F 187 184.3 2.7
3 M 266 261.2 4.8
4 F 441 423 18

Figure 4.20. The blood samples used for real sample study.

4.4 Conclusions

» In summary, TiO, and MTi;xO2 (M=V, Ni, Co) nanoparticles were synthesized
and electrochemically studied.

» Among them, V.03 Ti09702@NF exhibited superior performance, attributed to
its crystalline structure, mesoporous nature, higher surface area, faster electron
mobility, and fast charge transfer.

» We explored the potential of TiO> and doped TiO> (V, Ni, Co) as glucose sensors
using Density Functional Theory (DFT) simulations.
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» Our research revealed that Voo3Tio9702@NF showed enhanced chemical
reactivity, forming a chemical bond with glucose oxygen. V.03Ti0.9702@NF, in
particular, demonstrated a remarkable sensitivity of 1129.31 nA mM'cm?, a
detection limit of 1.8 pM, and a rapid response of 2.1 s in 0.1 M KOH.

» It has demonstrated efficacy in the analysis of human blood samples,
underscoring its potential as a glucose biosensor suitable for industrial
applications. The material’s quick synthesis, cost-effectiveness, and diverse

medical applications highlight its commercialization potential, providing an

affordable solution for glucose sensing in various medical contexts.
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CHAPTER 5

SYNTHESIS OF MESOPOROUS V;Tii1xO: (x=0.03, 0.05, 0.07 AND
0.09) AS AN EFFECTIVE ELECTROCHEMICAL NON-
ENZYMATIC GLUCOSE SENSOR







Abstract: This chapter provides a detailed explanation of the synthesis of VTi1xO; at
various doping concentrations (V=0.03,0.05,0.07, and 0.09) as well as in-depth
characterization. The main goal is to simplify the electrochemical method of measuring

glucose levels by providing a simpler approach.

5.1 Introduction

Researchers have paid a great deal of attention to mesoporous materials because of their
large volume, uniform size, large surface area, and regulated pore structure. Their
flexibility is due to the fact that they consistently interact with particles on the surface
of the material as well as within it. In the case of mesoporous TiO2, which has a large
surface area and well-organized pores, is known to exhibit improved biosensing
characteristics, such as high sensitivity, wide linear response, low detection limits, and
excellent repeatability. As a result, mesoporous TiO. has been used in biosensor

development much more frequently in recent years.

The anatase phase of TiO» exhibits considerable potential in many applications due to
its enhanced electron mobility, superior electron transfer capacity, reduced density and
dielectric constant, and increased surface stability and reactivity. Moreover, the process
with which the anatase phase forms at lower temperatures reduces the possibility of

adverse conseguences on the mesoporous structure (Amri et al. 2021).

Several dopants have been introduced into the TiO> lattice, including metal (Mo, Fe, V
etc.) and nonmetal (S, N, C, etc.) elements. Vanadium (V) is a promising choice for
TiO, addition among the evaluated dopants since it can be doped into TiO2 with ease
due to their almost identical ionic radii (V**/Ti** =0.72/0.75 A). Furthermore, TiO>
doped with vanadium not only altersits band gap, it also enhances electrical
conductivity and promotes effective charge transfer mechanisms. The material’s
sensitivity and selectivity are improved by this change, which is important for
biosensing applications (Yu et al. 2016).

Additionally, the surface area of vanadium-doped TiO- is higher, offering more sites
for biomolecule adsorption and enhancing detection sensitivity. Improved electron
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transfer kinetics allow for faster and more precise glucose level measurement, which
further maximizes biosensor performance. All things considered, vanadium doping in
TiO, provides a versatile way to improve biosensor performance, guaranteeing accurate

and dependable glucose detection for biomedical applications.

Vanadium doping levels (V = 0.03, 0.05, 0.07, and 0.09) were varied in the VxTi1xO>
materials that we synthesized and deposited on NF in the present study. The
electrocatalytic characteristics of each produced material were investigated. After the
first screening, the most promising material was chosen to undergo further
electrochemical characterization, with a particular emphasis on its glucose biosensing
abilities. CV, CA, and DPV methodologies were used in this comprehensive
assessment. To further the development of electrochemical biosensing technologies,
these investigations aimed to gain an understanding of the selected material’s

biosensing ability toward glucose.
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5.2 Experimental Section

5.2.1 Synthesis of VxTiixO2

IPA + TIP+ V/C Autoclave
+ TIP+ VC+
45mL of IPA + IPA + TIP+ VC Lof 180°C, 8 h
14.8 mL of TIP 6mL of AA
Washed,
Centrifuged and
Dried

4 ‘

Nickel Foam Material : PVDF .
(9:1) + NMP Vo.07T10.9302

Figure 5.1. Schematic diagram of synthesis of the VyTi;xO:.

Combine 14.8 mL of TIP with 45 mL of IPA, then stir for 10 minutes to synthesize the
VTi1xO2 nanoparticles. VCIs should be weighed according to 0.03, 0.05, 0.07 and 0.09
molar percentage and dissolved in a small amount of dil. HCI before being added
dropwise to the TIP/IPA mixture and stirred for ten minutes. 6 mL of acetic acid is
added, and the mixture is aggressively stirred for two hours. The resultant solution is
heated in a 100 mL autoclave at 180°C for 8 hours. The product should be dried for 36
hours at 80°C after being cleaned twice with ethanol and Milli-Q water. For additional
investigation, finely powder the dry materials. The experimental procedure diagram is

shown in Fig 5.1.
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5.3 RESULTS AND DISCUSSION

5.3.1 X-ray diffraction (XRD) Analysis

(a)

Intensity / a.u.

|

VO.OQTiO.QlOZ

- V0.07Ti0.9302
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20 / degree

(b)
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MMMW
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25 26
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23 24

Figure 5.2. (a) XRD plot TiO> and V<Ti;xO2 (x = 0.03, 0.05, 0.07 and 0.09); (b) A
shift in the (101) peak towards a higher diffraction angle.

XRD examination was used to evaluate the phase purity and crystalline structure of all

materials, as shown in Fig 5.2 (a). In accordance with JCPDS card number 71-1168,

the TiO, sample showed six unique diffraction peaks, suggesting its existence in the

tetragonal Anatase phase. Apart from the pure TiO> and VxTi1xO2 (x = 0.03, 0.05, 0.07,

and 0.09) phases, which showed no variation in composition. Slight differences in peak

intensity and diffraction patterns were found by XRD analysis; these differences were

most pronounced in the (1 0 1) plane, as shown in Fig 5.2 (b). These modifications

verify that host material has been successfully doped. Additionally, the dopant and Ti

ionic radii are similar, suggesting that the doping mechanism is substitutional and only

involves the replacement of Ti ions in the TiO> lattice.
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5.3.2 Cyclic Voltammetry (CV) Analysis
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Figure 5.3. (a) CV analysis of TiOz and VyTi;xO2 (x = 0.03, 0.05, 0.07 and 0.09) in
0.1 M KOH at scan rate of 50 mV/s; (b) Comparison of all the electrode in bar graph.

Using CV at a scan rate of 50 mV/s, all synthetic materials, TiO>@NF and V4Ti1xO2 (x
=0.03, 0.05, 0.07 and 0.09), were investigated in a potential range of -0.2 to 1.1 V vs
Ag/AgCl. The findings, as shown in Fig 5.3 (a-b), show that V.07Ti0.9302@NF exhibits
much greater activity than TiO2@NF. Vo.07Ti0.9302@NF exhibits significantly enhanced
anodic and cathodic peaks, according to the analysis of the CV data. The increased
crystallinity of the material, which adds additional defects to the TiO: structure, is
responsible for this improved performance. Because of such defects, the resulting
higher electron transfer rates indicate higher activity for V.07Ti0.9302@NF compared to

TiO,@NF.
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Figure 5.4. Oxidation peak of (a) TiO2@NF; (b) Vo.07Tio.0302@NF in 0.1 M
KOH
Moreover, the selection of Vo.07Ti0.9302 may be further demonstrated by determining
the surface-active sites from the redox peak current shown in Fig 5.4 (a-b). The best
materials’ recorded CV will be useful in determining the surface-active sites, in addition
to the quantity of electrons transported in the redox peak. The oxidation peak is taken
into account in this work to determine the number of electrons transported, which is
determined to be 2.46x10" for TiIO>@NF and 14.1799x10" for V.07Ti0.0302@NF, as
shown in Fig 5.4 (a-b) respectively. This shows unequivocally that V.07Ti0.9302@NF

is the best material and has the highest number of electron transfers in its anodic peak.
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5.3.3 Field Emission Scanning Electron Microscopy (FE-SEM) Analysis

(d)

o==

Figure 5.5. FE-SEM analysis of (a) TiO2, (b) Vo.07Tio.9302; EDS of (c)
TiO:, (d) V0.07Ti.930:.

The morphological properties of Vo.07Ti0.9302 and TiO> materials were examined
using FE-SEM analysis; the findings are shown in Fig. 5.5 (a-b). The analysis showed
that the mesoporous structure that both materials displayed was unaffected by the
addition of V. However, observable variations in aggregation levels and particle size
were noted. Significantly, Fig 5.5 (a) showed less agglomeration than its pure TiO>
equivalent, suggesting that V doping could cause more agglomeration, as shown by Fig
5.5 (b). Furthermore, as shown in Fig 5.5 (c-d), EDS verified the elemental
composition, demonstrating that Ti and O were present in the pure sample and that the

addition of V dopant in TiO» validated the doping process within the system.
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5.3.4 UV-Visible Spectra and Bandgap Study
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Figure 5.6. UV-Vis analysis of (a) TiO:z and V.07Tio.0302; Optical band-gap energy of
(b) TiO2; (c) Vo.07Tio.0302; Raman analysis of (d) Vo.07Tio.0302 and TiO:; (e) The
synthesized TiO and V.07Ti0.930:.

96



UV-Vis absorption spectra of Vo.07T10.9302 and pure TiO> are represented in Fig 5.6 (a).
The 200—-330 nm region exhibits a strong peak in the pure TiO» spectra. Then, as shown
in Fig 5.6 (b-c), the band gaps of the materials were calculated by graphing the square
of the Kubelka-Munk function, f(R)?, versus energy in electron volts. The band gap of
pure TiO> is 3.36 eV, but the band gap of V.07Ti0.9302 is 3.03 eV less. Moreover, the
visual difference between the materials is seen in Fig 5.6 (e), where Vo.07Ti0.9302
appears as dark brown and pure TiO> is white in colour. The changes in optical
characteristics brought about by the doping procedure are reflected in this visual

differentiation.

Raman spectra analysis of V.07Ti0.9302 and pure TiO; are displayed in Fig 5.6 (d). Four
distinct Raman-active peaks are seen. In pure TiO,, these peaks are centered at
approximately 147 cm™ (Eg), 395 cm™ (Big), 516 cm™! (A1), and 640 cm™! (E,). Upon
doping with vanadium, the peaks exhibit shifts to 150 cm™, 400 cm™, 516 cm™, and
639 cm!. The observed light blue shift of the peak at 150 cm™ indicates the
incorporation of vanadium into TiO> host sites, possibly attributed to oxygen defects.
This observation confirms the successful incorporation of vanadium into the TiO> host

site (Kashale et al. 2019; Kunnamareddy et al. 2021; Thuy et al. 2012).
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5.3.5 Electrochemical Active Surface Area (ECSA) Analysis

(a)

j/ mA.cm?

Using CV study for different scan rates, the TiO2@NF and V.07Ti0.9302@NF electrode
comparison are shown in Fig 5.7 (a-b), whereas, the ECSA study accurately calculates
the material’s surface area activity as shown in Fig 5.7 (¢), unlike BET research, the
material is entirely immersed in the electrolyte. Vo.07Ti0.0302 and TiOz had Ca values of
5.7 uF.cm™ and 2.03 pF.cm™, respectively. Vo.07Ti0.0302 and TiO> were found to have
electrochemically active surface areas of 0.1425 cm? and 0.0507 cm?, respectively.

Vo0.07T10.9302@NF is the material that stands out as being ideal since it has more active
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Figure 5.7. CV curve at different scan rates of (a) TiO2@NF; (b)
Vo.07Tio.0302@NF; (c) ECSA plot of TiO2@NF and Vo.07T10.9302@NF.
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5.3.6 High-Resolution Transmission Electron Microscopy (HR-TEM) Analysis

Figure 5.8. (a) TEM and (b) HR-TEM images of V.07Ti0.930:

The HR-TEM images in Fig. 5.8 (a-b) show the morphology of V.07Ti0.9302, with
uniform fringes and particle agglomeration which aligns with the results from the FE-
SEM analysis. Notably, the doped material Vo.07Ti0.930> exhibits uniform fringes with
an approximate 0.3 nm spacing, corresponding to the (1 0 1) plane of the anatase phase
with tetragonal structure, in accordance with JCPDS card no: 71-1168. This observation

suggests the retention of the host material within the synthesized sample.
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5.3.7 Electrochemical Analysis
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Figure 5.9 (a) Cyclic voltammogram of V.07Tio.030:@NF in 0.1 M KOH with the
scan rate of 5-75 mV/s. The corresponding anodic and cathodic peak current as the

function of the square root of the scan rate (Inset); (b) The successive addition of

100



glucose in 0.1 M KOH at the scan rate of 50mV/s; (c) The CA study of
Vo.07Tio.0302@NF in 0.1 M KOH with the successive addition of glucose in stirring
condition. Applied potential: 0.75 V; (d) Calibration plot of the V.07Tio.0302@NF for
the determination of the glucose, (e) DPV study of Vo.07Ti0.9302@NF in 0.1 KOH with
the successive addition of glucose; (f) Cyclic stability of the V.07Tio.9302@NF in 0.1
KOH with the presence of 2 mM glucose.

The synthesized Vo.07Ti0.9302@NF was evaluated by doing a CV analysis on it at
various scan rates, ranging from 5-75 mV/s, as shown in Fig 5.9 (a). This research
explains the characteristics and response kinetics of the modified electrodes and
examines how scan rate affects anodic and cathodic peak currents. The formation of the
diffusion layer explains why anodic and cathodic peaks rise in proportion to an increase
in scan rate. As the scan rate rises, the diffusion layer grows thinner. Conversely, a
decreased scan rate results in a wider diffusion layer, which in turn reduces the peak
currents of the anodic and cathodic phases. This result implies that the size of the
diffusion layer has a major role in regulating the accessibility of electroactive materials
to the electrode surface. At elevated scan rates, the opposite trend is observed. The
anodic peak rises toward the positive side and the cathodic peak toward the negative
side as the scan rate rises. As shown in the inset, the redox properties of
Vo0.07T10.9302@NF show a linear correlation with the square root of the scan rate. This
signifies that electron transfer via the outer sphere mechanism demonstrates that

electroactive species are unable to move through the diffusion layer.

The analysis of successive glucose additions in 0.1 M KOH is shown in Fig 5.9 (b). As
glucose is introduced, the trend indicates a steady increase in the anodic peak,
indicating the electrocatalytic oxidation of glucose. The observed increase in the anodic
peak can be attributed to the expansion of the diffusion layer of the analyte. As a
consequence, its electrochemical activity makes it effective when used as an
amperometric sensor to monitor glucose. Vo.07Ti0.9302@NF was used as the sensing
material in CA experiments to assess the analytical performance of an enzyme-free
glucose sensor as shown in Fig 5.9 (c). A range of quantities of glucose, from 0.2 mM
to 2 mM, was applied in order to evaluate the sensor’s linear response. A fixed potential

of 0.75 V was used for the amperometric investigation, and stirring conditions were
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maintained. The amperometric response was measured every 60 s after each addition
of glucose. The material had a progressively rising behavior upon the addition of
glucose, as seen by the stepwise increase in current, which suggested an improvement
in the anodic peak. This effect is caused by the material’s capacity to detect each
addition of glucose, which leads to variations in current that are attributed to an

increased analyte diffusion layer close to the working electrode’s surface.

The calibration curve of the glucose sensor shows a linear range between 0.2 mM and
2 mM, as shown in Fig 5.9 (d). This corresponds to the analysis of the material’s
sensitivity, LOQ, and LOD, which show values of 1482.8 pA mM™! cm™, 488 uM, and

1.629 uM respectively. The sensor has a notable rapid response time of 2 sec.

The DPV study demonstrated significantly improved reproducibility, thereby
enhancing the reliability of DPV analysis. The linear range of 0.4 mM to 2 mM, the
DPV analysis of Vo.07Ti0.9302@NF, depicted in Fig 5.9 (e), revealed successive
additions of glucose in 0.1 M KOH solution at a scan rate of 5 mV/s. Remarkably, a
change in current was observed with each addition of glucose. This collective evidence
underscores the responsive nature of Vo.07Ti0.9302@NF to glucose, attributable to its
mesoporous characteristics coupled with defects within the TiO> structure, enabling the

material to detect the glucose analyte.

The long-term stability of Vo.07Ti0.9302@NF was evaluated by subjecting the electrode
to 50 cycles in the presence of 2 mM glucose. The results, illustrated in Fig 5.9 (f),
revealed a remarkable 98% retention of anodic current. This finding suggests that the
material is well-suited for extended analysis, with outstanding shelf life, indicating the
ability to reuse the same electrode across various occasions with minimal depletion in

response.

102



5.3.8 Post-Glucose Oxidation Characterization
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Figure 5.10. (a) Rama analysis of TiO2@NF and V.07Tio.9302@NF; (b)
Raman analysis of Vo.07Tio.9302@NF before and after glucose addition.

Raman analysis of the TiIO2@NF and Vo.07Ti0.9302@NF are illustrated in Fig 5.10 (a),
respectively. The material is confirmed by the remaining peak of TiO>@NF, which fits
the Raman spectra of V07Ti0.9302@NF. The peaks at 1132, 1376, and 1572 cm’!
correspond to the NF. Fig 5.10 (b) shows the Raman spectra before and after the glucose
addition of V.07Ti0.9302@NF. It demonstrates the fact that, even with the addition of
glucose, there is no such alteration in the other peaks. As demonstrated in Table 5.1,

the observed biosensing characteristics are equivalent to and superior to those of

published glucose biosensors.
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Table 5.1. List of Electrochemical performance of non-enzymatic glucose sensors

ELECTRODE LINEAR RANGE | SENSITIVITY Ref.
(nA. mM-ecm2)
Co2P/NPCNT 0—7mM 388.8 (Das et al. 2017)
Au@Cu(OH),/CFC | 100 uM — 3.30 mM 7350 (Jiang et al.
2019)
PLA/GR/Pani/Cu 1 -7mM - (Estadulho et al.
2021)
AuNPs/PANI 10.26 uM — 10 mM 150 (Xu et al. 2017)
V0.07Ti0.9302@NF 0.2-2 mM 1482.8 This work

5.4 Conclusions

» In summary, this work involved the synthesis, fabrication, and electrochemical
analyses of TiO2 and VxTi11xO2 (x = 0.03, 0.05, 0.07, and 0.09) nanoparticles.
Among other things, Vo.07Ti0.9302@NF performed better in electrochemical
tests than the basis material.

» This material has a crystalline form, mesoporous behavior, greater surface area,
and improved electron mobility.

V0.07Ti0.9302 electrode showed

» In particular, the @NF

characteristics, with a detection limit of 488 uM a sensitivity of 1482.8 pAmM™

impressive

cm 2, and a quick response of 2 secs.

» The rapid, low-cost synthesis and potent medicinal benefits of

Vo.07T10.9302@NF support its commercial potential. Its efficient glucose-sensing

properties make it suitable for various medical applications.
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CHAPTER 6

CERIUM-MODULATED ZINC OXIDE FOR
PHOTOELECTROCHEMICAL NON-ENZYMATIC BIOSENSING
OF CHOLESTEROL: EXPERIMENTAL AND FIRST PRINCIPLE

ANALYSIS







Abstract: This chapter explores the synthesis and characterization of Cerium-
modulated Zinc Oxide (CZOx) at doping levels of x = 1, 2, or 3 to improve
electrochemical cholesterol measurement. The CZO3 materials are used to develop a
novel photoelectrochemical cholesterol biosensor. Detailed structural, morphological,
and electrochemical analyses highlight their potential for efficient biosensing

applications.

6.1 Introduction

Cholesterol, a crucial component in living organisms, plays a vital role in synthesizing
bile acids, vitamin D, and steroid hormones, while also forming cell membranes
(Levitan et al. 2010; Sulimovici and Boyd 1970). Lipoproteins, compounds of lipids
and proteins, facilitate cholesterol transport in the blood, including chylomicrons, very
low-density lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density
lipoproteins (HDL). Maintaining a healthy blood cholesterol level below 5.17 mM (200
mgdL™") is crucial, as levels exceeding 6.21 mM (240 mgdL™") are linked to disorders
like hypertension and coronary heart disease (Narwal et al. 2019; Yadav et al. 2021).
Accurate cholesterol detection is vital in medical diagnostics, given its association with

cardiovascular issues.

Quick and accurate cholesterol measurement is essential for disease prevention.
Traditional methods, though sensitive, are costly and slow. Nanotechnology improves
biosensors with nanomaterials offering better selectivity, simplicity, cost-effectiveness,
and quick response times, ideal for point-of-care diagnostics (Bai and Zhou 2014; Wang
2005). Advanced electrochemical cholesterol sensors are particularly promising. Since
Becquerel's 1839 (Devadoss et al. 2015) explanation of the photoelectric effect,
photoelectrochemistry has gained interest for its applications in various fields,

including sensor technologies(Han et al. 2013).

Photoelectrochemistry primarily investigates the way light influences photoelectrodes
and the subsequent photoelectric conversion process (Gritzel 2001; Kang et al. 2016).

The primary emphasis is on the way photoelectric materials absorb photons, resulting
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in an excited state and eventual charge separation, which ultimately turns light energy
into electric energy via this process (Hagfeldt et al. 2010; Peter 1990). As separated
electron-hole pairs approach the junction between the electrode surface and the
electrolyte solution, they initiate an oxidation-reduction process that results in a
photovoltaic or photocurrent during photoelectrochemical (PEC) reactions (Ge et al.

2019; Ham et al. 2010; Zhao et al. 2015).

PEC biosensors use the above technique for quantitative analysis of the analyte based
on current measurements, this photocurrent acts as the detection signal. This makes
PEC sensors popular due to their quick response, increased sensitivity, affordability,
and mobility, and they outperform traditional electrochemical counterparts by reducing
background signals and enhancing sensitivity through light-induced photocurrent (Shu
and Tang 2017; Wang et al. 2023; Yang et al. 2020). PEC sensors are distinguished by
their ease of use, and versatility in terms of miniaturization and known for ease of use
and versatility in miniaturization, employ various nanomaterials in electrode
preparation, such as inorganic, organic, or composites, to achieve ultrasensitive and
selective sensing platforms (Yu et al. 2023).

Photoelectric sensing materials that are often used include metal-based materials like
metal nanoparticles, metal oxides, and quantum dots, as well as carbon-based
nanomaterials like graphene, fullerene, and carbon nanotubes, and organic-inorganic
based perovskites (Feng et al. 2022). Rapid electron transit and greater surface area of
nanoparticles provide improved sensitivity, while functionalized nanomaterials
enhance selectivity and increase effectiveness through their ability to compact and
incorporate into portable electronics. The use of nanomaterials improves the overall
performance of cholesterol biosensors (Lee and Park 2010; Phetsang et al. 2019; Yadav
etal. 2021).

Zinc oxide (ZnO) is a pivotal semiconductor known for its versatility in high-
performance electronics, energy applications, and environmental solutions. With its
unique properties, including high stability, binding energy, and a wide band gap, ZnO
finds applications in optoelectronics, laser technology, ceramics, and biomedicine,
photocatalysis, sensing, and energy generation in hydrogen production (Beitollahi et al.

2020; Reinert et al. 2013). The nanostructured form of ZnO amplifies its advantages,
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making it an ideal compound for efficient sensors and biosensors, with features like a
wide band gap, large excitation binding energy, non-toxicity, and biocompatibility
(Beitollahi et al. 2020; Chaudhary et al. 2018). In our study, we synthesized Cerium-
doped ZnO (CexZni <0, x = 0.00, 0.01, 0.02, and 0.03) through a wet chemical method
and deposited it onto Nickel Foam (NF). The synthesized material underwent PEC-
based analyses, including Cyclic Voltammetry (CV), Chronoamperometry (CA), and
Differential Pulse Voltammetry. Our investigation focuses on the impact of cerium
incorporation on enhancing photocatalytic properties, improving sensitivity, increasing
optical properties, reducing the bandgap, enhancing stability, minimizing electron-hole
recombination, and decreasing interference. Concurrently, we explored material
selection using a Density Functional Theory (DFT) approach. The DFT results, aligned
with experimental data, revealed cholesterol adsorption-induced charge transfer on the
material surface. Additionally, the study involves the evaluation of actual blood

cholesterol samples.
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6.2 Experimental Method
6.2.1 Chemicals Reagents

Zinc nitrate hexahydrate (Zn (NO3)2), Cerous nitrate hexahydrate (Ce (NO3)3.6H>0),
Sodium hydroxide (NaOH) from Loba. The materials were employed with great purity

and no additional purification was needed.
6.2.2 Synthesis of ZnO and CexZnx-10
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Figure 6.1. Schematic diagram of synthesis of the ZnO and Ce doped ZnO

Cerium-doped ZnO nanoparticles were synthesized by digesting 29.748 g of Zn
(NO3).6H20 1n 100 ml of Milli-Q water. To attain a light white solution, let it warm to
60°C while stirring constantly, then the aforementioned solution was subsequently
enriched with the calculated quantities of Ce (x =0.01,0.02, and 0.03), and the mixture
was agitated until uniform. Add the 1.5 mol/L NaOH solution progressively dropwise
until the pH of the solution reaches 14. Then, mix while heating the above-formed
solution for 2 H, then without heating for 12 hours. ZnO is produced through a similar

process without the incorporation of any dopant. The produced solution then needs to
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have some time to stand before being repeatedly washed with deionized water twice and
then with ethanol. The product obtained was 12 hours of drying at 120°C in the oven
and 2 hours of calcination at 500°C in the muffle furnace. ZnO and CexZnx.10 (x =
0.01, 0.02, and 0.03) nanoparticles will appear as it cools. Fig 6.1 represents the

schematic diagram of the synthesis.

6.2.3 Illumination Setup

Utilizing a Philips Master Colour CDM-R PAR30L 70W light source, the investigation

was carried out in total darkness and with illumination.

6.2.4 Computational Studies

The electronic structures of pristine and Ce-doped ZnO were examined using Density
Functional Theory (DFT) calculations, implemented in the Vienna Ab initio Simulation
Package (VASP) (Kresse and Furthmiiller 1996). The calculations employed the
Projected Augmented Wave (PAW) method (Blochl 1994), with the Generalized
Gradient Approximation (GGA) and the Perdew—Burke-Ernzerhof (PBE)
parameterization scheme for exchange and correlation potential estimation (Lu et al.
2016). To ensure accurate results, a large energy cut-off of 520 eV for wave functions
was utilized in all calculations. The initial step involved optimizing the bulk unit cell
geometry for both systems by performing a complete relaxation of the cell parameters
and atomic positions based on reported experimental structures. Ce-doped ZnO models
was constructed by substituting two Zn atoms with two Ce atoms in a 3 x 3 X 2 wurtzite
ZnO supercell, corresponding to a dopant concentration of 3.13%, which closely
matches our experimental conditions. Subsequently, (101) surface slab was generated
from the optimized bulk geometry. Atomic positions in the surface-slab structure unit
cell, comprising 72 atoms, were further relaxed to understand the surface properties of
the pristine semiconductor. A vacuum of 15 A along the surface-normal direction was
included within the unit cell to prevent interactions between periodic images. The
relaxation of all atoms inside the fixed unit cell was performed using a force
convergence criterion of 0.01 eV A™!. Brillouin zone integrations were carried out using
a 2 x3 x1 Monkhorst K-point sample for all surface-based cases. Band dispersion

analysis was investigated along the K-path G, X, Hi, C, H, Y, and G for all structures
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to investigate their electronic properties. The adsorption energy was calculated by using

the following formula (Eq. 6.1);

Ea = Esystem+analyte - Esystem - Eanalyte

6.3 Results and Discussion

6.3.1 X-ray diffraction (XRD) Analysis
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Figure 6.2. (a) XRD analysis of ZnO, CZO1, CZ0O2, and CZO3; (b) (101) XRD peak
shift towards lower diffraction angle with the dopant, (c) XRD analysis of ZnO,
CZ03, CZO4, CZOS5 and CZO6.

112



According to Fig 6.2 (a), it confirms the hexagonal wurtzite crystal structure of ZnO,
CZO0O1, CZ02, and CZ0O3, with their respective crystalline sizes and lattice parameters,
as outlined in Table 6.2, showing good alignment with JCPDS standards 089-0510. In
Fig 6.2 (b), the XRD analysis of the (101) plane reveals a subtle shift in peak position
towards smaller 20 angles in comparison to pure ZnO, indicative of Ce incorporation
into the ZnO lattice and substitution of Zn ion host sites (Liu et al. 2018). This
phenomenon can be ascribed to the larger ionic radii of Ce*" (0.092 nm) and Ce** (0.103
nm) relative to Zn?>" (0.074 nm) (Faisal et al. 2013; Jung et al. 2012). We also
investigated the effects of cerium doping on the structural integrity of ZnO using CZOx
materials with cerium concentrations ranging from 4% to 6%, as shown in Fig 6.2 (c).
XRD analysis revealed the appearance of additional peaks at approximately 28° and
39° in samples with higher doping levels (4-6%), suggesting the formation of impurity
phases due to cerium oxide segregation, which disrupts the ZnO lattice. This structural
degradation correlates with the decline in PEC performance at doping levels above 3%.
Additionally, microstrain analysis further supports this conclusion as shown in Table
6.1 Williamson-Hall (W-H) method. As shown in the table, there is a decrease in
microstrain as cerium concentrations increase from 1% to 3%, indicating the ZnO
lattice can accommodate the dopant, enhancing PEC performance. However, at cerium
levels above 3%, the microstrain rises again, reflecting increased lattice strain and
structural disruption. These findings suggest 3% cerium doping as the optimal
concentration for maintaining structural integrity and maximizing PEC efficiency, with

excess doping leading to performance degradation.
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Table 6.1 Microstrain study of ZnO and CZOx (x =1, 2, 3, 4, 5, and 6).

SAMPLES MICROSTRAIN (107%)

Zn0O 0.67

CZOol1 1.73

CZ02 1.5

CZ03 1.36

CZ0O4 1.51

CZ0O5 1.8

CZ06 2.79

Additionally, introduction of Ce dopants led to an increase in crystalline size, thereby
facilitating more rapid electron charge transfer (Xiao et al. 2011). Notably, Table 6.2
highlights CZO3 as displaying the most pronounced crystalline nature, indicative of
superior electron charge transfer properties compared to the other investigated
materials.

Table 6.2 XRD Parameters and Crystalline Size of the ZnO and CexZn ;O (x = 0.01,
0.02, and 0.03).

SAMPLES a=b () ¢ (A) D (nm)
ZnO 3.24 5.199 24.38
CzOol1 3.25 521 28.39
Cz02 3.25 5.21 30.93
CzZ03 3.25 5.21 39.5
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6.3.2 Raman Analysis
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Figure 6.3. Raman analysis of ZnO, CZO1, CZO2 and CZO3

The Raman spectroscopy depicted in Fig 6.3 reveals negligible distinctions among the
spectra of pure ZnO, CZO1, CZ02, and CZO3. However, a discernible low-intensity
absorption band at approximately 463.5 cm™ in all doped ZnO samples serves as
confirmation of cerium presence. This band corresponds to the Fo; Raman active mode,
indicative of the symmetric breathing motion of oxygen atoms surrounding cerium ions,
elucidating their bond within the lattice (Liu et al. 2014). Furthermore, three additional
vibrational modes observed at 331.4 cm™!, 437.6 cm’!, and 582.3 cm™ are attributed to
the crystalline structure of ZnO. Notably, the 437.6 cm™ peak signifies the Raman-
active optical phonon E>H vibration mode characteristic of the wurtzite hexagonal ZnO
structure, consistent across all investigated CexZnixO and pure ZnO samples
(Bechambi et al. 2015; Umar and Hahn 2008). This coherence with XRD findings
underscores the crystalline nature of the samples, corroborating their structural integrity
(Fifere et al. 2018). Noteworthy is the superior performance of CZO3, attributed to its
enhanced propensity for crystallization, facilitating expedited electron transmission.
The observation of a second-order Raman spectrum at 332 cm™, traditionally associated
with single-crystal ZnO, suggests a minor frequency shift with increased cerium
content, potentially indicative of lattice distortions and oxygen vacancy formation.

Additionally, the presence of a weak band at 582 cm™ implicates the generation of
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defects such as oxygen vacancies and interstitial Zn, further contributing to the

understanding of the material's structural properties (Fifere et al. 2018).

6.3.3 UV-Visible Analysis and Bandgap Study
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Figure 6.4. (a) UV-Visible spectra of ZnO, CZO1, CZO2, and CZO3; (b) Optical
band-gap energy of ZnO, CZO1, CZO2, and CZO3

The optical characteristics of pure ZnO, CZO1, CZO2, and CZO3 were systematically
investigated through UV-Visible spectroscopy, in conjunction with band gap analyses
depicted in Fig 6.4 (a-b). Notably, all synthesized materials exhibit response to visible
light, as evidenced by the reflectance spectra, which manifest light-induced inter-band
electronic transitions spanning from 380 to 550 nm. Utilizing the Kubelka-Munk
function f(R)? plotted against energy in electron volts, the band gap energies of these
materials were discerned. Employing linear extrapolation with f(R)*> = 0, the band gap
values were determined as follows: ZnO (3.25 eV) > CZ02 (3.22 eV) > CZO1 (3.21
eV) > CZO3 (3.20 eV). This observation elucidates the phenomenon whereby the
absorption edge transitions to longer wavelengths, thereby amplifying the absorption
of incident light (Djaja and Saleh 2013). Notably, the CZO3 sample exhibits superior
activation under visible light illumination, emerging as the most promising material for
applications involving visible light. Cerium doping induces the formation of localized
states, effectively generating a new lowest unoccupied molecular orbital and reducing

the band gap. Consequently, electron states are introduced within ZnO's band gap,
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which is closer to the conduction band's bottom edge, leading to a red shift in UV

emission (Djaja and Saleh 2013).

6.3.4 Photoluminescence (PL) Spectra Analysis

PL Intensity / a.u.

400 450 500 550 600
Wavelenghth / nm

Figure 6.5. PL spectra of ZnO, CZO1, CZO2, and CZO3

As illustrated in Fig 6.5, PL spectra were recorded between 350 and 600 nm to assess
the charge carrier separation efficiency. Upon excitation at a wavelength of 315 nm,
broad emission spectra were observed for the samples. Notably, the emission peak
intensity significantly decreased in the doped samples in the order of ZnO > CZO1 >
CZ02 > CZO03, with the intensity maxima located at 466 nm. The emission spectra
intensity, resulting from the radiative recombination of excited charge carriers, clearly
indicated the degree of charge carrier separation. Among the samples, CZO3 exhibited
the lowest peak intensity, indicating the least charge carrier recombination. This
reduced recombination can be attributed to the additional energy sites introduced by Ce
doping, which effectively trap the excited electrons, thereby preventing recombination.
Consequently, CZO3 demonstrates a smaller emission peak and inhibits charge carrier

recombination.
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6.3.5 Field Emission Scanning Electron Microscopy (FE-SEM) and Energy-
dispersive X-ray Spectroscopy (EDS) Analysis

Figure 6.6. FE-SEM analysis of (a) ZnO; (b) CZO1;(c) CZO2; and (d) CZO3.

The morphological attributes of ZnO, CZO1, CZO2, and CZO3 are depicted in Fig 6.6
(a-d). Undoped ZnO exhibits a spherical morphology characterized by a smooth surface
and uniform pattern. Notably, lower concentrations of Ce doping correspond to
diminished morphological degradation of the resulting products. With increasing
concentrations of the dopant Ce, small granules emerge on the surfaces of CZO1,
CZ02, and CZO3, exhibiting rough textures (Wen et al. 2020). The discernible
variation in ionic radii between Ce and Zn facilitates the substitution of Ce for Zn within

the ZnO lattice. As the concentration of Ce within ZnO increases, it has the potential to
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disrupt the crystal lattice structure, thereby possibly compromising the integrity of ZnO
(Liang et al. 2015).
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Figure 6.7. EDS analysis of (a) ZnO; (b) CZOI; (c) CZO2; and (d) CZO3.
Elemental composition validation via EDS corroborates the presence of Zn and O in
the pure sample, alongside Ce as a dopant within the doped ZnO system, as depicted in
Fig 6.7 (a-d). This substantiates the incorporation of the dopant within the system,

thereby confirming successful doping.
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6.3.6 Cyclic Voltammetry (CV) Analysis
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Figure 6.8. (a) Cyclic voltagramm of ZnO, CZO1, CZ0O2, CZO3 and Bare NF;
Oxidation peak analysis of (b) ZnO; (c) CZOI; (d) CZO2; (e) CZO3.

Moreover, CV analyses were conducted on the synthesized ZnO samples, including
Zn0O, CZ01, CZ02, CZO3, and bare NF, within a potential window spanning from 0.1
to 0.8 V vs Ag/AgCl, at a scan rate of 25 mV/s, as depicted in Fig 6.8 (a). Notably,
CZO3 exhibits remarkable activity relative to the other materials, evidenced by both its
cathodic and anodic peaks surpassing those of its counterparts. Furthermore, the
selection of the electrode material can be rationalized by elucidating the
electrochemical surface-active sites inferred from the redox peak current, as illustrated
in Fig 6.8 (b-e). The determination of surface-active sites, corresponding to the number
of electrons transferred during the redox peak (Anantharaj et al. 2018), can be achieved
through analysis of the recorded CV data for the optimal materials. In this investigation,
the oxidation peak was utilized to quantify the electron transfers, resulting in values of

1.79x10%, 0.76x10", 1.33x10", and 2.1x10" for ZnO, CZO1, CZO2, and CZO03,
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respectively. This analysis underscores CZO3 as the superior material, given its notably

higher electron transfer rate during the oxidation peak.

6.3.7 Electrochemical Active Surface Area (ECAS) Analysis
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Figure 6.9. CV plot of (a) ZnO; (b) CZOI; (c) CZO2; and (d) CZO3; (e) ECSA plot of
Zn0, CZ01, CZO2 and CZO3.

As depicted in Fig 6.9 (a-d), the ECSA analysis offers a comparative assessment of the
activity exhibited by ZnO, CZO1, CZ0O2, and CZO3. Diverging from the methodology
of BET research, this study provides a more precise evaluation of the material's surface
area activity by maintaining complete immersion in the electrolyte (Anantharaj et al.
2018). Notably, the 2Cq values for ZnO, CZO1, CZ0O2, and CZO3 are recorded as 2.9
pF.cm?, 3.5 pF.em™, 1.8 pF.em™, and 6.48 pF.cm™, respectively, as illustrated in Fig
6.9 (e). The augmented performance of active sites relative to other electrodes confirms
CZ03 as the optimal material. Estimations of the actual surface areas for ZnO, CZO1,
CZ02, and CZO3 are determined to be 0.0365 cm?, 0.0437 cm?, 0.0225 cm?, and 0.081
cm?, respectively. This unequivocally underscores CZO3 as the superior material

among the tested samples.
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6.3.8 Electrochemical Impedance Spectra (EIS) Analysis
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Figure 6.10. Nyquist Plot of ZnO and ZnO, CZO1, CZO2, and CZO3.

The conductivity and interference characteristics of ZnO, CZO1, CZ0O2, and CZO3
were systematically investigated through Electrochemical Impedance Spectroscopy
(EIS), employing a consistent three-electrode configuration. The Nyquist plot was
analyzed by fitting it to the equivalent circuit depicted as illustrated in Fig 6.10. This
circuit comprises solution resistance (Rs) in conjunction with double layer resistance
(Rea) and charge transfer resistance (Rc), supplemented by internal resistance (Rjr). The
electrochemically derived parameters, delineated in Table 6.3, provide crucial insights
into the materials' performance. Notably, CZO3 exhibits markedly lower charge
transfer resistance and solution resistance compared to the other materials, as evidenced
in Table 6.3. This observation serves to confirm its heightened activity relative to all

other tested materials.
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Table 6.3. EIS parameters for the fitted circuit

Samples Rs Cet Ret Cear Real Cir Rir
(8] (F) (0] (F) (€8] (F) (€8]

Zn0O 4.296 4.059x10°¢ 10.55 | 0.0001182 78.62 | 0.0001577 | 3.508
CZOl1 3.681 1.0515%10°¢ | 7.947 0.00017 77.42 | 0.0002611 | 2.529
Cz02 4.290 4.059x10°¢ 19.55 | 0.0001102 78.63 | 0.0001576 | 3.509
Cz03 3.336 6.639%x10°¢ 6.586 | 0.0001512 60.34 | 0.0001253 | 4.748

6.3.9 High-Resolution Transmission Electron Microscopy (HR-TEM) Analysis

(a)

(d)

czo3

8

9 10 11 12 13 14 15

Particle size / nm

Figure 6.11. (a) TEM; (b) HR-TEM: (c) Particle size analysis of CZO3; and (d)(i-iv)
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So, according to all the examinations, CZO3 has the highest activity compared to ZnO,
CZO1, and CZO2. The HR-TEM for CZO3 shown in Fig 6.11 (a-b) has a spherical
shape and lattice space between adjacent planes has uniform fringe with the
approximate interval of 0.25 nm corresponding to (1 0 1) plane and 0.28 nm
corresponding to (1 0 0) plane of ZnO and it confirms the hexagonal wurtzite structure
that well matches with the JCPDS card no: 089-0510. As observed in Fig 6.11 (c), it
has particles that are typically between 8-15 nm in size. STEM analysis confirms
successful doping in CZO3, revealing a uniform distribution of Ce, Zn, and O elements

as depicted in Fig 6.11 (d) (i-iv).
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6.3.10 Photoelectrochemical Analysis of CZO3
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Figure 6.12. (a) CV analysis of CZO3 in dark and illuminated environments;
Oxidation peak analysis of CZO3 in (b) dark and (c) illuminated mode respectively;
ECSA CV analysis of CZO3 in (d) dark and (e) illuminated mode, (f) ECSA plot of

CZO3 of dark and illuminated mode.
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The selected material is subjected to CV analysis in a dark and illuminated mode and
the changes in the activity are observed in Fig 6.12 (a). Light illumination significantly
boosted the photoelectrochemical activity of CZO3/NF films synthesized in this work
compared to dark condition. The aforementioned findings emphasize the enhanced
electrical conductivity or chemical catalytic activity of the coatings upon illumination.
When comparing their relative ionic radii, a possible explanation for this occurrence is
the substitution of Zn" ions in the ZnO lattice by Ce*" ions. The following reaction Eq.

6.2 may be used to illustrate this substitution:

ZnO
CeOr —> Cel, + 05+ 02+ 2¢ (6.2)
In this case, O} stands for the defect caused by oxygen ions in the interstices, while
Ce9S signifies the defect caused by the substitution of Zn** ions with Ce*" ions inside
the ZnO lattice. The increased photoelectrochemical properties shown in these thin
films might be attributed to the presence of a greater number of electrons and holes, as
well as the comparatively high mobility of bulk oxygen species and the simple
production of labile oxygen vacancies (Yousefi et al. 2011). When light interacts with
cerium-doped ZnO (CZO), it generates free electrons more efficiently, which
significantly enhance the photoelectrochemical activity (Eq. 6.3). Effect the Ce doping
reduces the carrier charge carrier recombination and improves the photoelectrochemical
performance of pristine ZnO. As a result, the material exhibits improved
photoelectrochemical properties due to the effective suppression of recombination
processes and the promotion of efficient electrochemical reactions. The mechanism can

be represented by the equation:
CZO (Ce%’,05)+hy —>  CZO (Ce%’,0%)+e* +ht (6.3)

where Ay denotes the incident photon energy, e are the generated conduction band
electrons, and 4™ are the valence band holes.

Significantly, the photoelectrochemical activity of CZO3 material demonstrates a
notable augmentation in an illuminated environment compared to a dark setting, as

evidenced in Fig 6.12 (a). These findings underscore the influence of light exposure on
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enhancing electron transfer within the material, consequently amplifying its
photoelectrochemical reactivity. Moreover, the quantification of electron transfers
during the redox peak reveals a conspicuous increase from 2.1x10'° to 3.51x10'° upon
illumination, as depicted in Fig 6.12 (b-c). This notable elevation in electron transfer
rate attributed to illumination can be attributed to the generation of a new lowest
unoccupied molecular orbital and reduction in the band gap. These excited electrons
effectively sustain charge separation, thereby mitigating electron-hole recombination,
consequently indicating a significant enhancement in the material's redox activity. The
light-induced electrochemical active sites of the material were investigated using
electrical double-layer capacitance (Car). The results, as illustrated in Fig 6.12 (d-e),

demonstrate an enhancement in the active surface area from 0.0806 cm? to 0.0821 cm?.

The ECSA plot is represented in Fig 6.12 (f).

6.3.11 X-ray photoelectron spectroscopy (XPS) Analysis
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Figure 6.13. XPS of CZO3 (a) survey, (b) Zn 2; (c) Zn 3d; (d) Ce 3d and (e) O Is.
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XPS analysis provides intricate insights into the surface composition and chemical state
of CZ0O3. The XPS survey in Fig 6.13 (a) underscores the presence of Zn, Ce, and O
elements. The survey distinctly identifies the characteristic peaks associated with each
element, along with their respective compositions.

Specifically, the Zn?>" state within the ZnO lattice manifests through significant peaks
positioned at 1045 eV and 1022 eV, corresponding to Zn 2p12 and Zn 2p3.2, respectively
as shown in Fig 6.13 (b) (Pathak et al. 2020). Additionally, the peak observed at 8.77
eV is attributed to the Zn 3d state, as depicted in Fig 6.13 (c¢). Deconvoluted spectra of
Ce 3d in doped ZnO, depicted in Fig 6.13 (d), reveal two sets of spin-orbitals
corresponding to Ce 3d3/2 (v4, vs) and Ce 3ds. (v1, V2, v3), indicating the presence of Ce
in the +4 oxidation state. The observed binding energy doublets, such as v3 and vs at
898.7 eV and 9154 eV, respectively, originate from the final state of Ce (IV)
3d°4f°0%p®. Similarly, doublet v and v4 at 886.8 eV and 904.3 eV are attributed to the
state of Ce (IV) 3d°4f10%p°, while the peak at 881.8 eV is caused by Ce 3d°4f20%p*.
These distinctive peaks collectively confirm the doping of Ce into ZnO in the form of
Ce (IV). Additionally, slight shifts in the Ce 3d binding energy compared to standard
XPS energy peaks indicate modifications in the Ce-O bond length within ZnO,
attributable to Ce™ doping. Notably, the absence of additional signals of other
impurities underscores the successful synthesis of Ce** doped ZnO (Faisal et al. 2013;
Liang et al. 2015). The O 1s spectra, as observed in Fig 6.13 (e), are fitted into two
components: The low-energy component at 530.9 eV is attributed to Zn-O binding,
while the high-energy component at 531.9 eV corresponds to oxygen species

chemisorbed on the surface (Cervantes-Lopez et al. 2017).
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6.3.12 Density Functional Theory (DFT) Analysis
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Figure 6.14. (a) optimized (101) slab for ZnO; (b) Density of States plot for ZnO; (c)
Electronic band structure for ZnO; (d) optimized (101) slab for Ce-ZnO; (e) Density
of States plot for Ce-ZnO; (f) Electronic band structure for Ce-ZnO.

The effectiveness of various sensor configurations can be evaluated to gain
comprehensive insights into properties such as preferred adsorption sites, adsorption
energy, and the detection of subtle changes in electronic properties induced by
adsorption. The optimized geometry of cleaved pristine ZnO and Ce-doped ZnO is
illustrated in Fig 6.14 (a) and (d), respectively. It is evident from graph that cerium

effectively substitutes two zinc.

Zn atoms rather than occupying interstitial sites, as confirmed by the density of states
(DOS) analysis. As depicted in Fig 6.14 (b), the material demonstrates a
semiconducting nature, with Zn d-state and O p-state contributing to the valence band
maxima, whereas conduction band minima consist of Zn s-state and Zn p-state and O
p-state. Notably, the conducting band exhibits an absence of state contribution,
reflecting the inferior conductivity behavior of pristine ZnO nanoparticles. In contrast,
the introduction of Ce (Fig 6.14 (d)) results in a discernible difference in the DOS (Fig
6.14 (e)). In Ce-doped ZnO, Zn d-state and O p-state contribute to the valence band
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maxima, while Zn s-state, Zn p-state, and a minimal amount of Ce p-state attribute to

the shared valence band minima.

A significant deviation is observed in the presence of Ce d-state as the conduction band
maxima, directly correlating with the experimentally observed enhanced response,
indicative of the improved ZnO matrix upon Ce inclusion. This data aligns with the
XPS results, corroborating the effectiveness of Ce doping. To elucidate the variation in
band gap induced by Ce inclusion, band structure analysis was performed. This is
crucial as exposure to light sources significantly enhances activity, improving electron

mobility within the system.

As shown in Fig 6.14 (¢) and 6.14 (f), both materials exhibit a semiconducting nature,
yet the band gap for Ce-doped ZnO (2.903 eV) is notably smaller compared to pristine
ZnO (3.199 eV) at gamma point. This reduction in band gap is attributed to the
development of additional intermediate energy levels, leading to increased activity.
Furthermore, to understand the exemplary sensing activity of Ce-doped ZnO towards
cholesterol, adsorption energy was calculated to elucidate why Ce-ZnO demonstrates

superior performance compared to ZnO.

(a)

Figure 6.15. (a) Cholesterol adsorbed ZnO; (b) Cholesterol adsorbed Ce doped ZnO.

Utilizing Eq. 6.1, adsorption energy was calculated for both ZnO and Ce-doped ZnO.
As illustrated in Fig 6.15 (a-b), during cholesterol adsorption in pristine ZnO, the
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molecule is attracted towards Zn atoms with an adsorption energy of -0.146 eV. In
contrast, cholesterol adsorption onto Ce-doped ZnO results in higher adsorption onto
Ce rather than Zn, with a significantly higher adsorption energy of -0.454 eV. This
higher adsorption energy suggests a greater likelihood of cholesterol sensing by Ce-
doped ZnO, which is confirmed by experimental analysis, showcasing the Ce (cerium)
high affinity for attracting oxygen atoms in cholesterol derivatives enhances the activity

of the ZnO matrix in cholesterol sensing applications.

6.3.13 Mechanism of PEC cholesterol biosensor of CZ0O3
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8p04323[3 43IUN0)
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Figure 6.16. Mechanistic representation of PEC based Cholesterol biosensor

A PEC cell consists of three main components: platinum as the counter electrode
(photocathode), CZO3@NF as the working electrode (photoanode), the KOH
electrolyte is chosen for its compatibility with cholesterol and its non-adverse effects
as shown in Fig 6.16. The diagram illustrates the typical mechanism of direct PEC

oxidation of biomolecules. In PEC biosensing, the presence of target biomolecules
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induces an increase in photocurrent, which is directly proportional to their
concentration. We have also clarified that the doping of Ce results in a reduction of the
band gap of the material as studied from UV and DFT studies. The PEC process
comprises several critical steps: (a) light absorption by the CZO3 substrate leads to the
generation of photoexcited charge carriers, specifically electrons (e”) and holes (h*); (b)
these charge carriers are then separated, with photoelectrons migrating towards the WE
and photoholes moving towards the electrolyte. Upon irradiation, photoexcited carriers
are produced at the WE. Photoelectrons are transferred from the conduction band of the
WE to the platinum electrode, while photoholes in the valence band of the WE
participate in oxidation reactions with biological species in the electrolyte. For instance,
cholesterol is oxidized to 4-Cholestene-3-one, facilitating the transfer of electrons to
the photoanode. This process enhances the overall sensitivity and efficiency of the PEC

biosensor, making it a robust tool for detecting biomolecules (Devadoss et al. 2015).

6.3.14 Electrochemical Analysis
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Figure 6.17. Comparison of CVs of CZO3@NF, ZnO@NF, and bare NF in 0.1 M
KOH with the scan rate of 50 mV/s in (a) dark and (b) illuminated mode respectively.

In this investigation, CZO3/NF, bare NF, and ZnO/NF materials underwent scrutiny
under conditions of cholesterol oxidation, employing a 2 mM cholesterol solution in
0.1 M KOH, with a scan rate of 50 mV/s. As depicted in Fig 6.17 (a) and (b) for dark

and illuminated environments, respectively, the catalytic response of bare NF material
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remains negligible during cholesterol oxidation in the absence of light within the
specified potential range of 0.1 to 0.8 V vs Ag/AgCl. Conversely, both ZnO/NF and
CZO3/NF materials exhibit discernible increases in anodic peak current, indicative of
cholesterol oxidation in the dark mode. The CZO3/NF demonstrates an anodic current
response nearly twice as pronounced as ZnO/NF. Furthermore, exposure to visible light
reveals a substantial enhancement in CZO3/NF compared to ZnO/NF, exhibiting nearly
triple the magnitude of improvement. This significant progress underscores the pivotal
role played by the crystalline nature, heightened electron transport, expanded surface
area inherent in CZO3/NF, and the band gap as mentioned in the DFT contributing to
the effective oxidation of cholesterol to 4-Cholestene-3-one on the working electrode

surface within a non-enzymatic biosensor context.
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Figure 6.18. Laviron equation study of CZO3@NF

Additionally, the number of electrons necessary to oxidize cholesterol is determined
utilizing the Laviron equation (Eq. 4.3). According to Fig 6.18, the application of the
Laviron equation, calculated by plotting the slope of In(v) against the anodic peak
potential (E). The analysis reveals the exchange of 1.99 electrons during the electro-
oxidation of cholesterol, thereby confirming the involvement of two electron transfers

in this process.
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Figure 6.19. CVs of CZO3@NF in 0.1 M KOH with scan rates from 5-120 mV/s. The
corresponding anodic peak current and cathodic peak current as a function of the
square root of the scan rate (Inset).

Comprehensive CV analysis was conducted to elucidate the -electrochemical
characteristics of the CZO3/NF coating and represented in Fig 6.19, employing varied
scan rates ranging from 5-120 mV/s. The primary objectives of this investigation
encompassed the elucidation of modified electrode properties and dynamics, alongside
discerning the influence of scan rate on both anodic and cathodic peak currents.
Notably, the results reveal a concurrent increase in anodic and cathodic peaks with
escalating scan rates. This observed behavior finds an explanation in the modulation of
diffusion layer thickness, which dynamically adjusts with the scan rate. Slower scan
rates foster the formation of thicker diffusion layers, impeding the access of
electroactive species to the electrode surface and consequently diminishing both
cathodic and anodic peak currents. Conversely, higher scan rates yield contrasting
effects. As the scan rate escalates, the cathodic peak shifts towards the negative side,
while the anodic peak shifts towards the positive side. Noteworthy is the observed linear
correlation between the square root of the scan rate and the redox behavior of CZO3/NF,
as depicted in the inset. This empirical evidence suggests that notwithstanding the
diffusion layer's hindrance to electroactive species penetration, electron transfer persists

via the outer sphere mechanism.
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Figure 6.20. The successive addition of cholesterol in 0.1 M KOH at the scan rate of
50mV/s in (a) illuminated mode and (b) dark mode respectively.

The investigation depicted in Fig 6.20 (a-b) delves into the impact of cholesterol
addition to a 0.1 M KOH solution under both illuminated and dark conditions,
respectively. Notably, the findings unveil a gradual increase in the CV anodic peak with
elevated cholesterol concentrations, indicative of electrocatalytic cholesterol oxidation.

This observed phenomenon finds explanation in the expansion of the analyte's diffusion

layer, resulting in the augmentation of the anodic peak.
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Figure 6.21. (a)The CA study of CZO3@NF in 0.1 M KOH with the successive

addition of cholesterol in stirring condition in dark and illuminated mode respectively.
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Applied potential: 0.6 V; (b) Calibration plot of the CZO3@NF for the determination
of the cholesterol in dark and illuminated mode respectively.
The research outcomes suggest the potential applicability of the technology for the
development of an amperometric sensor tailored for cholesterol measurement. Utilizing
CZO3/NF for CA measurements, an enzyme-free cholesterol sensor was meticulously
examined. Varied concentrations of cholesterol ranging from 40 uM to 2 mM were
introduced to assess the linear response of the sensor in both dark and illuminated
modes, as depicted in Fig 6.21 (a). The experiments were conducted under stirring
conditions at a fixed potential of 0.6 V, with the amperometric response recorded at 30
s intervals. Each increment in cholesterol concentration elicited a proportional rise in
the sensor's anodic peak, indicating the material's capability to detect added cholesterol.
This response is attributed to the augmentation of the diffusion layer near the working
electrode's surface, resulting in a higher-than-usual current. The calibration curve of the
cholesterol sensor, illustrated in Fig 6.21 (b), showcases a linear response across a
concentration range of 40 uM to 2 mM. Notably, the sensitivity values for dark and
illuminated modes are recorded as 1370 pA mM! e¢m™ and 2812 pA mM! cm™
respectively. Additionally, the LOQ values are 94 pM and 58 uM, while the LOD values

are 28 uM and 17 uM for dark and illuminated modes, respectively, with a response

time of 2 s.
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Figure 6.22. DPV study CZO3@NF with the successive addition of cholesterol
in (a) illuminated and (b) dark mode respectively.

The DPV study conducted on CZO3/NF revealed notably enhanced repeatability,
thereby affirming DPV analysis as a robust and effective analytical method. Fig 6.22
(a-b) from the investigation delineates a linear range for both illuminated and dark
modes, spanning from 0.4 mM to 2 mM. Employing a scan rate of 5 mV/s, incremental
additions of cholesterol to a solution of 0.1 M KOH in both modes elicited discernible
variations in current, indicative of the sensitivity of the sensor to changes in cholesterol
concentration. These findings underscore CZO3/NF's adaptive response to the

cholesterol analyte, attributed to its crystalline structure and the presence of oxygen

defects.
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Figure 6.23. The CVs of CZO3@NF with 2 mM cholesterol for 50 cycles in 0.1 M
KOH at the scan rate of 50 mV/s in (a) dark and (b)illuminated mode respectively.

The long-term durability of the CZO3/NF electrode in the presence of 2 mM cholesterol
was scrutinized over 50 cycles, revealing exemplary stability in both illuminated and
dark environments. In the dark mode, the electrode retained 98% of its characteristics
after 50 cycles, demonstrating substantial structural and functional integrity, as depicted
in Fig 6.23 (a). This underscores its inherent stability and suitability for biosensor
applications. Conversely, when exposed to light, the electrode exhibited 100% retention

throughout the 50 cycles, as illustrated in Fig 6.23 (b). Enhanced stability in the
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illuminated mode can be attributed to light's pivotal role in expanding the surface area
and promoting electron transfer. These results underscore the significance of light in

CZO3/NF electrodes for augmenting surface area and facilitating effective electron

transfer.
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Figure 6.24. (a)Comparison of the activity of CZO3@NF with three different
electrodes in dark and illuminated mode respectively, (b) Photocurrent activity of

CZO3@NF in dark and illuminated mode.

To assess the repeatability of three distinct CZO3/NF electrodes, electrocatalytic
oxidation studies were conducted using an illuminated mode with 1 mM cholesterol on
each electrode under identical conditions, as depicted in Fig 6.24 (a). The experimental
findings demonstrate consistent and comparable electrocatalytic oxidation activity
toward cholesterol across the electrodes treated with CZO3/NF. Furthermore, an in-
depth examination of charge carrier separation and transfer was conducted by
evaluating photocurrent versus time under ON-OFF conditions with 600 s visible light
irradiation periods, as shown in Fig 6.24 (b). The CZO3/NF electrode exhibited a
discernible response to light, characterized by an increase in current density from 2.4
mA to 2.7 mA under a consistent bias voltage. This enhancement suggests a more

efficient generation of photoinduced electrons and holes within the CZO3/NF sample.
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Figure 6.25. (a), (b) Interference study of CZO3@NF towards interference spices in
stirring condition in 0.1 M KOH; Applied potential 0.6 V; (c) DPV interference study
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and illuminated mode respectively.

The principal challenge encountered in the development of an electrochemical
cholesterol sensor lies in effectively mitigating the presence of interfering compounds
during cholesterol oxidation, highlighting the material's selectivity for cholesterol
detection. CA experiments are conducted by introducing various substances, including
AA, DP, NaCl, KCI, and UA into a 0.1 M KOH solution to investigate the selectivity
of CZO3/NF. As illustrated in Fig 6.25 (a-b), the interference species, at a concentration
of 0.5 mM, elicit no discernible response from CZO3/NF in both dark and illuminated

modes. In the case of glucose interference, no response was observed under dark
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conditions. Therefore, we anticipate that glucose will similarly exhibit no response
under illuminated conditions. Conversely, a distinct increase in current is observed upon
the addition of 1 mM cholesterol. Consequently, this study underscores that interference
species do not impede cholesterol oxidation activity even at higher concentrations, thus

underscoring the heightened selectivity of CZO3/NF for cholesterol sensing.

An investigation, congruent with the Chronoamperometry (CA)-based study, was
conducted employing Differential Pulse Voltammetry (DPV), with the findings
delineated in Fig 6.25 (c¢). Additionally, DPV analysis was executed on a mixture
comprising 1 mM cholesterol and all interference species at a concentration of 0.5 mM.
The absence of a significant alteration in the material's activity underscores that the
presence of interfering species does not compromise the sensitivity of CZO3/NF to
cholesterol. This underscores the exceptional selectivity and potential of CZO3/NF as

a material for cholesterol oxidation.
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Figure 6.26. Reproducibility studies of CZO3 were conducted using CV analysis in
0.1 M KOH with 2 mM cholesterol to assess the material's consistency and

performance in (a) illuminated and (b) dark mode respectively.

We have conducted a thorough assessment of the material's reproducibility under
illuminated and in dark conditions by performing CV analysis. This evaluation involved

subjecting multiple samples of the material to CV under identical experimental
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conditions to ensure consistency. The results, illustrated in Fig 6.26 (a-b), demonstrate
that the electrocatalytic activity is nearly identical across all samples. This consistent
performance underscores the high reproducibility of the material, affirming its
reliability for practical applications. The uniform activity observed across the different
samples highlights the material's stability and robustness in the given experimental

setup.

6.3.15 High-Resolution Liquid Chromatography Mass Spectrometry (HR-
LCMS) Analysis
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Figure 6.27. HR-LCMS study of (a) Cholesterol before adding to 3 electrode system
CV setup, (b) 4-Cholesten-3-one formation after CV completion.

To corroborate this mechanism, the cholesterol solution underwent High-Resolution
Liquid Chromatography Mass Spectrometry (HR-LCMS) analysis, both before and
after interaction with the CZO3/NF material, as depicted in Fig 6.27 (a-b). This
analytical approach aimed to discern any alterations in the cholesterol sample
subsequent to its interaction with the CZO3/NF material. The outcomes of the analysis
unequivocally confirmed the conversion of cholesterol (m/z = 368.45) into 4-

cholestene-3-one (m/z = 385.3).

Furthermore, the observed biosensing properties surpass and are comparable to those
of previously published cholesterol biosensors, as depicted in Table 6.4. Notably, this

represents the first successful demonstration and validation of a PEC-based non-
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enzymatic cholesterol biosensor predicated on CZO3/NF, achieved through a

comprehensive integration of theoretical and practical research methodologies.

Table 6.4 showcases the observed biosensing characteristics of the proposed

CZO3@NF electrode, revealing comparability and superiority to existing cholesterol

biosensors documented in published literature.

Electrode Sensitivity LOD Linear Range Ref.
pA mM-! ¢m uM
MIP@TiO; - 2.51x10* | 10%-10"*M | (Feng et al. 2022)
IOPCs/CH3NH;3PbBr3
Copper (I) Sulfide - 0.1 0.01 - 6.8 mM (Jietal. 2014)
nanoplates
Zn0O-Zn;zIn,0O 81 - 0.001 - 9 mM (Khan et al.
2021)
Zn0O/SnO; /RuO; 11.3513 - 0.1nM ~ (Alam et al.
0.01lmM 2021)
CZO3@NF 1370 28 40 uM - 2 mM This work
2812 17

6.3.16 Real-Sample Analysis

CZO3/NF was deployed for quantifying cholesterol levels in human blood serum

samples sourced from hospitals, with the serum retaining its original cholesterol

concentrations for direct analysis under illuminated conditions. The acquired values

closely aligned with the estimated values, as delineated in Table 6.5. This underscores

the CZO3/NF electrode's proficiency in furnishing an acceptable range for cholesterol

determination in real-world samples. Furthermore, Table 6.5 elucidates studies

conducted in a dark environment. The real sample chrono curves for illuminated and

dark modes are depicted in Fig 6.28 (a-e).
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Figure 6.28. Real sample Chrono curves study for CZO3/NF for (a) Patient 1, (b)
Patient 2; (c) Patient 3, (d) Patient 4, and (e) Patient 5 in both dark and illuminated

mode respectively.
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Table 6.5 Analysis of human blood serum for cholesterol test in illuminated and dark

mode.
Patient Gender Clinically tested Found (mg/dL)
(mg/dL) (Deviation)
Iluminated Dark mode
mode

1 M 141.72 144.38 (-2.66) 155 (-13.28)
2 F 48.18 48.98 (-0.8) 50.57 (-2.39)
3 M 194.86 195.5 (-0.64) 205.5 (-10.64)
4 M 146.15 133.75 (12.4) 164.75 (-18.6)
5 F 212.58 204.07 (8.51) 180.24 (32.34)
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6.3.17 Eco-Friendly Properties

(a)

(b)

Figure 6.29. Illustration of improved plant growth facilitated by the CZOs solution,
with images depicting seed germination on (a) Day I and (b) Day 3.
In this study, we examine the non-toxic nature of CZO3 with respect to its
environmental impact, specifically by promoting plant growth. The CZO3 solution was
prepared by dissolving the synthesized material in water, emphasizing its low
ecological footprint, as illustrated in Fig 6.29 (a-b). Green gram seeds were chosen as
the model for this investigation. The seeds were immersed in the solution, and by day
3, germination was evident, marked by the emergence of small buds. This demonstrates
the solution's simplicity and efficacy in fostering plant growth while minimizing

harmful environmental effects.
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6.4 Conclusions

>

In summary, ZnO CZO1, CZO2, and CZO3 were synthesized utilizing a wet
chemical technique and subsequently coated on NF substrate.

Comprehensive analyses reveal that CZO3/NF outperformed other
compositions studied, showcasing superior photocatalytic sensitivity, enhanced
electron transfer rates, and an expanded surface area.

The potential of ZnO and the optimal material CZO3 as biosensors for the
detection of cholesterol was investigated via DFT calculations, which
underlined CZO3 as superior to ZnO. This led to the selection of CZO3 for
further evaluation of PEC performance.

The PEC experiments conducted with the CZO3/NF electrode demonstrated a
wide linear range spanning from 80 uM to 2 mM, with a LOD of 17 uM, rapid
response time (2 s), exceptional reproducibility and stability, and an
extraordinary sensitivity of 2.81 mA.mM.cm™.

Additionally, a suitable applied potential was meticulously chosen to mitigate
interference from common biological species encountered in real specimens.

It is proposed that the modified electrode holds promise for cholesterol sensing
in human serum samples owing to its remarkable electrochemical activity,
excellent biocompatibility, consistent morphology, cost-effectiveness, and non-

toxic nature.
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CHAPTER 7

ENHANCED NON-ENZYMATIC CHOLESTEROL BIOSENSING USING
Pd/C-DECORATED SnO2: SYNTHESIS, CHARACTERIZATION, AND
ANALYTICAL PERFORMANCE IN CLINICAL BLOOD SPECIMENS







Abstract: This chapter provides an in-depth description of the synthesis of SnO: and its
subsequent decoration with Pd/C, along with a thorough characterization. This
comprehensive analysis aims to enhance the simplicity and effectiveness of

electrochemical cholesterol detection in human serum.

7.1 Introduction

Metal oxide semiconductor (MOS) technology is advantageous for analyte detection
due to its low cost, portability, ease of maintenance, and stability. Among MOS
materials, tin dioxide (SnO2) is particularly notable for its stable properties, high
electron mobility, and excellent electrical characteristics. SnO;, an n-type
semiconductor with a 3.6 eV band gap, possesses significant optical, electrical, and
electrochemical properties, making it suitable for sensors, catalysts, photocatalysts,
solar cells, gas sensors, and supercapacitors (Rai et al. 2018; Xin et al. 2018). However,
pure SnO; encounters challenges such as high-power consumption, slow response, poor
selectivity, and short recovery times. Combining SnO> with other nanocomposites is

essential to overcome these limitations (Henkel et al. 2019; Zhang et al. 2018).

Noble metal nanoparticles like Au, Ag, Pt, Pd, and Ru are highly sought after for their
unique properties in various fields (Wu et al. 2012). Among them, Pd-based catalysts
stand out due to palladium’s abundance and lower cost compared to platinum (Wen et
al. 2010; Zhang et al. 2012). However, pure palladium and other metals often lack
sensitivity, selectivity, and are prone to poisoning (Singh et al. 2010). To tackle these
challenges, recent research has turned to bimetallic systems combining different metals
to enhance sensor performance. These systems benefit from inter-metallic charge
transfer and orbital hybridization, improving catalytic performance (Ferrando et al.
2008; Lim et al. 2009; Rodriguez and Goodman 1992; Stamenkovic et al. 2007). Hybrid
noble and non-noble metal structures show synergistic effects, combining their
properties for enhanced performance. These advances demonstrate the potential of
bimetallic catalysts to address the limitations of pure metal systems, expanding their

practical use (Bao et al. 2007; Prasad and Bhat 2016).
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To overcome the limitations of both SnO> and pure metal catalysts, a combined
approach leveraging the advantageous properties of SnO> and noble metal nanoparticles
can be highly effective (Jietal. 2019; Xue et al. 2019; Yang et al. 2019). This integration
not only addresses the inherent shortcomings of each material but also enhances the
overall performance of the sensors. For instance, incorporating noble metals with SnO»
can improve sensitivity, selectivity, and response times due to the synergistic effects
between the metal oxides and the noble metals (Prasad et al. 2015c). Therefore, the
development of such hybrid nanocomposites represents a promising direction in the
advancement of high-performance, cost-effective sensing technologies (Acharyya et al.

2023; Chao et al. 2021; Prasad and Bhat 2015c).

In this study, Pd/C-decorated SnO, was synthesized to develop a cost-effective
electrocatalyst for cholesterol detection. The nanocomposite, consisting of palladium
nanoparticles on a carbon support, demonstrated enhanced catalytic properties,
stability, and sensitivity. Various electrochemical techniques such as including CV, CA,
DPYV, and LSV were employed to investigate its activity for cholesterol oxidation,
revealing strong performance with rapid response, broad linear range, and low detection
limit. These findings suggest the potential of Pd/C-decorated SnO: as a promising

electrode for amperometric cholesterol sensing.
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7.2 Experimental Method

7.2.1 Chemical reagents

Stannous chloride dihydrate (SnCl2-2H20), sodium hydroxide (NaOH) was all
procured from Loba. 10 wt% palladium on carbon (Pd/C) were obtained from Sigma-

Aldrich. All materials were of high purity and were used without any further

purification.

7.2.2 Synthesis of SnO2 and SnO2-Pd/C
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Figure 7.1. Schematic diagram of the synthesis of SnO>-Pd/C-NF

A measured quantity of 3g of SnCl-2H,O was dissolved in Milli-Q water and
vigorously stirred to achieve homogeneity. Subsequently, 0.1 M NaOH was added until
the solution turned milky white, followed by stirring for 5 minutes. 0.1 M Sodium
citrate was then introduced and the solution was stirred for an hour before being
transferring it into a Teflon-lined stainless-steel autoclave with a capacity of 200 mL.
The mixture was heated at 150°C for 6 hours, after which the sample underwent
centrifugation and was washed twice with water and ethanol. The resulting material
was dried at 100°C for 24 hours and then calcined at 500°C for 2 hours.

To prepare SnO2-Pd/C, 2g of calcined SnO> was dispersed in 100 mL of water and
vigorously stirred. Subsequently, 0.05 M Pd/C material was added and stirred for 3

hours, then sonicated for 30 min. The mixture was then centrifuged, washed twice with
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water and ethanol, and dried at 80°C for 12 hours to yield the final product. The

schematic diagram as shown in Fig 7.1.

7.3 Results and Discussions

7.3.1 X-Ray Diffraction (XRD) Analysis

—— Sn0,-Pd/C ——PdiC
(a) (b)
= =
© @© PdO
~ ~
= g 2
Z g =
C c
) g 3
£ i E
10 20 30 40 50 60 70 80 20 40 60 80
20 / degree 26 / degree

Figure 7.2. XRD analysis of (a) SnO>-Pd/C and pure SnO>; (b) 10 wt% Pd/C

respectively.

XRD analysis of pristine SnO: and the SnO.-Pd/C composite, as shown in Fig 7.2 (a)
displays distinctive diffraction peaks that correspond to the tetragonal crystal structure
of SnO: (JCPDS-77-0450). The face-centered cubic phase of metallic Pd (JCPDS-05-
0681) XRD analysis as illustrated in Fig 7.2 (b). Notably, the SnO>-Pd/C sample
exhibits small, low-intensity diffraction peaks indicative of Pd-based alloys. Pd (111)
and Pd (220) facets are confirmed by the peaks at 20 values of 38.03° and 65.86°,
respectively as shown in Fig 7.2 (b) (Ipadeola et al. 2019). Due to the smaller quantity
of Pd/C, these peaks are low in intensity, broader, and amorphous. Slight peak
broadening suggests an increase in lattice defects attributed to the presence of Pd and
carbon. Importantly, the absence of shifts in the XRD peaks indicates that Pd/C
nanoparticles primarily interact with the surface of SnO, without altering its crystal
structure, maintaining the structural integrity of SnO> while enhancing its surface

properties for sensing. The XRD data confirms the successful synthesis of SnO2-Pd/C,

152



with distinct diffraction characteristics validating the presence and interaction of SnO»

and Pd nanoparticles (Abdel Hameed 2017).

7.3.2 Raman Analysis
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Figure 7.3. Raman analysis of SnO>-Pd/C-NF and pure SnO>-NF.

The standard rutile tetragonal structure of SnO: is evidenced by the Raman active
modes Eg, A1g, and Bag, which are observed at 473, 631, and 770 cm’!, respectively and
is depicted in Fig 7.3. The Az and Bg modes, being non-degenerate, reflect the
contraction and expansion of Sn—O bonds, whereas the doubly degenerate E; mode
pertains to the vibrational movement of oxygen atoms within the oxygen plane
(Asaithambi et al. 2020; Mehraj et al. 2015). These observations confirm the successful
formation of SnO;. In the SnO,-Pd/C composite, the Raman active modes of SnO>
exhibit slight shifts, with Eg at 471 cm™, A1, at 628 cm™!, and Bog at 766 cm™ are shown
in Fig. 1b. Additionally, the presence of peaks at 1353 cm™ and 1566 cm™! corresponding
to the D and G bands of carbon, respectively, is noted. The lower intensity of the D
band suggests that the carbon support possesses high quality, characterized by low
defect density and high crystallinity. This high-quality carbon support contributes to
enhanced electrical conductivity, stability, and potentially superior catalytic

performance of the composite material (Zhang et al. 2019).
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7.3.3 Cyclic Voltammetry (CV) and Electrochemical Active Surface Area (ECAS)

study
12
—— SnO,-NF
gl — Sn0.-Pd/C-NF
——Bare NF
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E/V vs. Ag/AgCl

Figure 7.4. Cyclic Voltammetry comparison of bare NF, SnO>-NF, and SnO>-Pd/C-NF.

CV analyses were performed on the synthesized SnO2-NF and SnO;-Pd/C-NF samples
within a potential window of 0.1 to 0.8 V vs. Ag/AgCl at a scan rate of 50 mV/s, as
shown in Fig 7.4. Notably, SnO,-Pd/C-NF exhibited significantly enhanced activity
compared to the other materials, with both its cathodic and anodic peaks exceeding

those of its counterparts.
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Figure 7.5. Oxidation and reduction peak analysis of (a), (b) SnO:-Pd/C-NF; (c), (d)
SnO;-NF respectively.

The selection of electrode material is further rationalized by elucidating the
electrochemical surface-active sites, inferred from the redox peak currents, as depicted
in Fig 7.5 (a-d). The determination of surface-active sites, corresponding to the number
of electrons transferred during the redox peaks (Yousefi et al. 2011), was achieved
through the analysis of recorded CV data for the optimal materials. In this study, the
oxidation peak was used to quantify the electron transfers, resulting in values of
3.11x10" and 2.4x10" for SnO,-Pd/C-NF and SnO»-NF, respectively as shown in Fig
7.5 (a,c). Similarly, the reduction peak analysis yielded electron transfer values of
8.22x10" and 2.71x10" for SnO,-Pd/C-NF and SnO»-NF, respectively as shown in Fig
7.5 (b,d). This analysis underscores the superiority of SnO;-Pd/C-NF, given its
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significantly higher electron transfer rates during both the oxidation and reduction

peaks.
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Figure 7.6. CV study for ECSA plot of (a) SnO>-NF; (b) SnO:-Pd/C-NF; (c) ECSA
plot of SnO>-NF, SnO:-Pd/C-NF.

As illustrated in Fig 7.6 (a-b), the CVs compare the activity of SnO>-NF and SnO»-
Pd/C-NF electrodes. In contrast to BET analysis, this study fully immerses the material
in the electrolyte, enabling precise determination of the material’s surface area activity
(Anantharaj et al. 2018). According to Fig 7.6 (¢), the double-layer capacitance (2Car)
values for SnO,-Pd/C-NF and SnO»-NF are 1.82 pF.cm™ and 1.46 uF.cm™, respectively.
The electrochemically active surface areas for SnO»-Pd/C-NF and SnO:-NF were

determined to be 0.0227 cm? and 0.0183 cm?, respectively. The significant
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enhancement of active sites in SnO»-Pd/C-NF, compared to the other electrodes,

unequivocally establishes SnO>-Pd/C-NF as the superior material.

7.3.4 Electrochemical Impedance Spectra (EIS) Study
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Figure 7.7. Nyquist Plot of SnO>-NF and SnO:-Pd/C-NF materials.

The conductivity and interference characteristics of SnO2-NF and SnO2-Pd/C-NF were
rigorously examined through Electrochemical Impedance Spectroscopy (EIS), utilizing
a standardized three-electrode configuration. The Nyquist plot was interpreted by fitting
it to the equivalent circuit illustrated as depicted in Fig 7.7. This circuit encompasses
solution resistance (Rs), double-layer resistance (Rcai), charge transfer resistance (Re),
and internal resistance (Rir). The electrochemically derived parameters, detailed in
Table 7.1, offer critical insights into the materials’ performance. Remarkably, SnO»-
Pd/C-NF exhibits significantly lower charge transfer resistance and solution resistance
in comparison to the other materials, as indicated in Table 7.1. This finding
unequivocally confirms the superior electrochemical activity of SnO2-Pd/C-NF relative

to all other materials tested.
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Table 7.1. EIS parameters for the fitted circuit

Samples Rs Cet Ret Ceal Real Cir Rir
Q) (F) Q) (F) Q) (F) Q)
SnO,NF | 3.907 | 2.209x10* |2.444 | 6.611x10° | 6.424 | 1.68x10* | 46.59

SnO»- | 3.563 | 4.213x10* | 1.762 1x10° 4.507 | 2.438x10* | 36.18
Pd/C-NF

7.3.5 Field Emission Scanning Electron Microscopy (FE-SEM) Analysis

Figure 7.8. (a), (b) FE-SEM and magnified images of SnO: respectively, (c),
(d) FE-SEM and magnified images of SnO2-Pd/C.
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The FE-SEM analysis of the SnO; and SnO,-Pd/C materials provides critical insights
into their morphological features, as illustrated in Fig 7.8 (a-d), respectively. SnO-
nanoparticles display a uniform and relatively less agglomerated structure with distinct
particles as depicted in Fig 7.8 (a-b). In contrast, the SnO»-Pd/C composite exhibits a
higher degree of agglomeration as depicted in Fig 7.8 (c-d). This increased
agglomeration is primarily attributed to the presence of Pd, which acts as a catalyst and
enhances the interactions between SnO; nanoparticles and the carbon support. Pd serves
as nucleation sites for SnO, growth, promotes strong binding energies, and fosters a
more interconnected network, all contributing to the observed agglomeration
(Deivasegamani et al. 2017; Liu et al. 2021). This comprehensive FE-SEM analysis
confirms the successful incorporation of Pd/C into the SnO; matrix, resulting in a

modified and more interconnected structure.
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Figure 7.9. EDS analysis of (a) SnO:,; (b) SnO>-Pd/C respectively.

Elemental composition validation via EDS corroborates the presence of Sn and O in
the pure sample, alongside Pd and C within the nanocomposite system, as depicted in
Fig 7.9 (a-b) respectively. This elemental analysis substantiates the successful

formation of the SnO>-Pd/C composite.
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7.3.6 High-Resolution Transmission Electron Microscopy (HR-TEM) Analysis

(d)

Figure 7.10. TEM and HR-TEM analysis of (a-b) SnOz; and (c-d) SnO--
Pd/C respectively.

The HR-TEM analysis of SnO2 and SnO»-Pd/C materials provides significant insights
into their structural and morphological properties, as illustrated in Fig. 7.10 (a-b) and
7.10 (c-d), respectively. The SnO> nanoparticles demonstrate a rod-like hexagonal
morphology characterized by well-defined lattice fringes. These fringes exhibit an
approximate spacing of 0.33 nm, which corresponds to the (110) plane, confirming the
tetragonal structure of SnO> as per JCPDS-77-0450. This observation is indicative of
the crystalline nature of the nanoparticles. In contrast, the SnO2-Pd/C composite shows
increased agglomeration compared to pure SnO;, suggesting a strong interaction

between the Pd/C and SnO; particles. The particle size lies between 5 to 60 nm. The
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composite’s smoother edges and greater aggregation imply the incorporation of carbon.

The Pd and Sn elements are clearly identified by their characteristic lattice fringes, with

the approximate interval of 0.33 nm corresponding to the (110) planes of the tetragonal

SnO> structure and 0.234 nm corresponding to the (111) planes of the face-centered
cubic phase of Pd, consistent with JCPDS-05-0681. This detailed HR-TEM analysis
confirms the successful synthesis and decoration of Pd/C with SnO:, highlighting the

enhanced structural properties of the composite.

7.3.7 X-ray photoelectron spectroscopy (XPS) Analysis
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Figure 7.11. XPS of SnO>.Pd/C (a) Survey, (b) Sn 3d; (c) Pd 3d; (d) O Is; (e) C Is.

XPS was utilized to analyze the chemical environment of the SnO»-Pd/C composite

material. The XPS spectra, illustrated in Fig 7.11 (a), exhibit distinct binding energy

peaks corresponding to oxygen (O), tin (Sn), palladium (Pd), and carbon (C). These

peaks are well-defined and corroborate the elemental composition as determined by
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energy-dispersive spectroscopy (EDS), thereby confirming the successful decoration of
SnO: with Pd/C. The Sn 3d spectrum, presented in Fig 7.11 (b), reveals two symmetric
peaks at approximately 487.5 eV and 495.8 eV, which correspond to the Sn 3ds, and
Sn 3ds); states, respectively. These peaks are characteristic of tin in the +4 oxidation
state, which confirms the exclusive formation of the SnO; phase in the SnO>-Pd/C
composite (Acharyya et al. 2023; Sahoo and Ramaprabhu 2017). The observed peak
separation of 8 eV is attributed to the spin-orbit coupling of the Sn 3d states, reinforcing

the assignment to SnO» (Acharyya et al. 2023).

In the Pd 3d spectrum, two pairs of asymmetric peaks are observed as shown in Fig
7.11 (c). The binding energies at 335.5 eV and 337.5 eV correspond to the Pd 3ds, state,
whereas the binding energies at 340.6 eV and 342.7 eV correspond to the Pd 3ds; state.
The pronounced doublet peaks are indicative of the presence of metallic palladium Pd
(0), whereas the subtler peaks correspond to palladium in the +2 oxidation state (Pd>").
The presence of these weaker peaks suggests the occurrence of Pd*" oxidation states,
likely due to the formation of Pd-O bonds within the composite, indicative of partial
oxidation (Wu et al. 2015). The O 1s spectrum, depicted in Fig 7.11 (d), features three
distinct peaks at 531.2 eV, 532.4 eV, and 533.4 eV. The peak observed at 532.4 eV
corresponds to the standard binding energy of oxygen in O-C configurations. The
observed peaks at 531.2 eV and 533.4 eV are indicative of C-OH bonds and C-O-Pd
interactions within the SnO>-Pd/C composite, respectively. These findings illustrate the
complex chemical environment of the material, emphasizing the intricate interactions

between Pd/C and SnO> phases. (Ding et al. 2023; Sahoo and Ramaprabhu 2017).

The C 1s XPS spectra, shown in Fig 7.11 (e), exhibit binding energy peaks at 284.8 eV,
286.7 eV, and 288.7 eV. These peaks are respectively assigned to C=C sp?, C—OH, and
C=0 functional groups within the carbon matrix of the composite (Ipadeola et al. 2019).
The presence of these functional groups indicates the diverse chemical environment
and potential interaction sites available in the carbon component of the SnO2-Pd/C

composite.
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7.3.8 Electrochemical Study
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Figure 7.12. (a) Comparative CV analysis of SnO>-NF, SnO>-Pd/C-NF, and bare NF
in 0.1 M KOH at a scan rate of 50 mV/s in presence of 2 mM cholesterol; (b) CV scan
rate studies of SnO2-Pd/C-NF in 0.1 M KOH over a range of 5-120 mV/s. The inset
illustrates the correlation between the anodic and cathodic peak currents with the

square root of the scan rate.

As illustrated in Fig 7.12 (a), the SnO>-Pd/C-NF composite was evaluated for its
cholesterol oxidation properties in comparison with bare NF and SnO>-NF in a 2 mM
cholesterol solution within 0.1 M KOH. The results demonstrated that, within the
potential range of 0.1 to 0.8 V versus Ag/AgCl, bare NF showed no significant catalytic
activity towards cholesterol oxidation. In contrast, the SnO>-NF material exhibited an
increase in anodic peak current, indicative of its catalytic support for cholesterol
oxidation. Notably, SnO»-Pd/C-NF showed a substantial enhancement in anodic peak
current at Eya = 0.59 V upon the addition of cholesterol, displaying a threefold increase
in responsiveness compared to SnO»-NF. This marked increase underscores the superior

electrochemical activity of the SnO,-Pd/C-NF composite.
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Figure 7.13. Laviron equation study of SnO>-Pd/C-NF
The underlying mechanism involves the adsorption of cholesterol onto the Pd sites,
followed by its dehydrogenation to Cholest-4-en-3-one, with the concurrent release of
protons and electrons contributing to the observed current change (Eq.7.1, 7.2). This
significant enhancement in electrochemical response highlights the effectiveness of the
SnO,-Pd/C-NF composite in cholesterol oxidation, providing a robust platform for

biosensing applications.

Cholesterol (C27H460) — Cholesterol-Pd (7.1)
Cholesterol-Pd —— Cholest-4-en-3-one (C27H440) + 2H" + 2¢ (7.2)

As shown in Fig 7.13, the Laviron equation (Eq. 4.3) is derived from the slope of In (v)
vs anodic peak potential during cholesterol addition. The analysis indicates that
approximately 1.7 electrons, rounded to 2, are transferred during the electro-oxidation

of cholesterol, confirming a two-electron process.

CV analysis as depicted in Fig 7.12 (b) was conducted on the SnO2-Pd/C-NF electrode
using scan rates ranging from 5-120 mV/s, aimed at exploring its electrochemical
behavior and kinetic response. The investigation reveals a pronounced increase in both
anodic and cathodic peak currents as the scan rate escalates. This phenomenon arises

from the dynamic formation and depletion of a diffusion layer, which becomes thinner
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with higher scan rates. At lower scan rates, a thicker diffusion layer impedes the access
of electroactive species to the electrode surface, resulting in diminished peak currents.
Conversely, elevated scan rates promote faster species transport, leading to higher peak
currents. Moreover, the CV profiles illustrate a notable shift of the cathodic peak
towards more negative potentials and the anodic peak towards more positive potentials
with increasing scan rates. This shift signifies the electrode’s redox dynamics and
establishes a clear linear relationship between the peak currents and the square root of
the scan rate as shown in Fig 7.12 (b) (Inset). This observation underscores the
diffusion-limited nature of the electrode process, where electron transfer predominantly
occurs via an outer sphere mechanism facilitated by the reduction in diffusion layer

thickness at higher scan rates (Rao et al. 2024; Rao and Bhat 2024).
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Figure 7.14. (a) CV analysis of SnO>-Pd/C-NF with successive additions of
cholesterol in 0.1 M KOH at a scan rate of 50 mV/s; (b) CA study of SnO>-Pd/C-NF in
0.1 M KOH with successive additions of cholesterol under stirring conditions at an
applied potential of 0.59 V; (c) LSV analysis of SnO>-Pd/C-NF with successive
additions of cholesterol in 0.1 M KOH at a scan rate of 50 mV/s; (d) DPV analysis of
SnO>-Pd/C-NF with successive additions of cholesterol in 0.1 M KOH at a scan rate
of 10 mV/s; (e) Calibration curve for the determination of cholesterol using SnO:-
Pd/C-NF.
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According to Fig 7.14 (a), the progressive addition of cholesterol analyzed through CV
in 0.1 M KOH. As cholesterol concentration increases, a corresponding gradual
augmentation in the anodic peak is observed, signifying the electrocatalytic oxidation
process within the linear range extends from 200 pM to 2 mM. This observed
phenomenon is attributed to the increasing diffusion layer of cholesterol near the
electrode surface, thereby amplifying the anodic peak current. Consequently, these
findings underscore the efficacy of the SnO.-Pd/C/NF electrode for precise

amperometric sensing applications aimed at quantifying cholesterol levels.

Furthermore, the enzyme-free cholesterol sensor’s analytical performance was
rigorously assessed using CA measurements on the SnO2-Pd/C-NF electrode. The study
involved sequential additions of cholesterol across concentrations ranging from 200 uM
to 2 mM, conducted under constant stirring conditions with a fixed potential of 0.59 V.
The recorded amperometric responses at 30 s intervals clearly illustrate incremental
increases in current with each cholesterol addition, as depicted in Fig 7.14 (b). This
step-wise current augmentation directly correlates with the electrode’s sensitivity to
cholesterol, highlighting its capability to detect and quantify cholesterol levels based

on changes in the analyte’s diffusion layer near the electrode interface.

LSV is a versatile and widely used technique in electrochemistry that gives information
on sensitivity, selectivity, and efficiency making it a valuable tool in the study of
electrochemical biosensors. As illustrated in Fig 7.14 (¢), LSV analysis was carried out
within the linear range of 200 uM to 2 mM cholesterol in 0.1 M KOH, employing a
scan rate of 50 mV/s. Each successive addition of cholesterol induced discernible
changes in current, underscoring the electrode’s responsiveness to varying cholesterol

concentrations.

The DPV study demonstrated robust reproducibility, thereby establishing its reliability
for analyzing the SnO,-Pd/C-NF electrode. As illustrated in Fig 7.14 (d), DPV analysis
was conducted within the linear concentration range of 200 uM to 2 mM cholesterol in
0.1 M KOH, employing a scan rate of 10 mV/s. Each successive addition of cholesterol-
induced discernible changes in current, underscoring the electrode’s responsiveness to

varying cholesterol concentrations.
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The calibration curve of the cholesterol sensor demonstrates a linear relationship over
the concentration range of 200 uM to 2 mM, as illustrated in Fig 7.14 (e). This linearity
enables the accurate determination of the sensor’s sensitivity, LOD, and LOQ. The
sensor exhibits a sensitivity of 1560 pA mM™! cm, with limits of detection (LOD) and
quantification (LOQ) determined to be 28 uM and 34 uM, respectively. The sensor also
exhibits a rapid response time of 2 s, highlighting its efficiency and effectiveness in

cholesterol detection.
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Figure 7.15. (a) CV analysis of SnO:-NF with successive additions of cholesterol in
0.1 M KOH at a scan rate of 50 mV/s; (b) DPV analysis of SnO:-NF with successive
additions of cholesterol in 0.1 M KOH at a scan rate of 10 mV/s; (c) Calibration

curve for the determination of cholesterol using SnO:-NF.
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Additionally, CV successive analysis, DPV was performed on the base SnO>-NF within
the linear range of 200 uM to 2 mM and are depicted in Fig 7.15 (a-b) respectively.
The results paralleled those observed with the modified material, indicating that the
base material is suitable for amperometric non-enzymatic cholesterol biosensors. This
linearity enables the accurate determination of the sensor’s sensitivity and it is found to

be 546 pA mM™! cm™ and calibration graph as illustrated in Fig 7.15 (c).
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Figure 7.16. (a), (b) Interference study of SnO:-Pd/C-NF in the presence of
interfering species under stirring conditions in 0.1 M KOH at an applied potential of
0.59 V; (c) DPYV interference study for SnO>-Pd/C-NF at a scan rate of 5 mV/s with a

pulse amplitude of 50 mV.
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Developing an electrochemical cholesterol sensor poses a significant challenge due to
the need to effectively eliminate interfering compounds during cholesterol oxidation,
highlighting the material’s selectivity in detecting cholesterol. In this study, various
substances such as AA, DP, NaCl, KCl, UA and Glucose were added to a 0.1 M KOH
solution to evaluate the selectivity of SnO>-Pd/C-NF. As depicted in Fig 7.16 (a-b),
these interference species at a concentration of 0.5 mM did not elicit a response from
SnO,-Pd/C-NF, whereas a distinct current increase was observed upon the addition of
2 mM cholesterol. This observation underscores that even at higher concentrations, the
interference species do not impact the cholesterol oxidation activity of SnO;-Pd/C-NF,

demonstrating its exceptional selectivity for cholesterol sensing.

Similar to the CA investigation, an interference study using DPV was conducted to
assess the selectivity of the SnO;-Pd/C-NF material for cholesterol sensing, as
illustrated in Fig 7.16 (c). The study involved analyzing the response of the material to
individual interference species, including ascorbic acid (AA), dopamine (DP), NaCl,
KCl, and uric acid (UA), each mixed with cholesterol at a concentration of 0.5 mM.
The results indicated that these interference species did not alter the activity of SnO»-
Pd/C-NF, as evidenced by the consistent response observed in DPV analysis. Moreover,
the mixture containing 2 mM cholesterol and all interference species showed no
significant deviation in the material’s electrochemical activity, reaffirming its robust
sensitivity towards cholesterol oxidation. These findings underscore the high selectivity
and potential of SnO;-Pd/C-NF as a reliable material for cholesterol detection
applications. The SnO,-Pd/C composite material excels as a non-enzymatic cholesterol
biosensor due to its unique structural and functional properties. SnO» provides stability
and high surface area, while Pd/C enhances catalytic activity and conductivity. This
synergy results in remarkable sensitivity, selectivity, and stability with improved
electrochemical activity due to the composite’s large surface area, lower solution

resistance, and enhanced charge transfer capabilities.
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Figure 7.17. (a) The CVs of SnO2-Pd/C-NF with 2 mM Cholesterol for 100 cycles in
0.1 M KOH at the scan rate of 50 mV/s; (b) Comparison of the activity of SnO2-Pd/C-
NF with four different electrodes in 0.1 M KOH at the scan rate of 50 mV/s.

The long-term stability of the SnO2-Pd/C-NF electrode was systematically assessed by
monitoring its response over 100 consecutive cycles in a 2 mM cholesterol solution.
The results, as depicted in Fig 7.17 (a), demonstrate an impressive 100% retention of
anodic current. This finding underscores the electrode’s exceptional stability and
durability, making it highly suitable for extended analytical use. Furthermore, the
consistent performance with negligible degradation highlights the electrode’s
robustness and reliability, affirming its potential for repeated use in diverse applications

with minimal loss of sensitivity.

The reproducibility of the SnO,-Pd/C-NF electrode’s performance was rigorously
evaluated by fabricating and testing four identical electrodes under controlled
conditions. Each electrode underwent CV analysis to assess its electrochemical activity.
The results revealed that all four electrodes exhibited highly consistent electrochemical
behavior, with minimal variation in their anodic current responses. This uniformity in
performance, as depicted in Fig 7.17 (b), underscores the high reproducibility of the
synthesis and fabrication process for the SnO»>-Pd/C-NF material. The consistent
performance across multiple electrodes highlights the material’s reliability and

robustness, ensuring dependable analytical results for practical applications.
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7.3.9 Post-Cholesterol Oxidation Characterization
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Figure 7.18. Before and after cholesterol oxidation Raman analysis of SnO2-Pd/C-NF

respectively.

The SnO;-Pd/C-NF material was evaluated for cholesterol sensing, with Raman
spectroscopy employed to assess structural changes resulting from cholesterol
oxidation. As shown in Fig 7.18, the analysis revealed no significant changes in the
peaks before and after cholesterol exposure, indicating that the SnO>-Pd/C-NF material
retains its structural and chemical integrity throughout the sensing process. This
stability implies that the material’s morphology remains unchanged, which is essential
for consistent performance in repeated use. Additionally, the broadening of peaks
observed in the Raman spectra can be attributed to the overlap between the

characteristic peaks of the nickel foam and the D and G bands of carbon.

172


mailto:V0.03Ti0.97O2@NF

7.3.10 High-Resolution Liquid Chromatography Mass Spectrometry (HR-
LCMS)
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Figure 7.19. HR-LCMS study of Cholesterol before CV and 4-Cholesten-3-one
formation after CV completion.

To validate this mechanism, the cholesterol solution underwent High-Resolution Liquid
Chromatography Mass Spectrometry (HR-LCMS) analysis before and after exposure
to the SnO2-Pd/C-NF material, as depicted in Fig 7.19. This analytical approach aimed
to detect any changes in the cholesterol sample following its interaction with the SnO;-
Pd/C-NF material. The results of the analysis conclusively confirmed the
transformation of cholesterol (m/z = 368.45) into 4-cholestene-3-one (m/z = 385.3).
This finding provides robust evidence supporting the catalytic activity of SnO»-Pd/C-

NF in facilitating the oxidation of cholesterol.

Moreover, the observed biosensing properties of the SnO,-Pd/C-NF material exhibit
superior performance compared to previously reported cholesterol biosensors, as
illustrated in Table 7.2. The synthesis method described represents a novel and
streamlined approach, yielding enhanced activity surpassing that of other materials

documented in the literature.
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Table 7.2 delineates the biosensing characteristics observed for the SnO>-Pd/C-NF

electrode, demonstrating its comparative and superior performance in cholesterol

detection when compared to existing biosensors documented in the published literature.

Electrode

Au--MWCNT-
Ppy
MIP-

MWCNTs/Au
NPs/SPCE

MnQO>/Graphite

Zn0/Sn0O;
/RuO;

SnO,-Pd/C-NF

Sensitivity

10.12 pAmM ' cm™

5 pA.uM ! em™

11.35 pA.uMem™

1560 pA.mMcm™

LOD Linear
Range
0.1x10°M  2-8mM
0.01 uM 0.01-8 uM
0.42 nM 12x1071°-
240x1071°M
- 0.1nM ~
0.0lmM
28 uM 200 uM to 2
mM
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7.3.11 Real Sample Analysis

The SnO»-Pd/C-NF electrode was utilized for the quantification of cholesterol in human
blood serum samples sourced from hospitals, featuring concentrations spanning 2 mM
to 15 mM. By directly analyzing unaltered serum, the electrode delivered values closely
mirroring estimated concentrations. Table 7.3 highlights these findings, affirming the
electrode’s efficacy in accurately determining cholesterol levels in real-world clinical

samples.

Table 7.3 Analysis of human blood sample

Patient Gender Clinically tested Found (mg/dL) Deviation
(mg/mL) (SnO2-Pd/C-NF)
1 F 105.4 101.86 3.54
2 M 178.92 178.03 0.89
3 M 292.3 279 13.3
4 F 3153 315.9 -0.6
5 F 418.9 423.4 -4.5

7.4 Conclusions

» Sn0,-Pd/C was successfully synthesized using a two-step method, involving
the hydrothermal preparation of SnO> followed by Pd/C decoration and coating
on Nickel Foam (NF).

» The resulting biosensor demonstrated remarkable sensitivity of 1560 pA-mM"
-em?, significantly surpassing the sensitivity of SnO>-NF alone, which was
measured at 546 pA-mM-cm™.

» The LOD for the Pd/C-decorated SnO> composite was determined to be 28 uM,
with a LOQ of 34 uM in a 0.1 M KOH solution. The sensor exhibited a linear
response across a concentration range of 200 uM to 2 mM.

» The SnO:-Pd/C-NF biosensor retained 97% of its performance over a 30-day

period, demonstrating excellent cyclic stability and long-term reliability.
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» The sensor’s robust performance in human serum samples underscores its
practical applicability and effectiveness under standard conditions.

» The superior performance of the SnO.-Pd/C-NF composite highlights its
potential for non-enzymatic cholesterol biosensing in future clinical and

biochemical applications.
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CHAPTER 8

SUMMARY AND CONCLUSIONS







Abstract: This section encapsulates the principal findings of the thesis, delivers

concluding insights, and outlines prospective avenues for future research.

8.1 Summary

Technology plays a vital role in modern life, streamlining processes and addressing
complex challenges. In healthcare, advanced diagnostics greatly enhance treatment
efficacy, and the advent of reliable biosensors has the potential to improve testing
precision, surpassing traditional limitations. This thesis, titled "Synthesis of
Nanomaterials and their Applications in Biosensors," explores the sophisticated domain
of biosensing with a particular focus on utilizing metal oxide nanomaterials for glucose
and cholesterol monitoring. The research commences with the meticulous synthesis and
comprehensive characterization of various nanomaterials, including V-doped TiO», Ce-
doped ZnO, and Pd/C-decorated SnO,. Advanced analytical techniques such as XRD,
FE-SEM, HR-TEM, XPS, UV-Visible Spectroscopy, Raman Spectroscopy, and PL
Spectroscopy are employed to elucidate their structural, morphological, and optical
properties. The electrochemical characteristics are investigated using methodologies

including CV, CA, DPV, LSV, and EIS.

Our thesis explores the critical role of technology, focusing on the application of metal
oxide-based biosensors in daily life. Biosensors, essential for timely medical
interventions, leverage metal oxides due to their exceptional electron transport
capabilities, catalytic properties, and chemical durability. These materials possess a
large surface area, robust catalytic activity, and stability, making them ideal for rapid
and precise detection of biological molecules. Metal oxides exhibit high sensitivity and
selectivity, enabling detection of low concentrations of substances, crucial for accurate
diagnostics. Their catalytic properties, as seen in TiO2 and ZnO, enhance biosensor
performance by improving signal transduction and sensitivity. The robustness and
chemical stability of metal oxides ensure long-term reliability, even in harsh conditions.
Additionally, their cost-effectiveness and widespread availability facilitate the
development of affordable biosensors for healthcare and environmental monitoring.
Functionalization with biological molecules further enhances their sensitivity and

specificity, enabling tailored biosensors for diverse applications. High electron mobility
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in metal oxides like SnO> and ZnO promotes efficient electron transport, improving
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Figure 8.1. Graphical representation of the mechanism of Vo.03Tio.9702@NF sensing

glucose.

TiO2 and doped TiO2 (MxTi1xO2, M =V, Ni, Co) (x = 0.00, 0.01, 0.02 and 0.03)
nanoparticles were synthesized using the hydrothermal method and subjected to a
thorough structural analysis. These materials were coated on Nickel foam (NF)
substrates and investigated using electrochemical techniques. The graphical

representation as shown in Fig. 8.1.

Among these materials, Vo.03Tio.970.@NF demonstrated exceptional electrochemical
performance. This superior performance was attributed to its well-defined crystalline
structure, mesoporous morphology, significant surface area, enhanced electron
mobility, and efficient charge transfer characteristics. The study also explored their
potential as glucose sensors through DFT simulations. Specifically, Vo.03Tio.970.@NF
exhibited heightened chemical reactivity, notably forming strong chemical bonds with

glucose oxygen atoms.
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In electrochemical glucose sensing applications, Vo03Tio9702@NF displayed
remarkable sensitivity, quantified at 1129.31 pA mMtcm2, with a LOD of 1.8 uM and
rapid response time of 2.1 s in 0.1 M KOH solution. These findings underscore the
material's efficacy in accurate glucose analysis, particularly in human blood samples.
The rapid synthesis, cost-effectiveness, and potential for diverse medical applications
highlight Vo.03Ti0.9702@NF as a promising candidate for commercialization in glucose

biosensing technologies.

Building upon our initial findings, we extended our investigation to explore the
influence of higher vanadium doping levels in TiO,. Synthesizing materials with
progressively increased vanadium concentrations (0.03, 0.05, 0.07, and 0.09), we
identified Vo.07Ti09302 as a particularly promising candidate for glucose biosensing
applications. This material exhibited notable characteristics including enhanced
sensitivity, with a measured value of 1482.8 pA mMZcm?2, a LOD of 488 mM, and a
rapid response time of 2 s. These findings underscore the potential of V.07Ti0.930: as
an effective non-enzymatic glucose biosensor, highlighting its suitability for advanced

biomedical applications.

CHOLESTEROL 4-CHOLESTENE-3-ONE
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Figure 8.2. Graphical representation of the CZO3@NF sensing cholesterol.
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In this comprehensive study, we synthesized cerium-doped zinc oxide (CexZn1x0O, X =
0.00, 0.01, 0.02, and 0.03) using the wet chemical method to investigate the potential
of these materials in PEC biosensors for enzyme-free cholesterol detection. The
research focused particularly on Ceo.03Zno.970 (CZO3) supported on NF as the active

material. The graphical representation as shown in Fig. 8.2.

The results revealed significant enhancements in sensitivity for cholesterol detection,
with CZO3/NF achieving an activity of 2.812 mA.mM=.cm? under illuminated
conditions. This represents a twofold increase in sensitivity compared to the
performance in dark mode, which was measured at 1.37 mA.mM™.cm. The LOD for
cholesterol was determined to be 17 uM under light and 28 uM in the dark, while the
LOQ was measured at 54 uM under light and 98 uM in the dark, within a 0.1 M KOH
solution. These measurements indicate a linear detection range extending from 80 uM
to 2 mM, highlighting the sensor's capability for precise quantification over a broad

range of concentrations.

To further understand the impact of cerium doping on the electronic properties of ZnO,
ab-initio calculations based on DFT were conducted on the 101 surfaces of both pristine
ZnO and CZ03. These calculations demonstrated that doping with cerium significantly
affects the band gap of ZnO, thereby enhancing its electronic and catalytic properties.
The study found that CZO3 exhibits superior activity compared to pristine ZnO,
underscoring its improved performance and greater potential for sensing applications.

Additionally, the CZO3/NF PEC biosensor displayed remarkable cyclic stability,
maintaining 97% of its initial performance over a 60-day period, which is a critical
attribute for long-term biosensing applications. The sensor's robust performance was
further validated through tests with human serum samples, where it consistently
exhibited reliable and stable detection capabilities in both dark and illuminated
conditions. This comprehensive investigation highlights the superior sensitivity,
stability, and practical applicability of CZO3/NF PEC biosensors, making them highly
promising candidates for advanced biosensing applications, particularly in medical
diagnostics. The findings underscore the significant potential of cerium-doped ZnO in
enhancing the performance of biosensors, offering valuable insights for the

development of next-generation diagnostic tools.
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Figure 8.3. Graphical representation of the SnO>-Pd/C-NF sensing cholesterol.

This study details the synthesis of SnO.-Pd/C via a meticulous two-step process.
Initially, SnO- was synthesized using the hydrothermal method, after which it was
decorated with Pd/C to enhance its properties. The focus of this research is on the
development of a non-enzymatic cholesterol biosensor, employing SnO.-Pd/C on NF

as the active material. The graphical representation as shown in Fig. 8.3.

The findings indicate significant improvements in the sensitivity for cholesterol
detection, with an observed activity of 1560 pA.mM™.cm? which represents a
threefold increase compared to the activity observed with SnO.-NF, which was 546
pA.mM.cm?. Furthermore, the biosensor demonstrated a LOD of 28 uM and a LOQ
of 34 uM in a 0.1 M KOH solution. The material also exhibited a broad linear detection
range, spanning from 200 uM to 2 mM. This range ensures the biosensor’s applicability

in various cholesterol detection scenarios, highlighting its versatility and effectiveness.

The SnO.-Pd/C-NF biosensor also exhibited excellent cyclic stability, maintaining 97%
of its performance over a 30-day period. This high level of stability is crucial for
practical applications, as it underscores the biosensor's potential for reliable and long-
term use in biosensing applications. Additionally, the biosensor demonstrated robust

sensing capabilities when tested with human serum samples, showcasing consistent
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performance under standard conditions. These findings underscore the significant
advancements in the sensitivity and stability of the SnO.-Pd/C-NF biosensor,
highlighting its potential for non-enzymatic cholesterol detection in clinical settings.
The study's comprehensive approach to synthesis and characterization provides a solid
foundation for future research and development in the field of biosensing, particularly

for applications requiring high sensitivity, stability, and reliability.

8.2 Conclusions

In conclusion, this thesis has demonstrated the significant potential of metal oxide-
based nanomaterials for developing highly sensitive, stable, and efficient biosensors for
glucose and cholesterol detection. The meticulous synthesis and comprehensive
characterization of V-doped TiO>, Ce-doped ZnO, and Pd/C-decorated SnO> have
underscored their exceptional electrochemical properties, making them promising
candidates for advanced biosensing applications. The superior electron transport
capabilities, robust catalytic properties, and chemical stability of these metal oxides
enable precise and rapid detection of target molecules, crucial for accurate diagnostics

in healthcare.

Our exploration into vanadium-doped TiO revealed Vo.07Ti0.9302 as an optimal material
for glucose biosensing, exhibiting remarkable sensitivity and rapid response times, thus
validating its potential for practical medical applications. Similarly, the study on
cerium-doped ZnO demonstrated that Ceo.03Zno970 enhances photoelectrochemical
cholesterol detection, showcasing significant improvements in sensitivity and stability.
Furthermore, the development of the SnO>-Pd/C-based biosensor highlighted notable
advancements in non-enzymatic cholesterol detection, with substantial improvements

in sensitivity and cyclic stability, thereby reinforcing its applicability in clinical settings.

The findings of this research contribute valuable insights into the optimization of metal
oxide nanomaterials for biosensing technologies. The demonstrated versatility,
efficiency, and cost-effectiveness of these materials provide a solid foundation for their
integration into mainstream diagnostic technologies. The scalability and adaptability of
metal oxide-based biosensors hold immense promise for widespread adoption in

healthcare, environmental monitoring, and various industrial processes.
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In essence, this thesis heralds a new era in biosensor technology, addressing the
limitations of traditional diagnostic methods and offering enhanced sensitivity,
specificity, and durability. The continued exploration and optimization of these
nanomaterials will undoubtedly drive further innovations, solidifying their role as

pivotal components in the future of biomedical diagnostics and beyond.

Table 8.1. Comparison of all fabricated biosensors related to the thesis.

Analyte Used Glucose Cholesterol
SI. Parameters V0.03Ti0.9702  Vo0.07Ti0.9302  Ce0.03Zn0.970 SnO:-
No (CZO3) Pd/C
1 Sensitivity 1129.31 1482.8 2812 (Light) 1560
(nAmM-'cm?) 1370 (Dark)
2 LOD (uM) 1.8 488 17 (Light) 28
28 (Dark)
3 LOQ (pnM) 6.2 - 54 (Light) 34
98 (Dark)
4 Selectivity Yes - Yes Yes
5 Linear range 20 uM -2 02-2mM 80 puM-2mM 0.2-2
oM mM
8.3 Future Work

Future work will focus on enhancing the performance and versatility of metal oxide-
based biosensors through several key strategies. One area of emphasis will be the
development of new metal oxide composites and hybrid materials to improve
sensitivity, selectivity, and response times. Researchers will also investigate advanced
techniques for functionalizing biosensors to strengthen their interactions with target
molecules and expand the range of detectable substances. Integrating these biosensors

with microfluidic systems and wearable devices will be explored to enable real-time,
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point-of-care diagnostics. Additionally, efforts will be made to scale up production,
ensuring that these biosensors remain cost-effective and accessible for widespread use

in healthcare and environmental monitoring.

Another important aspect of future work will involve the use of screen-printed
electrodes, which offer a low-cost, reproducible, and scalable platform for developing
disposable biosensors. This approach will facilitate the creation of portable and user-
friendly diagnostic tools, enhancing the overall utility and impact of metal oxide-based
biosensors. Extensive in vivo testing and clinical trials will be conducted to validate the
practical applications of these biosensors in real-world settings. By addressing these
areas, future research will pave the way for the adoption of advanced biosensors in
mainstream diagnostic and monitoring practices, significantly improving healthcare

outcomes and environmental monitoring capabilities.
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