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ABSTRACT

Synthesis of two-dimensional nanomaterials for electrochemical sensing

application

Unique surface features, chemical, optical, and electronic properties of 2 dimensional
(2D) nanomaterials have made them attract tremendous recognition for a vast range of
applications. 2D nanomaterials like hexagonal boron nitride (h-BN), transition metal
dichalcogenides (TMDs), black phosphorus, and layered double hydroxides (LDHs) etc.
are being widely explored in the field of sensing. The large surface area makes 2D
nanomaterials ideal platforms for loading more and more entities for sensitive detection
of the target analyte. Amongst various 2D nanomaterials, graphene has displayed a
substantial potential for further exploration due to its vast range of interesting properties.
Other 2D nanomaterials (Mn3Os4 and o-Fe>O3) are used for sensing due to their
interesting properties viz. high charge carrier ability, good biocompatibility, and
chemical stability etc. In this work, Mn3Os and a-Fe>O3 nanoparticles were synthesized
using simple co-precipitation and hydrothermal methods, respectively. The integration
of these nanomaterials with graphene oxide (GO) for the detection of fumonisin B:
demonstrated excellent performance, with a low limit of detection (LOD) and high
recovery rates. It provides high specificity, and affinity toward target antigens. The
sensing method uses the electrochemical transduction method. It is a cost-effective
method as compared to optical methods. It has very high sensitivity, often reaching
pico/nanomolar detection limits, suitable for miniaturization and point-of-care
applications, and also compatible with label-free detection formats. It uses covalent
immobilization over physical adsorption. The nanostructure surface has reactive groups
(~COOH, and —NH,) for antibody conjugation via standard chemistries e.g. EDC/NHS
coupling. It targets F. region to maximize antigen-binding site accessibility. It provides
sufficient surface area for antibody loading. The blocking agents like BSA is used post-
immobilization to reduce background signal. The covalent binding which is a chemical
method is more favorable when testings are done in buffer solutions and repeated

measurements are to be recorded.

Therefore, the nano composites (GOMn304, and a-Fe2O3/rGO) are used for covalent
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attachment of antibodies on the immobilization matrix. The growth of mycotoxins is a
major global challenge in food contamination to both humans and animal health.
Amongst various types of mycotoxins, fumonisin Bl is very important mycotoxin, and
is designated as a carcinogen by the International Agency for Research on Cancer
(IARC), placed it in class 2B group of human carcinogens. Conventional techniques
used for detecting the mycotoxins are time-consuming, expensive, cumbersome, and

require trained personnel for operation.

The findings of the research work conducted for achieving the above-mentioned
objectives have been divided into 5 chapters. Chapter 1 begins with a brief
introduction to nanomaterials, and nanotechnology, gradually followed by intriguing
properties of 2D nanomaterials, a discussion about biosensors and their components,
choice of nanomaterials (GOMn304, and a-Fe,03/rGO) as an immobilization matrix,
based on a comprehensive literature review. The chapter then elucidates the
motivation to pursue this work and the objectives of the present thesis work. Chapter 2
describes in detail the methods chosen for the synthesis of nanomaterials, and the
technique used for thin film formation. This is succeeded by a discussion on all the
characterization techniques which have been used in the present thesis work for
confirmation of the formation of desired nanostructures and testing the biosensing
performance of the fabricated platform. Chapter 3 presents the study on detection of
FBI using synthesized Mn30O4/GO nanostructures. Chapter 4 presents the study on
detection of FBI wusing synthesized a-Fe;O3/rGO nanostructures. Chapter 5
summarizes the conclusions, future of sensors. This chapter winds up with prospects

of this research work.
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Chapter 1

Emerging 2D Nanomaterials and Scientific
Motivation

This chapter discusses 2D nanomaterials and their importance in the field of
nanoscience and nanotechnology. Special focus is given to 2D nanomaterials due to
their most attractive properties, which make them more distinguishable than other
nanomaterials, viz., zero-dimensional, one-dimensional, and three-dimensional.
Further, this chapter discusses the use of 2D nanomaterials in various applications.
Also, this chapter discusses their applications in the field of biosensors and various
important components of the biosensors. The choice of nanocomposites of graphene,
trimanganese tetraoxide (Mn3O4), and iron oxide (Fe;O3;) as materials for the
fabrication of immunoelectrodes is discussed in detail, with special focus on their
versatile properties and also the previous literature on these materials. The chapter
continues to discuss mycotoxins, their types, and the importance of fumonisin Bl in
detail. The chapter continues to discuss the various conventional methods for the
detection of FB/ and its detection using immunoelectrodes. The chapter continues to
discuss the motivation of the work with the realization that the fabricated
immunoelectrode has better selectivity, is low-cost, and easy to fabricate. The low-
cost immobilization matrix in the immunoelectrode is one of the most important

features in biosensors.
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1.1. Introduction
1.1.1. Nanomaterials

Nanoscience plays a very important role in the field of nanotechnology, leading to the
use of new nanomaterials and nano-size-based components. Nanotechnology provides
the ability to customize the materials for new enhanced properties and new types of
smart sensors. Nanomaterials are very tiny materials with an external diameter of only
up to 100 nm [1]. Nanomaterials possess very different physical and chemical
properties in contrast to bulk materials. The size of nanomaterials is too tiny, and they
are added to different materials to make them useful in various fields, including
electronics and environmental hazards [2, 3]. The size of the nanomaterials can be
controlled by various techniques. Nanomaterials can be divided into their various
types, viz. zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D). In 0D, all three dimensions are in the nanoscale range, e.g.,
quantum dots, nanospheres, and nanoclusters. In 1D, two dimensions merge, e.g.,
nanotubes and nanorods. In two dimensions, two dimensions are outside, and one
dimension is at the nanoscale, e.g., nanofilms and nanolayers. In 3D, nanomaterials
are bulk. A schematic diagram of classifications of nanomaterials based on

dimensions is provided in Figure 1.1.

Classifications o
Nanomaterials

oD
Nanomaterials

Nanomaterials Nanomaterials Nanomaterials

<\ L/ N
(N mg =-

Figure 1.1: Classification of nanomaterials based on dimensions
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1.1.2. Importance of 2D Nanomaterials

The 2D nanomaterials such as black phosphorus (BP), Mxenes, silicene, and
perovskites etc. possess a sheet-like structure with a thickness of a few atomic layers.
They have high anisotropy and electronic confinement in two dimensions only. The
chemical, electronic, and optical properties of 2D nanomaterials are of much interest.
Figure 1.2 shows the important features of 2D nanomaterials. For example, graphene
is of huge interest due to its very unique properties like large surface area, excellent
optical transparency, high Young’s modulus, and quantum Hall effect [4]. These
properties make 2D nanomaterials suitable for use in various fields such as energy
storage applications, catalysis, (opto)electronics, sensors, and biomedicine. In recent
years, great research efforts have been made to study the defects and phase
engineering of 2D nanomaterials. A large number of 2D nanomaterials have been
discovered so far, e.g., hexagonal boron nitride (h-BN) [5], transition metal
dichalcogenides (TMDs) [6], black phosphorus (BP) [7], antimonene (AM) [8],
layered double hydroxides (LDHs) [9], and graphitic carbon nitride (g-C3N4) [10].
Figure 1.3 illustrates the types of 2D nanomaterials. These nanomaterials have huge
applications in various aspects, e.g., optoelectronics [11], energy storage systems [12],
biomedicine applications [13], sensors [14], supercapacitors [15], batteries [16], and
so on. The chemical composition and crystal structure of all 2D nanomaterials are
different. These 2D nanomaterials can be classified into two types, viz. layered and
non-layered 2D nanomaterials. In layered nanomaterials, there are strong chemical
bonds between atoms and van der Waals interactions between layers, while in non-
layered 2D nanomaterials, the nanomaterials crystallize in 3D to form bulk crystals
through chemical bonds [17]. Graphene has zero band gap, is chemically inert, and
thinnest (monatomic thickness) nanomaterial. Graphene oxide (GO) is synthesized by
partial oxidation of graphene, increasing its functionalization and hydrophilicity [18].
Reduced graphene oxide (rGO) is synthesized by removing most of the oxygenated
groups from graphene oxide. Research studies have shown that graphene and its

derivatives are used in various biomedical applications [19].
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Figure 1.2: Features of 2D nanomaterials

Figure 1.3: Schematic illustration of 2D nanomaterials
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1.2. Biosensors and their important components

The term biosensor is a class of chemical sensors that make use of a selective
biological reaction to provide an analytical signal. A biosensor is an analytical tool
that converts biological signals into electrical signals [20]. A biosensor uses a
biological recognition element in direct contact with a transducer element and
provides quantitative analytical information. Bio receptors include the biological
recognition elements such as nucleic acids, enzymes, enzyme components, antibodies,
organic molecules, membranes, and cells. The transducers convert the signal obtained
from the biological interaction between the bio receptor and analyte into another
form. The classification of biosensors depends on their transfer and bio recognition
elements, and the transduction process may be optical, chemical, thermal, mechanical,
acoustic, and piezoelectric. Clark and Lyons proposed that enzymes can be
immobilized to form the enzyme electrode [21]. According to Turner, a biosensor is a
device including the biological sensing element either connected to or integrated
within the transducer [22]. Gronow defined the biosensor as an analytical tool for
converting a biochemical signal into an electrical signal [23]. In other words, a
biosensor is a device with a union of a receptor for biomolecular regulation and a
transducer for electrical output. The basic principle of a biosensor is shown in Figure

14.

N
e
\N{\W\ @ “ Signal

Biological Transducer Data Processing Monitoring
Receptor

Figure 1.4: Basic principle of biosensor

1.2.1. Electrochemical Biosensors

The electrochemical method is very simple and translates the properties of a reacting
system into an electrochemical impulse [24]. An electrochemical biosensor is a very
rapid analytical tool for clinical, chemical, pharmaceutical, and environmental studies.

The analysis of species through electrochemical biosensors allows great specificity,
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sensitivity, good selectivity, and fast detection. An electrochemical biosensor is
comparatively cheaper and more cost-effective compared to other biosensors such as
pyroelectric, optical, acoustic wave, and other nano-biosensors. This class of
biosensor works on the principle of interaction between immobilized bioreceptor and
analyte, which produces a signal affecting the electrical properties of the electrolyte
solution in terms of electrical current, voltage, impedance, and capacitance. This
technique has both qualitative and quantitative significance for analyte measurement.
Electrochemical biosensors can be classified into three major subclasses, viz.

potentiometry, amperometry, and conductometry or impedance spectroscopy.

1.2.2 Amperometric Biosensors

In amperometry, current is generated by oxidation or reduction of redox-active
species at the electrode surface due to the application of a constant potential between
the sensing electrode and reference electrode, and is directly proportional to analyte
concentration. The measurement depends on the rate of analyte transport to the
electrode surface. In the fabrication of biosensors, oxygen and hydrogen peroxide
electrodes are mainly used as amperometric electrodes [25]. For O> measurement, a
platinum or gold electrode is used at -600 mV to — 800 mV with reference to an
Ag/AgCl electrode. For HoO; measurement, platinum is used as the anode at +800 mV
with reference to an Ag/AgCl electrode. Amperometry biosensor is a three-electrode
system that includes a working electrode (noble metals/ ITO), a reference electrode
(Ag/AgCl), and a counter electrode (Pt). Figure 1.5 illustrates the schematic of an

amperometric biosensor.

Potentiostat
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Figure 1.5: Schematic illustration of an amperometric biosensor.

It is used for rapid and real-time chemical measurements. It is used for glucose
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monitoring of a diabetic patient at home. It is also used in environmental monitoring
to detect heavy metals, pesticides, and pollutants in water samples. It is also used to
determine alcohol content in food. It is simple, and low cost, and easy to carry but has

interference effects due to high voltage. It is slightly selective.

1.2.3 Potentiometric Biosensors

In potentiometric biosensors, the potential difference between the sensing electrode
and the reference electrode is measured [26]. It measures the accumulation of charge
at the recognition interface. Potentiometric biosensors provide a logarithmic
relationship between analyte species and the measured potential. There are several
types of potentiometric biosensors, viz. ion-selective electrodes (ISE), gas sensing
electrodes (GSE), and field effect transistors (FETs). Ion-selective electrodes (pH,
ammonia, fluoride) and gas-sensing electrodes have been widely used in biosensor
fabrication [27]. The integration of ISEs with FETs led to the development of ion-
sensitive field effect transistors (ISFETs). Figure 1.6 shows the schematic diagram of
an ion-sensitive field-effect transistor. It has low power consumption and has high
sensitivity and temperature sensitivity. It is used to monitor various electrolytes (K*,

Na*, Ca?") in tracking cancer biomarkers and water contaminants.

Reference

Vas \I

Figure 1.6 Schematic diagram of an ion-sensitive field-effect transistor.

Ph.D. Thesis (Sandeep Sarpal) 7



Chapterl

1.2.4 Conductometric Biosensors

These biosensors measure the change in electrical conductivity due to changes in the
biochemical reaction. It is based on the principle of applying a low-amplitude
alternating current (AC) voltage across electrodes and monitoring how the target
analyte changes the ionic composition of the sample. It operates using two electrode
systems and does not require a reference electrode. The basic principle of a
conductometric biosensor is applicable when a biochemical reaction produces ionic
species, and it changes the electrical conductivity of the solution. The resistance of a
solution depends on the migration of all ions present in the solution. While in high
frequency analysis, the dielectric and/or diamagnetic behavior of the solution plays a

major role. Figure 1.7 shows the schematic diagram of a conductometric sensor.

Generator

Double electric layer

Bulk Electrolyte
Anode Cathode

Figure 1.7: Schematic diagram of a conductometric sensor.

The dissociation of an electrolyte converts it into its ionic components, and the liquid
becomes conducting. The migration of ions occurs on the application of an electric
field. On the application of a potential difference. The electric field is developed
within the electrolyte, creating the random movement of ions. The negatively charged
ions start moving towards anodes, and the positively charged ions start moving
towards cathodes. Therefore, the current in the electrolyte is produced by the
movement of ions towards the electrodes [28]. It is used for fast screening of kidney

diseases and also environmental monitoring.
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1.2.5 Impedimetric Biosensors

It uses the electrochemical impedance spectroscopy (EIS) technique. These measure
the change in charge transfer resistance (Rct) and double layer capacitance (Cq) when
a target molecule binds to the bioreceptor. These are of two types, viz. Faradaic and
non-Faradic. Faradaic biosensors utilize the ferri/ferrocyanide in the solution to
enable electron transfer. The measurement of the signal depends upon the interaction
of the probe with the electrode. While the non-Faradaic Biosensors do not require a
redox reaction in the solution. They directly measure changes in the electrical
properties between the two electrodes [29]. The impedimetric biosensor method is a
very sensitive technique for the detection of interaction between antigen and antibody.
The antibodies are immobilized onto the surface of the electrode, and binding of
antigen with antibodies leads to immunocomplex formation, which results in the
change in electron transfer kinetics. It is used for the rapid detection of pathogens; it

allows researchers to track the changes in protein interactions.

1.2.6 Optical Biosensors

These biosensors use the integrated biological element recognition system (enzymes,
antibodies, or DNA/RNA) and an optical transducer [30]. The optical transducer can
be an interferometer, waveguide, resonator, grating, or surface plasmon resonance.
Surface plasmon resonance (SPR) is the most efficient label-free method as it is
desirable and well-suited for real-time detection. It allows the rate of association and
dissociation with interacting molecules. SPR is a resonant oscillating phenomenon of
conducting electrons that occurs due to the incidence of polarized light at the surface
of a metal film with different refractive indices. The surface plasmon is the charge
density wave generation that originates at the interface of two media. A thin layer of
conducting metal (gold) is deposited onto the surface of glass (prism) in such a way
that there is dielectric contact with both the faces of the film; one in contact with the
face of the glass while the other is in contact with the air. When the photon of incident
light interacts with the metal film, a charge density oscillation takes place at the
interface of two media, and a change is observed in angle leading to variation in
refractive index [31]. These systems can be excited due to waveguide coupling where

dielectric and metal couple, and generate the waveguiding layer, creating an interface
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between metal and waveguide. Light propagation in the waveguide generates an
evanescent field at the interface and excites the surface plasmon wave. In SPR
biosensing, interaction of targeted analyte with the bioreceptor/ antibody is measured
by a change in surface plasmon wave due to resonance coupling with incident light.
The SPR consists of a functional monolayer of carboxymethylated dextran covered on
a metal (gold) surface, which enables self-assembled immobilization. During the
experiment, biomolecules (bioreceptor) are permanently attached or immobilized onto
the chip, and another component, such as an analyte, flows over the surface and binds

with the bioreceptor. Figure 1.8 shows the schematic diagram of an SPR biosensor.

Antigen
Antibody

W W

Surface Plasmon Wave

Sensor Chip
IP@%

0’80
{i

&

Prism

Figure 1.8: Schematic diagram of an SPR biosensor

It is used in remote sensing. It is only applicable to a narrow concentration range.

1.2.7 Thermal Biosensors

Thermal biosensors measure the heat energy absorbed or released during the
biochemical reaction. The most common type of biosensor is MEMS (Micro Electro
Mechanical Systems) [32]. MEMS technology provides low-cost fabrication,
improved thermal isolation, and low sample volume; it provides good linearity, high
sensitivity, and low measurement time. Thermal biosensors are of two types, viz.
thermistors and thermopiles. A thermistor measures the changes in the electrical
resistance with temperature, while thermopiles measure the temperature difference
between the two regions. Thermal biosensors can’t be used for liquid samples and can
only be used for solid or gas samples. These are stable for the long term and are less

costly. The major drawback of thermal biosensors is that they suffer from a low
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response time, low stability, and accuracy, which limits their utilization.

1.3 Classification of biosensors based upon the biological element
1.3.1 Enzyme-based biosensors

These biosensors measure the changes in metabolite levels in real time. The enzyme-
based biosensors can be divided in three different ways. The first is as an offline
device involving the collection of biological samples and the measurement of target
molecules using analytical equipment, e.g., blood glucose measurement [33]. The
second one is the in vivo biosensors, where the in vivo sensors are implanted, and
they detect the change in concentration of the analyte. The third one is an online
device, where the biosensors are integrated with the sampling device implanted in the
body, e.g., a microdialysis probe. The enzyme-based biosensors suffer from the main
disadvantage of interference due to chemicals present in the sample matrix. The
matrix interferents can be overcome by various methods, viz. pretreatments,
extraction, filtration, and derivatization. Figure 1.9 shows the schematic diagram of

enzyme-based biosensors.

€€
€ €
€ €
€ €

Signal

Analytes Receptor Transducer  Amplifier

Figure 1.9 Schematic diagram of enzyme-based biosensors.

1.3.2 Antibody-based biosensors
Immunosensors

Immunosensors are a type of analytical device in which an antibody and antigen form
a complex (called an immunocomplex), and the event of information is monitored and
converted by means of a transducer to an electrical or optical signal. Various

transducing systems such as electrical, optical, mass change, and thermal are used in
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immunological biosensors in signal generation during the formation of antibody-
antigen immunocomplexes. An immunosensor is a kind of biosensor based on the
specific interaction between biorecognition (antibody or enzyme) and analyte
(antigen). Immunosensors attain properties like high selectivity and sensitivity
towards specific interaction between antibody and corresponding antigen, making
them suitable platforms for several applications in clinical devices. Immunoassays are
immunosensors that work according to the response of antibody-antigen complexes.
Immunoassay design is based on the immobilization of the antibody or antigen over a
solid supporting surface such as nanomaterials (such as gold, manganese oxide,
titanium oxide, and copper oxide, etc) coated chips. Immunoassay can be categorized

in the form of competitive, noncompetitive, direct, and indirect immunoassays [34].

a) Competitive Inmunoassay

Competitive immunoassay is related to interaction between antibody and antigen with
a limited number of binding sites. In this assay format, unlabelled analyte of interest
competes with labelled analyte for the limited amount of specific antibody. During the
competition between these analytes, two antigens (analytes) compete with the same
antibody. This immunoassay is very slow and requires a long incubation time to reach

equilibrium [35].

b) Direct Inmunoassay

Direct immunoassay reveals the quantification of antigens of high molecular weight.
This assay allows the direct immobilization of antibody or antigen on the solid surface

for detection and measurement [36].

¢) Indirect Immunoassay

Indirect immunoassay relates to the direct immobilization of secondary antibody on
the assay system compared to primary antibody. Secondary antibody is responsible

for signal amplification instead of primary antibody.

d) Noncompetitive Inmunoassay

In this assay system, two antibodies, one labelled and another unlabelled antibody, are

used and fixed with solid support. Following the antibody-antigen reaction, antigens
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(analyte) are captured by immobilized bound labelled antibodies to generate the
detectable signal, and this signal is directly proportional to the concentration of
antigen. This is also called a sandwich because the antigen is placed between two
antibody entities. A brief introduction of antibody, antigen, and cross-linking agents

involved in the formation of an immunosensor is given below:

Antibody

Another name for an antibody is immunoglobulin (Ig), which is a Y-shaped protein,
and it responds in the presence of a foreign substance as an antigen. Antibodies are a
type of biopolymer, having a molecular mass of 150 kDa. The antibody is divided into
two parts, viz. fragments antigen binding (Fab). region and the fragment crystallizable
region (Fc). The (Fab) region is linked with the hinge region, while the (Fab):
fragment is different from the F. region. The Fc region is a very important part of an
antibody, which provides the orientation of attachment of the substrate. Figure 1.10

shows the schematic diagram of an antibody.

NH,

NH,
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Figure 1.10 Schematic diagram of an antibody

Antigen

An antigen is a substance which activates lymphocytes to produce antibodies against
it. It also stimulates the immune system. Usually, there are two types of antigens, viz.
foreign antigens (hetroantigens) and self-antigens or autoantigens. The foreign
antigens originate from outside the body, e.g., bacteria, viruses, pollen, and protozoa,
etc., while the autoantigens are produced within the body, such as in autoimmune
disorders. In autoimmune disorders, the human body itself forms the antibodies. As

the antigen induces the immune system, that is why it is also called an immunogen.
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Cross-linker

A crosslinker is a chemical substance that binds covalently with the specific
antibodies, which react with the particular antigen. Here in the research, EDC and

NHS are used as crosslinkers for antibodies.

EDC-NHS interaction

EDC-NHS chemistry provides a medium for immobilization of antibodies on the
bioanalytical platform with covalent bonding [37]. EDC is known as 1-Ethyl-3-[3-
dimethylaminopropyl]-carbodiimide hydrochloride, and is used as a zero-length
cross-linking agent; it helps in the coupling of a carboxylic group with the primary
amine to an amine-reactive NHS-ester. NHS stands for N-hydroxysuccinimide,
which, in the presence of EDC, converts the carboxylic acid into the amine-reactive
NHS-ester. The detailed chemistry of EDC-NHS with the antibodies is described in
Figure 1.11. EDC reacts with the carboxylic group of antibodies, forming an O-
acylisourea intermediate. This intermediate reacts much faster with a primary amine
and forms an amide bond, releasing isourea as a by-product, as shown in Figure
1.11(a). The O-acylisourea intermediate is very unstable in aqueous solution, making
it nonreactive with the amine and easily hydrolyzed. It regenerates the carboxyl group
and releases the N-substituted urea indicates in Figure 1.11(b). So, NHS is required
to stabilize the aqueous solution, and it reacts with the O-acylisourea intermediate,
forming the semi-stable amine-reactive NHS ester shown in Figure 1.11(c), and it
remains stable even at pH 7.4. NHS-activated antibodies show the best crosslinking
results with amines or amine-functionalized substrates. Figure 1.12 shows the

schematic diagram of antibody-based biosensors.
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Figure 1.11: Chemistry of EDC-NHS with the antibodies
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Figure 1.12: Schematic diagram of antibody-based biosensors.

1.3.3 Aptamer-based biosensors

The aptamer-based biosensors are also called DNA-based biosensors. Aptamers are
sequences of DNA or RNA that bind to the target molecule. The most attractive
features of DNA-based biosensors are very high selectivity for the target molecule
[38, 39]. DNA biosensors that use nucleic acids as their biological receptors detect
non-molecular compounds and proteins which attract with DNA fragments, called
DNA probes. The immobilization of the probe is very important. Figure 1.13 shows

the schematic diagram of DNA-based biosensors.
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Figure 1.13 Schematic diagram of DNA-based biosensors

1.3.4 Whole Cells biosensors

Cell-based biosensors utilize microorganisms, viz. fungi, bacteria, algae, viruses, etc.,
that respond to functional biologically active analytes. They offer high selectivity and
sensitivity. These are used for environmental monitoring of pollutants and detection

of organic contaminants [40].

1.4 Characteristics of Biosensors

The quality of biosensors is determined by the following functional characteristics.
o Selectivity

. Long lifetime

o Minimal or no calibration

. Reproducibility (sample to sample)

. Stability (day to day)

. High sensitivity

e  Low detection limit

e  Large dynamic range
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e  Fast response time
. Fast recovery time
. Simple

. Inexpensive

. Rugged

° Miniaturizable

Figure 1.14 shows the characteristics of biosensors.

Reproducibility

Figure 1.14: Characteristics of biosensors

The following are the explanations of the above terms.
i. Selectivity

The selectivity of a biosensor is its ability to determine its response with the desired
analyte, while ignoring interference from other molecules or chemicals in its
surroundings. Such interferences can be either positive or negative, depending on the
increase or decrease in the electrode output. Positive interferences are produced by
various substances, while the negative interferences act as poisons of the enzymes

catalyzing the chemical transducers of the sample [41].
ii.  Sensitivity

Sensitivity depends on the slopes of the response curve. More slope means more

sensitivity. The characteristic of the slope is determined by the limit of detection. The
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sensitivity of the biosensor is defined as the concentration of the analyte that gives a
response twice the noise level. It is possible to have a biosensor with high sensitivity

even if the noise level is too high.

ili. Reproducibility

Reproducibility of biosensors is the ability to produce identical responses for repeated
measurements. Reproducibility is expressed by the accuracy and precision of the
transducer in a biosensor. Precision is an important feature of sensors that provides

similar results, while accuracy of a biosensor is to provide a mean value close to the

true value during repeated measurement of a sample.

iv. Repeatability

The repeatability of a biosensor is its ability to produce similar results when subjected
to the same analyte concentration, under the same conditions, using the same sensor

over a short period. It is calculated by the Relative Standard Deviation (RSD).

v.  Response time

It is defined as the time needed for the response of the electrode to reach a stationary

value, and it measures the speed of response.

vi. Linearity

Linearity represents the accuracy of the measured response. Linearity of biosensors
depends upon the range and analyte concentrations. A little change in analyte
concentration affects the response of the biosensor, which is considered the resolution

of the biosensor.

1.5 Mycotoxins

Mycotoxins are naturally occurring toxic organic compounds that are the secondary
metabolites produced by fungi, causing adverse effects in living organisms, including
humans and animals, through their exposure [42]. Mycotoxin exposure occurs by
ingestion, inhalation, and absorption through the skin, which can cause adverse
health conditions that can lead to death of animals and birds as well. Biochemical,

physiological, and pathological changes in different species take place through the
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mycotoxicosis process, which is indicated by the poisoning of the biological system
[43]. The word mycotoxin consists of two words: “myco,” meaning mold or fungi,
and toxin, a poison originating from those fungi [44]. Many plant species, such as
corn, barley, maize, etc., are basic ingredients of human and animal consumption,
and these are responsible for fungal metabolite infection [45]. Fungi are aerobic
organisms, and their interaction with plants is very complex because fungi obtain
nutrients from dead organic matter. Fungi infect plants before harvesting or in dry
conditions or after storage, although some fungi proliferate before harvesting and
during storage. Temperature and moisture variations play a very crucial role in the
growth rate of such fungi and the amount of toxin production. The optimal moisture
content for growth is 22-25 % in which fungi invade both mature and developing
seed grains in the plants. Mostly, fungi grow in the temperature range between 20
°C and 30 °C, but many of them are produced above 30 °C and below 20°C. Hence,
the optimal temperature range is between 0 °C and 60 °C [46]. Mycotoxicosis is the
natural process of poisoning that occurs due to exposure to pathological changes
caused by the natural toxins produced by fungi. Mycotoxicosis depends on several
factors such as types of mycotoxins; amount and time of exposure; age, health
condition, and sex of the individual; fungal/-contaminated dietary exposure; and
inhalation of toxins secreted by fungal spores, etc. Hence, the severity of mycotoxin
poisoning can be enhanced due to vitamin deficiency, alcohol consumption, calorie
deprivation, and the impact of infectious diseases, etc. [47, 48]. Classifications of
mycotoxins are very challenging due to their variety of characteristics related to
their different chemical structures and biosynthesis sources. However, generally,
mycotoxins can be categorized as hepatotoxins, neurotoxins, immunotoxins, and
others. Cell biologists classified these mycotoxins into generic groups such as
carcinogens, mutagens, and others. Organic chemists have classified mycotoxins
based on their chemical structure [49, 50, 51]. Mycotoxins have been known to be
toxic for a long time, but the first case of foodborne fungi and the cause of animal
diseases and death appeared in the 1960s [52]. During recent times, mycotoxins

have been recognised as an epidemic in humans and animals. Hundreds and
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thousands of people have died in Europe in the last millennium during ergotism.
Besides these, between 1942 and 1948 at least 100,000 people died in the USSR due
to alimentary toxic aleukia (ATA), a type of mycotoxicosis, which was responsible
for killing around one lakh horses in the USSR in the 1930s, and aflatoxicosis was
also responsible for the deaths of 100,000 young turkeys in the United Kingdom in
the 1960s [53, 54, 55, 56]. The worldwide occurrence of food contamination via
mycotoxin production from fungi has been classified into four major genera:
Aspergillus, Penicillium, Fusarium and Claviceps. Fusarium species are destructive
pathogens associated with cereals and other commodities that cause mycotoxin
production before or after immediate harvesting. Aspergillus flavus is an
exceptional kind of pathogen that grows in plants without affecting them, or a
storage fungus that produces mycotoxin in all three conditions. The fourth genus,
Claviceps, is also a significant pathogenic entity found in a variety of cereals and
crops having a resting structure, called ergots. Figure 1.15 shows the different
groups of mycotoxins. The categories of fungal mycotoxins and their occurrence are

given in Table 1.1.
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Fumonisins
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Figure 1.15: Different groups of mycotoxins

The categories of fungal mycotoxins and their occurrence are given in Table 1.1.

Table 1.1: Variety of mycotoxins and their sources.

Sr.No. | Fungal species Mycotoxins Commodities Disease
. Corn, peanut meal, milo
A ll > ’ El .
1 spergillus flavus Aflatoxin cottonseed, palm meal, Liver Cancer
soybean meal
F. j D ivalenol
2 grammearum coxynivateno Corn, milo, barley, wheat Acute disease
(DON)
Claviceps purpurea, Ischemic
3 Neotyphodium Ergot alkaloids Wheat, barley, oats necrosis and
dry gangrene
Wheat, rye, barley, beans, Kidne
4 Penicillium citrinum Citrinin fruits, vegetable juices, herbs, y
. problem
and spices
. Anorexia,
5 A. ochraceous Ochratoxin A Milo, barley, wheat, oats, dehydration
bran .
and depression
6 £ vertz.czllzozdes, Fumonisins Corn, milo, barley Liver necrosis
F. proliferatum
7 Fusarzu.m . T-2 toxin Corn, milo Leukopenia
sporotrichioides
F. ) . .
8 gramnearum Zearalenone Milo, corn, barley Vulval swelling

Ph.D. Thesis (Sandeep Sarpal)

21




Chapterl

1.6 Importance of Fumonisin B1

Fumonisin is one of the dominant toxic compounds among various mycotoxins and is
due to fungal species including Fusarium verticillioides, F. proliferatum, and F.
anthophilum [ST]. Fumonisins were first isolated by Gelderblom and were chemically
characterized by Bezuidenhout in 1988. Maize and wheat-based products are
contaminated mainly with fumonisins, and these are responsible for the contamination
of other food items such as grains and grain products, which play a very crucial role
in human health [58, 59, 60]. Fumonisins are divided into four major groups: A, B, C,
and P series. Group “B” fumonisins are abundant in nature, such as FBI, FB2, and
FB3 [61, 62, 63]. Among these, FBI is the most toxic form of fumonisins. The
International Agency for Research on Cancer (IARC) has suggested cancerous effect
of FBI in humans, and categorised it in the class 2B group [64]. The optimum
growing temperature for the growth of fumonisins is at 25 °C [65]. Corn is one of the
major sources of occurrence of fumonisins in various countries like Western Europe,
Canada, the United States, and African countries [66]. FBI is detected in mg/kg
concentrations and found mostly in corn and corn-related products. FBI is present in
various maize-based food items such as germ, flour, bran, fibre, gluten and steep
water [67]. The fumonisins are present in F.verticillioides cells (mycelia, spores and
conidiophores) [68]. Fumonisins (particularly FBI, the most abundant form) have a
structural resemblance to sphinganine (also called dihydrosphingosine), the precursor
to sphingosine. This similarity allows fumonisins to act as competitive inhibitors of
key enzymes in sphingolipid biosynthesis. [69]. The toxicity of FBI can lead to
several effects such as abnormal cell growth of the liver, heart failure, cell death, fluid
in the lungs causing breathing problems, nephrotoxicity [70, 71]. FBI also shows
genotoxicity, which increases the cancer risk [72]. Higher dose of FBI causes
leukoencephalomalacia (ELEM) in horses and rabbits [73,74,75]. Figure 1.16 shows

the comparison of fresh fruits and FB/-contaminated fruits.
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Fresh Fruits

Figure 1.16: Comparison of fresh fruits and FB/-contaminated fruits.

The chemical structure of FBI is shown in Figure 1.17. The molecular structure of

FBI is C334Hs9NOjs; the molecular weight of B/ is 721.83 gm/mol.

O OH
0 O

HO 0 OH OH

Figure 1.17: Chemical structure of FB/

1.7 Measurement techniques for detection of FB1

Several techniques are available for the detection of FBI. These techniques are shown

in Figure 1.18.
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Figure 1.18: Different techniques of detection of FB1

Some are described below:
a) High-performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is a conventional technique and is
widely used in terms of sensitivity, selectivity, and analysis time. HPLC is considered
a routine tool for the separation of complex mixtures, and it can detect various
substances at very low concentrations. HPLC is commonly used in today’s time for
detection, separation, and quantification of samples, and is also used in biochemistry

to separate, identify, and quantify the active compounds [76].

b) Polymerase chain reaction

The polymerase chain reaction (PCR) is a powerful molecular technique for detecting
fumonisins. It is an indirect method of detection that identifies the DNA of the mold
that produces the toxins. The presence of fungal DNA does not guarantee the

accumulation of toxins. It has high contamination risks [77].

¢) Thin layer chromatography

It is a versatile analytical method for detecting organic compounds. It uses a post-
chromatographic technique for the detection of FB/ and is a semiquantitative method,

but poorer thermal stability is the disadvantage of this technique [78].
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d) Microfluidic biosensor

This detection system uses laminar flow, which accelerates the binding and detection
systems, and is a class of lab-on-chip devices. The system is a class of "lab-on-a-chip"
devices that isolate, process, and measure mycotoxins in food and agricultural
samples [79]. This detection system has various disadvantages such as matrix
interferences, complex multi-step preparation requirements, and challenges with

bioreceptor stability.

e)  Optical biosensor

It uses bioreceptors bound to optical transducers to rapidly detect the FBI in food
samples [80]. This method has disadvantages such as sample pretreatment to avoid

matrix interferences, high costs of noble-metal substrates, and temperature sensitivity.

f)  Molecularly imprinted polymer

Conducting polymers are used, such as polyaniline (PANI); it is of high interest due
to its remarkable properties like environmental friendliness, stability for longer time,
inexpensive, excellent conductivity, and biocompatibility [81]. It has various
disadvantages like solvent compatibility, cross-reactivity in matrices, and mass

transfer limitations.

g) Liquid Chromatography Mass Spectroscopy

Liquid chromatography-mass spectrometry (LC-MS) is a conventional technique that
is the combination of liquid chromatography (LC) and mass spectrometry (MS). LC is
not efficient to separate the components alone, but in association with MS can identify
unknown, known compounds or complex mixtures completely. LC-MS is a
qualitative and quantitative analysis technique. It is extensively used in the
agrochemical industry, pharmaceuticals, food industry, and environmental and

forensic applications. It is also used in drug research and quality control analysis [82].

h) Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) is a conventional bioanalytical tool
used as a biochemical assay. The principle of ELISA is based on the antibody-antigen

reactions where the immunoreactions take place between antibodies (produced by
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cells) and antigens. It is a highly sensitive and selective tool that permits the
quantitative and qualitative analysis of antigens, proteins, hormones etc. During
measurement, the molecules are labelled with enzymes using horseradish peroxidase

(HRP) and B-galactosidase and are called enzyme immunoassay [83].

1.8 Limitations of Conventional Techniques

Conventional techniques have usually been applied for the detection of various
analytes for clinical applications. Although these are sensitive and specific towards
their analytes but also have various limitations due to their characteristics. These are
very tedious, expensive, time-consuming, complicated, and require a trained
technician to operate these setups. Several techniques, including ELISA, HPLC, LC-
MS, and others, are heavily used in order to detect various analytes. However, ELISA
has certain limitations, such as being laborious, requiring sophisticated laboratory
equipment and high sample volume, which sometimes produce typical errors in the
assay. Similarly, HPLC and LC-MS are very costly, require large amounts of samples
for analysis, and are also difficult to handle. Analysis of samples using these methods
takes a longer time and sometimes weeks. Therefore, quick, responsive techniques are

required from a detection point of view.

1.9 Materials explored for the detection of FB1
1.9.1 Graphene Oxide

Two-dimensional graphene oxide, typically a flat or corrugated sheet with nanometer
thickness, has gained much interest in the past two decades due to its scalable and
low-cost synthesis. The confinement of thickness has resulted in numerous
applications such as energy storage, sensors, catalysis, and water purification [84].
GO is basically a single-layer carbon sheet decorated heavily with oxygen functional
groups and is produced by treating graphite with a chemical reagent through oxidation
[85, 86]. Basically, carbon possesses a 1s?, 2s?, 2p? electronic configuration, and it
exists in three different hybridizations, namely, sp> (tetrahedral), sp*(trigonal planar),
and sp!(linear). The particular hybridization and its bonding with neighboring atoms

decide which allotrope carbon will assume. For example, carbon with sp?
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hybridization forms diamond, whereas with sp? hybridization it forms graphite [87,
88]. The individual allotropes exhibit unique features and are widely used in different
applications ranging from drugs to synthetic materials [89, 90, 91]. The most common
and naturally occurring forms of carbon are graphite and diamond. Graphite consists
of stacked sheets of carbon with a hexagonal structure. Figure 1.19 shows the
schematic diagram of graphite. Graphite is a naturally occurring carbon allotrope with
a layered structure. It consists of carbon atoms that are bonded with three adjacent
carbon atoms via covalent bonding, resulting in hexagonal carbon rings linked
together into an atomically flat layer. The distance between the planar layers is 0.33
nm, which is more than double the intra-layer distance of 0.14 nm between carbon
atoms. These formed layers are interconnected with neighboring layers via the vander

waals forces.

Covalent Bonds

0.33 nm
Carbon Bonds

Vander Walls Bond

Figure 1.19: Schematic diagram of graphite

Currently, the precise atomic structure of GO is still uncertain, which is due to
uncertain distribution of oxygen functional groups, non-stoichiometric atomic
composition [92]. Graphene oxide was first made by British chemist Brodie nearly
150 years ago by chemical treatments of graphite and potassium chlorate (KCl1Os3), but

it was not explored widely at that time. Later, with the development of graphene, the
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synthesis of graphene oxide has been explored widely, as GO is considered the
precursor for graphene synthesis [93]. The preparation of GO is carried out via two-
step processes of oxidation and exfoliation, as shown in Figure 1.4. Different recipes
have been developed for the synthesis of GO, such as the Brodie method [93] and the
Staudenmaier method [94], Hummer’s method [95], and its modification. All methods
have advantages and disadvantages at the early stage [96]. Amongst all, Hummer’s
method was considered to be the easiest, less toxic, and cost-effective. However, GO
prepared via Hummer’s and its modified methods has holes due to excessive
oxidation, which could be overcome by treating at a relatively low temperature [97].
Graphene oxide can be made into an insulating, semiconducting, or semi-metallic
material by appropriately changing the oxidation parameters. Chemical modification
of GO can be employed to disable various electroactive groups through covalent or
noncovalent bonds [98, 99]. For device-based fabrication, GO-based thin conductive
films deposited onto an inexpensive material led to a large surface area to volume
ratio. With the aim of producing graphene from graphene oxide, various methods
have been employed to reduce the number of oxygen functional groups in the
graphene oxide sheet. Different methods have been developed and reported by
researchers, which show that oxygen functional groups from graphene oxide are
successfully reduced either by using chemical reactions, thermal reduction,
hydrothermal technique, photochemical reduction, or by photoillumination reaction.
The resultant product was graphene with few oxygen functional groups (reduced
graphene oxide) on the surface of the graphene sheet. Chemical reduction of graphene
oxide by chemical reagents depends on chemical reaction with GO. Chemical
reduction is widely referred to by researchers as it is cheaper and easily available for
the mass production of chemically derived graphene (reduced graphene oxide). For
the reduction of GO, hydrazine hydrate is one of the most commonly used chemical
reagents that was first reported by Stankovich et al. [100]. The reduction using
hydrazine can be done by adding liquid reagent to a GO solution. Figure 1.20 shows

the exfoliation of graphite.
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Figure 1.20: Exfoliation of graphite

The graphene exhibits electrical, mechanical, thermal, and optical properties.
Graphene oxide (GO) shows advantageous characteristics as a biosensing platform

[101].

1.9.2 Tri-manganese tetraoxide

Manganese is a 3d transition element with significant abundance in the Earth's crust
[102]. It is a very essential nutrient found in seeds, whole grains, and smaller amounts
in legumes, beans, green vegetables, etc. Manganese has many health benefits,
including helping with the brain's normal functioning, the nervous system, importance
in bone health, and antioxidants to minimize disease risk [102, 103, 104]. Manganese
oxide is an essential material that can be processed in various structures with
integrated properties. It displays a wide range of different oxide phases such as MnO,
MnOz, MnxO3, Mn304, and MnsOg. They exhibit optical, electrochemical, and
magnetic properties, which make them useful for several applications [105, 106].
Manganese oxide is a semiconductor nanomaterial due to multiple properties like a
smaller size, large surface-to-volume ratio, one-dimensional nanostructure,
paramagnetic behavior, etc., with attractive technological applications [107, 108].
Several efforts have been made on the advancements of manganese oxides for
technological use as a catalyst, in sensors or biosensors, biomedical devices, in water

remediation, molecular sieves, drug delivery ion-sieves, in nanocomposites, in
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supercapacitors, in alkaline rechargeable batteries, and other fields including imaging
contrast agents, magnetic storage devices, etc. [109, 110, 111, 112, 113]. The unique
properties of manganese oxides are associated with variations in bonding, electronic
structure, and good thermal and chemical stability. Moreover, manganese oxide is a
relatively less toxic nanomaterial than other nanomaterials based on diverse
chalcogenides, environmentally compatible, specific capacitance, and cost-
effectiveness, etc. [114, 115]. There are diverse structures of manganese oxide such as
nanorods, nanosheets, nanowires, nanotubes, nanofibers, nanobelts, and mesoporous
sieves that have been prepared using different synthesis techniques [116]. However,
these metal oxides are biologically less explored and have limited use in terms of
biological activities. Tri-manganese tetraoxide is a p-type semiconductor having a
larger bandgap of 2.3 eV [117]. The schematic diagram of Mn3Oj4 is shown in Figure
1.21.

Figure 1.21: Schematic diagram of Mn3O4

Tri-manganese tetra-oxide (Mn3Os) is a very advanced phase of manganese oxide
nanomaterials and more electrochemically important than other phases, MnO; and
Mn20O3. In inorganic chemistry, Mn3O4 has a normal spinel structure at room
temperature and shows a stable tetragonal structure occupying octahedral and

tetrahedral sites for Mn®>* and Mn?" ions, respectively [118, 119]. Having a unique
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structure, Mn3O4 offers several applications such as excellent supercapacitor, high-
density magnetic storage device, used as a catalyst in oxidation or reduction, high
charge carrier mobility, good biocompatibility, and chemical stability [120, 121, 122,
123]. Due to its strong oxidative and characteristic behaviour of Mn30s, interestingly
used in the polymerization of aniline and degradation of organic dyes from
contaminated water [124]. Mn3O4 nanomaterials have been investigated as effective
catalysts for the oxidation of carbon monoxide (CO) and methane (CH4) gases, and
reduction of nitrobenzene [125, 126, 127]. Moreover, this phase of metal oxide is an
efficient and inexpensive catalyst for minimizing the emission of NOx and CO [127,
128, 129]. Mn3O4 is a non-toxic and cost-effective catalyst that is used in the

decomposition of toxic and hazardous components from the wastewater [128].

1.9.3 Iron Oxide

Iron oxide nanoparticles consist of oxides of iron and belong to a class of inorganic or
metal nanoparticles. Iron is positioned in the 8" group of the periodic table and
belongs to the first transition metal series. It is abundantly present on Earth's crust and
is known as the most frequent element as per the mass distribution. Iron shows a wide
variety of polymorphism (16 types) with respect to oxides, hydroxides, and oxide-
hydroxides. Magnetite (Fe3O4), hematite (a-Fe2O3), and maghemite (y-Fe2O3) are the
most common polymorphs [130]. Magnetite is a mixed iron oxide and consists of iron
in both Fe** and Fe®" states. Maghemite bears a strong resemblance to magnetite and
is formed upon the complete oxidation of magnetite. Hematite is an important type of
iron oxide polymorph that consists of iron in the completely oxidized Fe*' state.
Details on characteristics of various iron oxides are discussed by previous researchers
[131]. Hematite nanoparticles have various distinctive functional characteristics such
as compatibility with biological systems, unique magnetic behavior, structural
stability, relatively low toxicity, corrosion resistance, morphological polymorphism,
and interesting optical properties [132]. Further, Hematite nanoparticles behave as an
n-type semiconductor and display photocatalytic potential in the presence of light
sources. Thus, it is widely used in various areas such as the energy sector, cleaning up
the environment, water splitting, lithium batteries, biomedicine, sensing materials,

mechanical field, reaction catalysis, magnetic recording, pigments, fabrics, farming
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applications, electronics, etc. The structure of Fe2O3 is shown in Figure 1.22.

Nt

Figure 1.22: Structure of Fe>O3

1.10 Objectives of the present work

»  Literature review of FBI and identification of a suitable 2D nanomaterial for
FB1 detection.

Synthesis of 2D nanomaterials using different methods.

Characterization of 2D nanomaterials and their nanocomposites.

Thin film fabrication of 2D nanomaterials using electrophoretic deposition.

YV V V VY

FB1 sensing applications of 2D nanomaterials and their nanocomposites.

The outcomes of this research, aimed at achieving the aforementioned objectives, are
organized into six chapters, each summarized below. This structure reflects the
comprehensive optimization of synthesis parameters carried out based on the findings

from characterization studies and FB1-sensing performance evaluations.

1.11 Plan of thesis

This thesis is mainly focused on the detection of FB1 based on biosensors, which is

constructed in different chapters as follows:
Chapterl

This chapter provides the overview, motivation, and objectives of the research work
reported in this thesis. A brief discussion of FBI, their adverse effects, and various
detection techniques, as well as a discussion on various nanomaterials, has been

presented in this chapter.
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Chapter2

This chapter discusses the various experimental techniques and their principles that
are used to carry out the characterization of nanomaterials. This chapter also covers
detection techniques, such as electrochemical techniques, which are used for

biosensing.
Chapter3

In this chapter, the synthesis of trimanganese dioxide and graphene oxide is discussed.
This chapter also includes the characterization of nanomaterials using electrochemical

techniques.
Chapter4

This chapter discusses the synthesis of hematite and reduced graphene oxide, and the

detection of FBI using electrochemical techniques.
Chapter5

This chapter discusses future research and technological development. It also
discusses sensor optimization with different 2D nanomaterials for better electron
mobility, potentially improving sensor sensitivity and lowering detection limits even
further. The selectivity can be enhanced, and further, the density functional theory
(DFT) calculations could provide a deeper understanding of charge transfer dynamics,
adsorption mechanisms, and potential barrier modulation, guiding rational design of
next-generation sensors. Further research can improve the long-term stability and
cyclic performance under varying humidity for industrial, environmental, and
biomedical applications. It can improve social impact, as exposure to these toxins can
cause liver cancer, kidney damage, immune suppression, growth disorders, and

neurological problems.
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Methodologies: Synthesis, Thin Film Fabrication and
Characterization Techniques

Chapter 2 describes the various synthesis methods that are used for the
synthesis of GO, rGO, Mn30s, a-Fe2O3 nanomaterials, and their nanocomposites, as
well as the method used for fabricating their thin films, characterization techniques
used for confirming the formation of nanostructures, along with different
electrochemical techniques used for biosensing applications. The formation of GO,
rGO, Mn304, and 0-FeoO3 nanomaterials is examined using various characterization
techniques like X-ray diffraction (XRD), Raman spectroscopy, scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), high-resolution
transmission electron microscopy (HR-TEM), X-ray photoelectron spectroscopy
(XPS), and energy dispersive X-ray analysis (EDAX). All these characterization
techniques are described in this chapter. Further, for the biosensing studies, a
galvanostat/potentiostat Autolab is used, and electrochemical characterization studies
of fabricated films of nanocomposites of GO, rGO, Mn304, and o-Fe>O3 are done
using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and
differential pulse voltammetry (DPV). All these techniques are also briefly reviewed

in this chapter.
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2.1 Synthesis of GO, rGO, Mn;04 a-Fe:03 nanomaterials, and its

nanocomposites

The synthesis of GO, rGO, Mn304, a-Fe>O3 nanomaterials, and their nanocomposites
can be done using a variety of techniques to obtain desired structures and properties to
suit various applications. The methods of synthesis are divided into two categories,
namely 1) Top-down and 2) Bottom-up. In the Top-down technique, the material in
bulk form is exfoliated into layers by overcoming the weak binding forces between
the layers, like Van der Waals forces, using mechanical, chemical, or ultrasonic
methods. In the bottom-up method, the nanosheets are assembled from individual
atoms only. The top-down approach involves milling, lithography, mechanical
exfoliation, liquid-phase exfoliation, etc. However, this approach does not have
control over the size and structure of NPs. Further, the bottom-up approach involves
preparation of nanomaterials from the bottom, i.e., atom-by-atom, molecule-by-
molecule. It is the first choice of scientists owing to its good control over nucleation
and growth of nanocrystals. This approach includes chemical vapour deposition
(CVD), physical vapour deposition (PVD), chemical vapour transport (CVT), atomic
layer deposition (ALD), etc. Figure 2.1 shows the schematic diagram of various

synthesis procedures.

Milling, Lithography, Mechanical exfoliation,
Liquid phase exfoliation, Solid state synthesis

Top down

® e
cod
Bottom up

Wet-chemical, Hydrothermal, Chemical vapour deposition,
Physical vapour deposition

Figure 2.1: Schematic diagram of various synthesis procedures

The precursor used for the synthesis of Mn3O4 is manganese (II) acetate tetrahydrate,

and for the synthesis of a-Fe,O3 nanomaterials is Iron(IIl) chloride hexahydrate.
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In this work, the co-precipitation method for the synthesis of Mn3O4 and environment
friendly hydrothermal method for the synthesis of a-Fe;O3 nanomaterials are used

for the synthesis of nanocomposites.

Further, the synthesis of graphene oxide (GO) and reduced graphene oxide
(rGO) is prepared with the standard improved Hummer’s method. All the
methods are discussed in brief in the following sections, and the details of synthesis

have been discussed consequently in chapters 3, 4, and 5, respectively.

2.1.1 Hydrothermal method of synthesis

In the hydrothermal method, heterogeneous reaction takes place under high pressure
and temperature conditions in the presence of aqueous solvents to dissolve and
recrystallize various materials, which are generally insoluble under ordinary
conditions. According to Rabenau and Laudise, hydrothermal synthesis is defined as
the heterogeneous reactions above 100°C in aqueous media, and at a pressure of 1 bar
[133, 134]. Lobachev [135] defined the hydrothermal method as a method which
occurred at high pressures in superheated aqueous solutions. Roy explained
hydrothermal synthesis as a method to synthesize materials at temperatures above
100°C, and pressure greater than one atmosphere [136]. Byrappa describes
hydrothermal synthesis as a heterogeneous reaction in an aqueous medium conducted
above room temperature and under pressures exceeding one atmosphere [137].
Yoshimura ef.al. [138] define hydrothermal as reactions in aqueous solutions
occurring under the conditions of high temperature and high pressure (>100°C, >1

atm).
a) Apparatus in Hydrothermal Method:

The hydrothermal method requires two apparatus: first is the vessel in which
precursors are placed, called an autoclave, and second is the muffle furnace. Highly
corrosive salts are used for the preparation of inorganic materials. The autoclave must
be corrosion resistance in that pressure and temperature. Figure 2.2 (a), (b) shows the
photograph of the autoclave and muffle furnace, respectively, used in the present

study.
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Figure 2.2: Schematic diagram of (a) autoclave and (b) muffle furnace

High-strength, corrosion-resistant materials such as stainless steel, iron, nickel,
cobalt-based superalloys, and titanium alloys are commonly used for autoclave
construction. To prevent corrosion inside the autoclave, the inner surfaces are coated
with a non-reactive material like Teflon. Teflon has a higher thermal expansion
coefficient compared to the metal autoclave body. This means Teflon expands and
contracts more during heating and cooling cycles. The thermal expansion behaviour
of Teflon helps it form a perfect seal inside the stainless-steel housing as the
temperature rises, which prevents leaks and maintains containment. Teflon cannot be
used above 300°C because it melts or dissociates at higher temperatures, which can
alter the pH of the solution inside. Also, the Teflon coating tends to wear out or tear
after a few uses and needs to be reapplied. The most successful corrosion-resistant
materials with very high strength are used. Teflon has a higher thermal coefficient of
expansion with respect to the material in which the liner is enclosed. Teflon has more
thermal stability. The teflon beaker should sit exactly inside the autoclave without
leaving any gap. As the temperature of teflon rises, the thermal expansion behaviour

of teflon provides perfect sealing within the stainless-steel housing.
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Merits of Hydrothermal Method:

The advantages of hydrothermal synthesis compared to conventional and non-

conventional methods are:

(i) The equipment required for hydrothermal synthesis is generally less expensive.

(i1)) Hydrothermal methods are more environmentally friendly compared to many

other synthesis methods, reducing harmful impacts.

(iii) These avoid issues common with high-temperature methods, such as loss of

stoichiometric control caused by volatilization of components.

(iv) Hydrothermal synthesis can produce powders with controlled size and different
morphologies, which benefits industries like materials manufacturing, pigments,

pharmaceuticals, and medical diagnostics.

(v) The method can be combined with other techniques such as microwave,
electrochemistry, and optical radiation to enhance reaction rates and enable the
creation of new materials. This method does not require any harmful and

expensive surfactant.

(vi) Hydrothermal reactions do not require much time compared to conventional
methods like solid-state reaction, which requires a few weeks; rather, the

hydrothermal method requires just a few days.

(vii) Hydrothermal synthesis also has the advantage of fast diffusion processes.

2.1.2 Co-precipitation Method

Co-precipitation is a very simple and cost-effective method for synthesizing a variety
of nanomaterials. Uniform and desired nanoparticles can be obtained by using this
process. An aqueous medium is required for the synthesis of nanoparticles during
precipitation. This process involves the mixing of water-soluble precursors of metal
ions such as salts of acetate, nitrate, or chloride, etc. These water-soluble precursors
are treated with reducing agents such as sodium hydroxide and undergo a reaction,
and finally get precipitated. During the reaction, the solution needs to be stirred

continuously without any heat treatment. The entire reaction procedure should be
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maintained in an alkaline medium by adding the alkaline salt. The size of the
nanoparticles depends on various factors such as pH, ratio of salt chosen, and reaction

medium, etc. [139, 140].

2.1.3 Solid-state method

The solid-state synthesis method is a very versatile method to make a wide range of
nanomaterials, including metal oxides, sulfides, nitrides, and nanocomposites as well.
This method requires control of a few parameters like grinding time, annealing
temperature, etc. In this method, the desired quantities of the precursors are weighed
and ground in a mortar and pestle for a certain time. The time may vary for a few
hours, depending on the type of samples to be prepared. After grinding, the powder is
heated for a few hours to obtain the desired product. Figure. 2.3 shows the mortar and

pestle required to grind the precursors.

G Pestle

Mortar

Figure. 2.3: Schematic diagram of Mortar and pestle

2.2 Method of thin film fabrication for Mn3O04/GO, o-Fe:03/rGO

nanocomposites
2.2.1 Electrophoretic deposition (EPD) technique

EPD is a thin film formation technique where stable colloidal suspended charged

particles migrate under the influence of an electric field and deposit onto the
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oppositely charged conductive surface. It is a very cost-effective two-step process.
The first step involves the movement of particles having electric charge in the
colloidal suspended liquid solution towards the electrode by applying the electric
field. While the second step allows the coherent deposition of particles on the
electrode. EPD enables the fabrication of various desired structures using traditional
to advanced materials. It can be used in the fabrication of nanometric thin films to 1
mm thick films. EPD is heavily used in the fabrication of electrodes for application in

biosensing. Figure 2.4 shows the schematic diagram of the EPD technique.

Cathode

Figure. 2.4 Schematic diagram of EPD

2.3 Characterization techniques wused for structural, morphological,
topographical, and spectroscopic investigation of GO, rGO, Mn30y4, a-Fe:0;

nanomaterials and their nanocomposites

The confirmation of the successful formation of GO, rGO, Mn3;04 a-Fe:0s
nanomaterials and their nanocomposites is examined using various characterization
techniques. First of all, the structural study is done using X-ray diffraction (XRD),
followed by morphological investigations using scanning electron microscopy (SEM),
field emission scanning electron microscopy (FESEM), X-ray photoelectron
spectroscopy (XPS), and high-resolution transmission electron microscopy (HR-
TEM). Then, the confirmation of layered structures is probed using Raman
spectroscopy. The examination of attachment of desired functional groups is studied

using Fourier transform infrared spectroscopy (FTIR). Elemental analysis is done
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using energy dispersive X-ray analysis (EDAX). The working and principles of all

these characterization techniques are discussed in brief in the following section.

2.3.1 X-ray diffraction (XRD) for structural investigations

X-rays were first invented by the German physicist Wilhelm Conrad Rontgen in 1895.
These rays are a form of invisible, highly penetrating electromagnetic radiation with
wavelengths much shorter than those of visible light, around 10-10 meters. In 1912,
Van Laue showed that X-rays could be diffracted by crystals, and by 1935, Le Galley
had developed the first X-ray powder diffractometer.

This advancement enabled metallurgists and mineralogists to use X-ray powder
diffractometers to investigate structural imperfections. The XRD technique is
specifically used to analyze crystalline states of matter. XRD is a very powerful
technique for investigating the crystal structures of solids, powders, and thin films. It
is particularly effective for detecting crystalline materials with crystal domains larger
than 3-5 nm. This technique is used to characterize various nanomaterials and
determine their chemical phase compositions. A specimen is exposed to a collimated
beam of X-rays, usually with wavelengths ranging from 0.7 to 2 A. This XRD system
is mainly based on X-ray generation and its monochromatic diffraction. The XRD
system consists of three main components: cathode ray tube, sample holder, and
detector. X-rays are produced by an X-ray tube or cathode ray tube due to applied
voltage on the filament (as copper material), electrons accelerating towards the target
material and bombarding the target material at the angle Oxki. In a crystalline solid,
the atoms are arranged in a regular pattern, and the smallest volume element is called
a unit cell, and its repetition in 3D forms a crystal. The ‘d’ spacing of atomic planes of
the crystal is different for different materials. When a monochromatic X-ray beam is
incident on the crystalline material, some part of the beam is diffracted. These
diffracted X-ray beams interfere constructively as well as destructively. On
destructive interference, waves are out of phase, and there will be no resultant energy
leaving the crystal lattice. Those atoms which are arranged in a crystal in a regular
pattern will form constructive interference, and occurs when the path difference is an

integral number n of wavelengths A, so that this is Bragg’s law. Bragg reflection can
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occur only when A < 2d. The diffraction of X-rays by the crystalline phases in the
sample is according to Bragg’s law. The diffraction of a crystal is described by
Bragg’s equation 2.1, and the schematic explaining the diffraction from a crystal is

shown in Figure 2.5.
2dpkiSinBpe = nA 2.1
where,

A stands for the wavelength of the incident light, d stands for the interplanar spacing, 6
stands for the diffraction angle, h, k, and 1 are the Miller indices for the planes of
crystals, and n is the order of diffraction [141].

\i Reflected X-Rays

Atomic planes

Transmitted X-Rays

Figure 2.5: Schematic diagram of X-Ray Diffraction

Phase identification of a crystalline substance is accomplished by this analytical
method, which can also yield dimensions of unit cells. The phases in the film can be
identified by comparing the d-spacings with the standard JCPDS powder diffraction
file, and the reflections are indexed using Miller indices. When the size of the
diffracting crystal is small, complete destructive interference does not occur, resulting
in the broadening of the diffraction peak. This peak broadening is proportional to the
size of the tiny crystals, which can be calculated using the Scherrer equation 2.2. The

crystallite size (D) is determined from the peak width.
D= KA/(Bcos(B)) 2.2

Where D is the particle size, 0 is the diffraction angle, A is the wavelength of the X-

Ph.D. Thesis (Sandeep Sarpal) 42



Chapter 2

rays, and B is the line broadening at full width half maxima (FWHM) in radians.

In the present research work, a PANalytical (UK) powder diffractometer (Figure 2.6)
with Cu Ka radiation (A = 1.5406 A) has been employed to record the XRD data in
terms of intensity and 2 0 angles. The diffractometer's operating current and voltage
were set at 30 mA and 40 kV, respectively. To get a noise-free and clean XRD pattern
of the samples, scanning was performed with a 0.01° step size and an integration time

of 8 seconds per step.

N ———— X-Rays ON
=g Light

Enclosure
Doors

Front Control

Figure 2.6: Picture of PANalytical X-Ray Diffractometer

Applications of XRD

XRD is a very powerful technique that provides extensive information about crystalline

materials. Its capabilities include:

a)  Crystal structure: XRD is used in determining the crystal structure of a material,
offering insights into the arrangement of atoms and the dimensions of the unit cell.
It can also assess the degree of crystallinity, distinguishing between crystalline and

amorphous phases in a sample.

b)  Phase identification: The technique is used in identifying various phases present
in a mixture of crystalline materials. This capability is particularly valuable in
fields such as materials science and geology, where phase composition is very

important.

c) Lattice parameters: XRD allows for the precise determination of interplanar

spacing (d-spacing) between crystal planes. This information is vital for
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crystallographic studies, contributing to the understanding of material properties.

d) Texture analysis: XRD can reveal the orientation of crystallites within a
polycrystalline material, providing information about the material's texture. This is
important for applications where the directional properties of the material influence

performance.

e) Stress and strain analysis: The technique can investigate stress and strain in
crystalline materials, which is essential for materials engineering, quality control,

and ensuring reliability in structural applications.

f)  Defects and dislocations: XRD can offer insights into crystal defects and
dislocations. Understanding these imperfections is crucial in materials science, as
they can significantly affect the mechanical, thermal, and electrical properties of

materials.

2.3.2 Scanning electron microscopy (SEM) for morphological investigations

The SEM works by scanning the surface of the sample with a focused beam of high-
energy electrons. The focusing of the electron beam through the column is done with the
electromagnetic lenses and apertures. The deflection of the electron beam is done with
the scanning coils, which are controlled by a scan generator. Various types of signals are
produced due to the interaction of the electron beam with the surface of the specimen,
e.g., X-rays, secondary and backscattered electrons, heat, and light. The signals are
collected by detectors, processed, and translated into a series of pixels, which is

displayed on the display monitor. The scanning of the sample is in a raster pattern.

(a) Main components of a standard SEM
(i) Electron gun

The electron gun in a scanning electron microscope (SEM) produces a stable electron
beam with adjustable energy and is positioned at the top of the SEM column. There are
two main types of electron guns, viz. thermionic Emission Guns, which are used in
conventional SEMs. Electrons are generated by heating the filament tip, which is made
of tungsten or Lanthanum Hexaboride (LaBs). The accelerating voltage, a voltage
difference between the filament and the anode plate, speeds up the electrons down the
column. The second is field emission guns, which are used in field emission scanning

electron microscopes (FESEM). Electrons are generated by applying an electrostatic
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field rather than heat. This method produces a beam with higher brightness and lower
energy spread compared to thermionic guns. These features make FESEM especially
suitable for very high-resolution imaging. In summary, thermionic guns rely on heat for
electron production, while field emission guns use an electric field to produce a brighter,

more focused beam ideal for detailed imaging [142].
(i) Lenses and apertures

Electromagnetic lenses and apertures in a scanning electron microscope (SEM) are
used to narrow the electron beam produced by the electron gun and focus it precisely
onto the specimen. Their purpose is to reduce the beam diameter to create a small,
focused electron spot on the sample. Smaller spot sizes enable higher resolution
imaging of the sample surface. The lens system includes condenser lenses, objective
lenses, apertures, and scanning coils. Together, these elements control and steer the
electron beam to achieve fine focus and detailed imaging [143]. Figure 2.7 shows the

schematic diagram of SEM.

Condenser lens

X, y scan coils

m

«—— Objective lens

Scanning coils
Backscattered

electron detector

X-Ray detector

Sample
Electron gun /
[

Motorized stage

Figure 2.7: Schematic diagram of SEM

(iii) Beam-Specimen Interaction

Signals are created in an interaction volume within the specimen when an electron
beam scans the sample. Figure 2.8 shows the schematic diagram of the interaction of
the electron beam with the sample. The ejection of an electron due to the deexcitation
process is called an Auger electron. For biological sample measurements, low

accelerating voltages are used to avoid signals beneath the surface. Secondary
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electrons (SE) are produced on collision of a beam of electrons with the atom of the
specimen, and it loses energy to that atom, which results in a transfer of energy to the
specimen atom, and the specimen atom becomes ionized. Secondary electrons are
related to energies less than 50 eV. These are created throughout the interaction
volume, but most of them are absorbed by specimen atoms due to their low energy,
and SEs are created near the surface of the specimen. Backscattered electrons (BSEs)
occur when a primary beam of electrons comes into proximity with the nucleus of a
specimen atom [144]. BSEs go through various scattering events in the interaction
volume and escape back with energy greater than 50 eV. BSEs are collected and
imaged by BSE detectors and are very useful for compositional contrast. The yield of
BSE’s increases as the atomic number increases, and the higher atomic numbered
elements will appear brighter in the BSE image. When an electron from the primary
electron beam hits an electron in the inner shells of an atom, the atom becomes
ionized and it reaches in an unstable state, and the atom regains stability when an
electron from an outer shell occupies the inner shell vacancy, and due to this effect, an
X-ray photon is emitted [145]. The continuum X-rays result from an interaction of the

electron beam with the Coulomb field inside the nucleus of the specimen atom.

Auger electrons

Secondary electrons

Back-scattered
electrons

sacti Characteristic X-rays
Interaction s

volume

X-ray continuum

Figure 2.8 Schematic diagram of interaction of electron beam with sample

In this research, Carl Zeiss EVO 40 is used and is shown in Figure 2.9. The scanning
electron microscope (SEM) operates under a high vacuum environment, typically
around 107 to 1077 torr. This high vacuum is essential to allow the electron beam to
travel through the microscope’s column without being disturbed or scattered by dirt,
debris, or air molecules. Maintaining this vacuum ensures a clear and precise electron

beam for accurate imaging.
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Scanning Electron Microscope

Figure 2.9: Scanning Electron Microscope Carl Zeiss EVO 40

2.3.3 Field Emission Scanning Electron Microscope (FESEM) for

morphological investigations

FESEM, like the SEM, is also a microscopy technique that uses a field emission
source, which scans the specimen in a zig-zag pattern. When field emission occurs,
electrons will be emitted from the cathode and attracted towards the anode. The
electron emitters of the field emission gun have an emission capacity up to 1000 times
greater than that of a tungsten filament used in ordinary SEM [146]. Like in SEM,
here also secondary electrons are collected by a scintillator detector, which produces
photons. Ultra-high vacuum (UHV) is used to minimize the chance of breakdown

across the gap between anode and cathode. Figure 2.10 shows the FESEM.
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Field Emission- Scanning Electron Microscope

Figure 2.10: Picture of Tescan Lyra3 FESEM

2.3.4 Energy dispersive X-ray spectroscopy (EDAX) for elemental analysis

EDAX is a method used to find the elemental composition of a sample based on the
interaction of X-rays with the atoms in the sample. Atoms consist of a nucleus (with
positively charged protons and neutral neutrons) surrounded by electrons arranged in
shells or orbitals: the innermost K-shell, followed by L-shell (with sub-shells Li, Li,
L), then M-shell (with sub-shells M, M, Mm, Miv, My), and so on. The K-shell
can hold 2 electrons, the L-shell 8, and the M-shell 18. When the atom is irradiated by
X-ray photons or electrons, an electron can be ejected from one of the inner shells,
such as the K-shell, creating a vacancy or "hole." This makes the atom unstable, and it
tries to restore stability by transferring an electron from a higher-energy outer shell
(e.g., the L-shell) to fill the hole in the inner shell. Since the electron from the L-shell
has higher energy than the vacant K-shell position, the excess energy is released in the
form of characteristic X-rays. These emitted X-rays are used to identify and quantify
the elements present in the sample based on their unique energy signatures. This
process allows precise identification of elemental composition by detecting the
characteristic X-rays emitted as electrons transition between atomic shells. (Figure
2.11) [147]. This is seen as a line in the spectrum. The emitted X-rays are

characteristic of the element.
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Figure 2.11: Irradiation of an atom

There are two main notations used to describe X-ray emission lines in elemental
analysis: Siegbahn notation and IUPAC notation. The Siegbahn notation indicates an
emission line by the element symbol followed by the shell with the initial electron
vacancy and a Greek letter (a, B, v, etc.) representing the relative intensity of the line.
Fe-K, means the strongest iron X-ray emission line caused by a vacancy in the K-
shell. Its limitation is that it does not specify from which outer shell the electron
transitions to fill the vacancy. The IUPAC notation gives more detailed information,
indicating the element, the shell where the hole initially occurred, followed by the
shell from which the electron transitions to fill the hole. Cr-Krm means chromium
emission caused by an electron transitioning from the LIII shell to fill a vacancy in the
K-shell. K-lines are more intense than L-lines. L-lines are more intense than M-lines.
Not all transitions are allowed by quantum mechanics—for example, an electron
transition from the L; shell directly to the K-shell is forbidden. This notation system
helps accurately describe and interpret X-ray spectra in elemental analysis. Figure

2.12 gives an overview of the most important lines with their transitions.
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Figure 2.12: Overview of the most important lines with their transitions

Applications of EDAX
a) Elemental composition analysis:

It is widely used to determine the elemental composition of materials, including

metals, ceramics, polymers, and biological samples.
b) Microanalysis:

EDAX allows for the analysis of the elemental composition of specific microscopic

regions of a sample, providing spatially resolved compositional information.
¢) Material characterization:

It is used to study the distribution of elements in complex materials, detect impurities,

and analyze the effects of processing conditions on material composition.
d) Failure analysis:

It is employed to investigate the causes of material failures by identifying contaminant

elements or compositional changes at failure sites.
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2.3.5 Transmission electron microscopy (TEM) for morphological and

crystallographic investigations

TEM is a highly powerful technique used to obtain detailed information about the
microchemistry, crystal structure, and defect structures of crystalline materials at the
microscopic scale. It allows researchers to observe fine structural details and analyse
the composition of materials with very high resolution. TEM is a highly advanced
imaging technique provide the morphological, topographic, compositional, and
crystalline information of a variety of nanomaterials, including nanoparticles,
nanorods, nanocubes, and also has the capability to determine the size of quantum
dots (the smallest nanomaterials). Unlike SEM, TEM is based on the transmission
process. TEM has limitless applications and is also useful in the biological field to
determine the cellular function and structure of cells and tissue. When electrical
potential is applied, the filament is heated, and consequently a stream of electrons is
produced by an electron gun, it passes through the condenser lens, then the condenser
aperture, it filters out the unwanted scattered electrons that strike the sample.
Following the angle of incidence, the beam is partially transmitted or diffracted. The
objective lens plays an important role in focusing the transmitted electrons from the
specimen into an image. The objective aperture enhances the contrast of the image
and eliminates the high-angle diffracted electrons. The transmitted beam passes
through the projector lens, and the final image is obtained. The magnified image is
obtained on a fluorescent screen by a CCD camera. TEM produces high-resolution
black and white images in vacuum chambers during interaction with specimens and
energetic electrons. The vacuum chamber pumps out the air and creates a space where
electrons can move. High-resolution TEM (HRTEM) is capable of providing atomic-
resolution lattice images. TEM is a highly powerful technique used to obtain detailed
information about the microchemistry, crystal structure, and defect structures of
crystalline materials at the microscopic scale. It allows researchers to observe fine
structural details and analyze the composition of materials with very high resolution

[148]. A conventional electron microscope operates in a vacuum of 107 torr or less.

Transmission Electron Microscopy (TEM) typically uses thermionic electron guns
that accelerate electrons with a voltage between 40 and 200 kV. The condenser lenses
located below the electron gun reduce (demagnify) the electron beam size and control

its diameter (usually between 1 and 50 micrometers). This controls the intensity and
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coherence of the electron beam passing through the specimen. This objective lens
forms the first intermediate image and diffraction pattern of the sample. The objective
aperture limits the angular range of scattered electrons, improving the contrast. The
objective lens produces the initial image at about 50-100 times magnification. A
series of intermediate and projector lenses further magnify the image by up to 20
times more. Total magnifications up to one million times are possible, allowing
extremely detailed imaging at the atomic and nanoscale. This combination of lenses
and apertures enables TEM to produce high-resolution images and diffraction patterns

for microstructural analysis. Figure 2.13 shows the schematic diagram of TEM.
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Figure 2.13: Schematic diagram of TEM

In the present research, a JEOL 2100 HRTEM (Figure 2.14) is used. The transmission
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electron microscope (TEM) operates at a voltage of 200 kV and offers a user-friendly,
simple operation with excellent expandability for various applications. It is equipped
with a high-quality lanthanum hexaboride (LaBg) electron gun, which balances
excellent performance and reasonable cost. The TEM boasts an ultrahigh resolution of
up to 0.19 nanometers, allowing atomic-level observations and analysis of materials.

This makes it ideal for detailed structural studies at the atomic scale.

Transmission Electron Microscope

Figure 2.14: Picture of JEOL 2100 HRTEM

2.3.6 Raman spectroscopy

Raman spectroscopy is a technique that records the unique vibrational fingerprint of a
material by analysing inelastically scattered light. It is based on the Raman Effect,
discovered in 1928 by the Indian physicist Chandrasekhara Venkata Raman. It is a
non-destructive method that studies how light interacts with matter by measuring
inelastic scattering. It can probe the structures of gases, liquids, and solids, whether
they are amorphous or crystalline. The sample is irradiated with a monochromatic
photon beam, commonly a laser nowadays, to excite vibrations in the material. The
scattered light contains information about the vibrational modes of the molecules,

providing a detailed molecular fingerprint. This makes Raman spectroscopy a
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powerful tool for material identification and structural analysis. Raman scattering
occurs with changes in vibrational, rotational, and electronic energy in the molecules.
This spectroscopy deals with a fraction of light scattering (nearly 1 in 107 photons) at
a particular wavelength of incident light. In Raman spectroscopy, elastic scattering is
known as Rayleigh scattering. If the specimen is transparent to the incident radiation,
most of the radiation is transmitted, a small fraction is elastically (known as Rayleigh)
scattered, and a very small fraction is inelastically (Raman) scattered. In the inelastic
scattering event, the incident photons decrease or increase energy by the Stokes or
anti-Stokes process due to excitation of phonons in the medium. The Stokes and anti-

Stokes processes are key concepts in understanding Raman spectroscopy:
a)  Stokes Process

If the molecule ends up in a higher vibrational energy state after interaction with the
photon, the emitted photon loses some energy. This means the emitted photon has a
lower frequency (or longer wavelength) compared to the incident light. This decrease

in frequency is called the Stokes shift.
b)  Anti-Stokes Process

If the molecule starts in an excited vibrational state and ends in a lower vibrational
energy state, the emitted photon gains energy. Thus, the emitted photon has a higher
frequency (or shorter wavelength) than the incident light. This increase in frequency

is known as the anti-Stokes shift.

Both these shifts provide information about the vibrational modes of the material,
critical for identifying molecular structures in Raman spectroscopy. The schematic

representation of these processes is shown in Figure 2.15.
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Figure 2.15: Schematic diagram of Raman lines

Figure 2.16: Picture of Witec Raman spectrometer

The energy difference between the wavelengths of incident and scattered photons is

represented by the following equation and is defined in terms of Raman shift () given
in equation 2.3:

- 1 1
V= - /i 2.3
Aincident Ascattered
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where Aincident is the wavelength of the incident light, Acattered is the wavelength of
scattered photons, respectively, and © is the Raman shift in wavenumber (cm™).
Raman scattering intensity is primarily determined by the change in polarizability of
the material during vibration. The intensity of inelastically scattered light is collected
and plotted against wavenumber (reciprocal centimeters), which relates to the
momentum of the scattered photons. Each peak in the Raman spectrum corresponds to
one or more vibrational modes of the sample. The number of peaks is limited by the
number of Raman-active modes allowed by the material's symmetry. Raman activity
depends on the point group symmetry in molecules and the space group symmetry in
crystalline solids. The Raman spectrum can reveal the strength of interatomic and
intermolecular bonds, mechanical strain in solids, composition of multicomponent
materials, and degree of crystallinity in solids. Raman spectroscopy is especially
valuable for characterizing carbon-based materials [149, 150]. In the present research,

a Witec Raman spectrometer (Figure 2.16) is used.

2.3.7 X-ray Photoelectron Spectroscopy (XPS)

XPS is an exceptional surface-sensitive electron emission spectroscopic method. It
identifies the elemental composition, electronic structure, and chemical state of the
material's surface based on the photoelectric effect [151]. The photoelectric effect was
first observed experimentally in 1887 by Heinrich Hertz. However, it was not before
1905 that Elbert Einstein explained the photoelectric effect. For that, he was granted
the Nobel Prize in 1921. In 1907, P.D. Innes recorded the first XPS spectrum,
whereas R.G. Steinhardt Jr. was the first to acknowledge that the XPS spectra of
materials' surfaces are enormously influenced by their physical and chemical nature
[152]. In XPS, when a sample is illuminated by low-energy (~1.5 keV) X-rays, it
causes the emission of electrons photoelectrons. A high-resolution electron
spectrometer records the energy spectrum of the released photoelectrons. The high
vacuum conditions are necessary to facilitate the transfer of photoelectrons to the
analyzer and avoid sample contamination. The X-ray photon energy is sufficient to

penetrate the sample's surface. Where a core electron absorbs and emits this X-ray
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photon. Consequently, when an X-ray photon's energy surpasses the binding energy
(EDb) of the material's core electron, the excess energy is transformed into the kinetic
energy (Ek) of the photoelectron. The E,, of the core electron can be computed using
the incident X-ray photon energy, the material's work function (®), and the Ex of the

produced photoelectron, defined in equation 2.4 as follows:
Ev=hv-Ex,-©¢ 24

As a result, the incident X-ray beam that is directed toward a sample's particular area
produces a broad spectrum of energies with various orientations. Figure 2.17
illustrates the components of the XPS instrument. The XPS system contains an X-ray
source to produce photoelectrons (X-rays of Al) and an electron spectrometer to
measure electron momentum. The electron optics could consist of a series of magnetic
and/or electrostatic lens units, which collect a portion of the emitted electrons
indicated by the transferred rays via the apertures, which are then focused onto the
analyzer entry slit. To ensure that only electrons with a particular energy (referred to
as the Pass Energy PE) can pass through the detector slits and onto the detectors,

electrostatic fields are set up within the hemispherical analyzer (HSA).
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Figure 2.17: Components of the XPS instrument
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In the present research, XPS (Thermo Fisher Scientific), model K-alpha (Figure
2.18), having a monochromatic radiation source Al Ka (1486.7 eV), was used for the

quantitative and qualitative analysis of the immunoelectrode.

Figure 2.18: Picture of Thermo Fisher Scientific X-ray photoelectron spectrometer

2.3.8 Fourier Transform Infrared Spectroscopy (FTIR) for identification of

functional groups

In infrared (IR) spectroscopy, a specimen is irradiated by an IR laser beam. The IR
beam is partially transmitted and partially absorbed by the specimen [153]. The
produced spectrum depicts the molecular transmission and absorption, forming a
molecular fingerprint of the specimen [154]. As two fingerprints never match, there
are never two distinct molecular configurations (with unique compositions and

accordingly different arrangements of atoms) that induce identical IR spectra.

Thus, an IR spectrum designates a material's identity, with absorption peaks
corresponding to the vibration frequencies between atom bonds, enabling the
recognition (qualitative analysis) of any material. Besides, the magnitude of a peak in
the spectrum directly correlates with the amount of material present. FTIR
spectrometry is the favoured technique of IR spectroscopy. It was invented to

overcome the encountered limitations in dispersive instruments. The major issue was
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the delayed scanning procedure. Therefore, a mechanism for recording all of the IR
frequencies concurrently, rather than separately, was required. For that, a relatively
simple optical apparatus known as an interferometer was built. The interferometer
creates a distinctive signal that encodes all of the IR frequencies. Because the signal
was produced in seconds, the duration per specimen was minimized. Most
interferometers use a beam splitter, which creates two beams from the entering IR
light. One beam that reflects off a fixed flat mirror. The other beam reflects off a
moving flat mirror (moving merely a few millimetres back and forth). Because the
path of one beam is fixed while the other is continually varying, the interferometer
output signal is the consequence of interference of these two beams (Figure 2.19) and

is referred to as the interferogram.

Fixed mirror

Scanning mirror Beam splitter

Sample

< |

Detector

v

Interferogram

Infrared source

Spectra

Figure 2.19: Schematic diagram of FTIR Instrument

Similar to electronic transitions, certain energies designate vibrational transitions
where molecules absorb IR light exclusively at specific frequencies. Chemical bonds
vibrate at particular frequencies, and when radiated by IR light, they absorb it at
frequencies that correspond to their vibration modes. Measurement of radiation
absorption frequency yields a spectrum that identifies compounds and functional
groups. Some contaminants/impurities generate their own bands in the IR region.
Spectral measurements of these bands are utilized to identify impurity concentrations
and further bonding with the host material. Since the genuine requirement is a
frequency spectrum (depicting intensity at every single frequency), the recorded

interferogram signal cannot be directly elucidated. The various frequencies are
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‘decoded’ using a recognized mathematical process, namely Fourier transformation
(FT). A computer performs the transformation, and the resulting spectral information
is acquired for analysis. In this research, an FTIR spectrometer (Frontier, Perkin-
Elmer, USA) in potassium bromide (KBr) mode and attenuated total reflectance
(ATR) mode is used as shown in Figure 2.20 for surface adsorbed functional groups

identification.

Fourier-Transform Infrared Spectroscopy

Figure 2.20: Picture of Perkin-Elmer FTIR Instrument

2.3.9 Ultraperformance liquid chromatography tandem mass spectrometer

(UPLC-MS/MS)

The UPLC-MS/MS is the analytical technique used to separate, identify, and quantify
complex mixtures and trace compounds. It combines the high-resolution separation
power of UPLC with the precise molecular weight and structural detection
capabilities of tandem mass spectrometry. In UPLC, first separation takes place; the
liquid sample is pumped through a specialized chromatographic column at high
pressure. This physically separates the individual chemical compounds based on how
they interact with the column material before they exit. In the 1% MS scan, as the
separated molecules enter the first mass spectrometer, they are ionized, and their
precursor masses are measured. In fragmentation MS/MS, selected precursor ions are

broken down into smaller, distinct "daughter" or product ions. In 2°¢ MS scan, these
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fragments are measured in the second mass spectrometer, providing the chemical
fingerprint for identification [155]. Figure 2.21 shows the schematic diagram of
UPLC-MS/MS. In the present research, Waters SYNAPT G2 with 2D nano
ACQUITY System is used. The instrument has mobility of ion separation with very
high efficiency, with hybrid quadrupole orthogonal acceleration. Figure 2.22 shows
the Waters SYNAPT G2 with 2D nano ACQUITY System.
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HY P processing
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Figure 2.21: Schematic diagram of UPLC-MS/MS
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Figure 2.22: Picture of Waters SYNAPT G2 with 2D nano ACQUITY System
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2.4 Electrochemical (EC) Measurement techniques

EC is a technique based on the change in current, voltage, or impedance. The
electrochemical techniques are very powerful and versatile analytical techniques that
have various advantages like accuracy, high sensitivity, and precision. This technique
is able to analyze a smaller number of biological samples such as blood, serum, urine,
vitamins, and cancerous cells. Besides these, it is also explored in different
phenomena like electrophoresis, electrochemical sensors or biosensors, battery and
fuel cells, etc. These techniques improve the applicability of detection and
determination limits of the samples. The electrochemical technique is used to study
the kinetics of the electron transfer process in the system. It is a very sensitive
technique and is employed for the detection of analytes in the electrolytic solution in
an electrochemical cell. The response of the analyte is measured in terms of change in
electrical current. This electrochemical technique recognizes the different
concentrations of analyte at the electrode surface and leads to a change in current or
voltage in the electrolyte solution. This technique is divided into various groups:
potentiometry, voltammetry, coulometry, and impedance spectroscopy, etc. Among
these, voltammetry and impedance-based techniques are often used in the detection of

analytes with the modification of the electrode surface in the electrolyte solution.

The present work of the thesis is related to the study of analytes using three-electrode
systems in the electrochemical cell. These electrodes are as follows: working
electrode, reference electrode, and counter electrode. Figure 2.23 shows the
schematic diagram of the electrochemical cell. In this research, an Autolab

galvanostat potentiostat (Figure 2.24) is used.

a)  Working electrode: Working electrodes provide a surface where chemical
reactions take place in terms of current or voltage change. It is composed of an
inert material (ITO glass or glassy electrode) where the redox reactions take
place. The working electrodes act as an anode or cathode depending upon the

redox reaction.

b) Reference electrode: The reference electrode acts as a reference point against
which the potential of another electrode in the electrochemical cell is measured.

There are various reference electrodes used in electrochemical cells, such as
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saturated calomel electrode (SCE), standard hydrogen electrode (SHE), and
Ag/AgCl electrode.

c) Counter electrode: The counter electrode helps in the flow of current at the
working electrode when potential is applied to the electrode and oxidation or
reduction of the analyte takes place. Generally, electron flow between the
working electrode (WE) and counter electrode (CE) is recorded. CE also
completes the electrical circuit. CE shows as much inertness as possible when a
reduction is recorded at WE; in turn, an oxidation occurs at CE. A platinum (Pt)

wire or disk carbon-based electrode is used as a counter electrode.

i Reference electrode (RE)

Working electrode (WE)

Counter electrode (CE)

e Teflon cell top

/
\Q

e

ey Ellectrolyte solution

Figure 2.24  Picture of Autolab galvanostat potentiostat
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24.1 Cyclic Voltammetry (CV)

CV is a very popular EC technique applied to evaluate molecular species' reduction
and oxidation processes [156]. In CV, the current is measured by sweeping the
potential back and forth (from positive to negative or vice versa) between a chosen
potential window [157]. The CV data is used to analyze the EC behavior at the
electrode-electrolyte interface. The CV plot ‘voltammogram’ includes the redox
peaks, which are the material's reduction and oxidation peaks, inferring crucial
information concerning the material and its features. The system reversibility,
irreversibility, and quasi-reversibility nature can be determined using the cathodic and
anodic peak currents ratio. Further, CV assists in finding the number of transferred
electrons, the rate constant of the reaction, and the rate-limiting factor of the reaction
rate.CV consists of two types of voltage sweep profiles: forward and reverse or
backward. In the forward sweep, Fe*" ions in the ferry/ferrocyanide buffer are
oxidized into Fe*" ions, while in the backward sweep, Fe*" ions are reduced into Fe**
ions. This process results in the anodic current (Ipa) in the forward scan and cathodic
current (I,c) in the backward scan. Thus, these oxidation and reduction processes show
an equilibrium profile of cyclic voltammetry. CV is a reversible process and provides
several characteristics such as: a) voltage separation between the current peak in
forward and reverse mode, b) the current peak is directly proportional to scan rate, c)
the peak voltage position does not change as a function of voltage scan rate, and d)
the ratio of two peak currents, I,a and Iy, is nearly equal to one. Figure 2.25 shows
the schematic diagram of cyclic voltammetry: (a) applied ramp potential and (b) a
typical voltammogram. In the CV, a variable voltage is applied to the working
electrode (WE) relative to the reference electrode (like Ag/AgCl), and electron flow
between the counter electrode and working electrode results in the electrode reaction.
The range of the applied voltage can be from 10 mV/s to 100 mV/s. With the increase
in potential of the solution, the current is proportionally increasing. The CV measures
various electrokinetic parameters at the electrode/electrolyte interface. The
electrokinetic parameters are diffusion constant (Dy), effective electroactive area (Ae),

and surface concentration of redox species (I*).

The surface concentration of the bioelectrode was determined by the Brown-Anson
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model equation (2.6)

n2F2[*AV

Ip = T (26)

Where F is the Faraday constant (96,485 C mol'), R stands for the gas constant
(8.314 J mol! K!), T stands for temperature (300 K), A is the area of the electrode,
I*is the surface concentration of the electroactive species (mol cm™), and V is the

scan rate (V s™).

The diffusivity of the bioelectrode is calculated by equation (2.7) (the Randles-
Sevcik equation), which will be used to find the diffusivity (D) of the bioelectrode.

I, = (2.69 x10°)C n¥/2DY2yY 24 2.7)

where I, is the peak current of the electrode, C is the electrolyte concentration, » is the
number of electrons transferred, 4 is the effective surface area of the working

electrode, and v is the scan rate (mV s™').

The effective surface area is crucial for understanding the density of available binding

sites for antigen interaction, and is defined in equation 2.8.

S
T (2.69x105)n3cD1/2

Ae= —————— . 2.8)

Where S denotes the slope of the line as determined by plotting Ip. versus scan rate

linearly.
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Figure 2.25: Cyclic voltammetry (a) applied ramp potential and (b) a typical voltammogram
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2.4.2 Differential Pulse Voltammetry (DPV)

DPV is the most sensitive and selective method allowing analysis at the parts per
billion (ppb) level. While CV is effective for qualitative determination, DPV is
practical for quantitative determination. DPV is a pulse technique that is designed to
eliminate the background charging current. In DPV, the excitation waveform is
generally a staircase. A constant pulse amplitude superimposed on the linear potential
ramp is applied to the working electrode at a time just before the end of the drop. The
current is measured twice for each pulse; one just starts the pulse and another ending
of the pulse. This technique measures the current in the electrochemical cell at the
electrode/electrolyte interface. In the typical DPV measurement, the curve is plotted
against Al (current) vs V (potential) [158]. Figure 2.26 shows the (a) formation of
staircase potential for DPV and (b) a typical DPV plot.

Pul Pulse width
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Figure 2.26: (a) Formation of staircase potential for DPV and (b) a typical DPV plot.

2.43 Electrochemical Impedance Spectroscopy (EIS)

EIS is a technique for investigating an electrode's interfacial characteristics in an
electrolyte solution. Using this technique, the relation between the charge transfer
resistance (RCT) and electrode kinetics can be studied [159]. In EIS measurement, an
alternating current (AC) potential is supplied to the EC cell and the current through
the cell is monitored. Accordingly, the EC reaction can be depicted using an
analogous electrical circuit (a Randles circuit) (Figure 2.27a), which shows the
electrolyte resistance (RS), RCT, charge double layer capacitance (Cdl), and Warburg
impedance (ZW) [160]. Where Cdl corresponds to the formation of an electrical
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double layer of charged species and aligned dipoles at the electrode-solution interface.
The charge double layer of the solution side is expected to be formed of several
layers. The flow of current at the electrode and electrolyte interface is governed by the

following relation (2.9):

O +tne >R 2.9

Where O is the oxidant, n is the number of transferred electrons, and R is the
reductant. The plot resulting from EIS measurement (the Nyquist plot) is formed
between real (Z') and imaginary (Z") values of impedance (Figure 2.27b). Whereas
the diameter of the Nyquist plot's semicircle indicates the amount of charge transfer
resistance (Rct). The sum of Z' and Z" represents the frequency-dependent impedance
Z(w) of the Randles circuit, which originates from the resistance and capacitance of

the EC cell (equation 2.10).

Z(@)=Z' (@) F1Z"(®) e 2.10
(b)
®) Cy ?’ Decreasing frequency
|| N
_| I_I I— — et e > X
Rer Z(w) 7' Q)
Randles circuit

Figure 2.27: (a) Randles circuit and (b) Semicircle in Nyquist plot
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Graphene oxide/Mn304 nanocomposites for advanced
electrochemical biosensor for
Jumonisin B1 detection

The mycotoxins are a threat to food samples due to their high toxicity and
carcinogenic behavior. Herein, the nanocomposite of trimanganese tetraoxide
(Mn304) nanoparticles and graphene oxide (GO) was used to increase the
electrochemical performance for detection of fumonisin Bl (FBI). A thin film of
GOMn304 nanocomposite was prepared on an indium tin oxide (ITO) substrate, and
antibodies (ab-FBI) were immobilized onto the electrode using the electrophoretic
deposition technique. The differential pulse voltammetry technique was used to
measure the sensing performance. The non-binding sites of ab-FB/ on the
immunoelectrode were blocked with bovine serum albumin (BSA). The sensitivity of
the biosensor was obtained as 10.08 uA mL ng"' cm™ in the detection range of 1 pg
mL"! to 800 ng mL"!, with a limit of detection (LOD) of 0.195 pg mL™. In addition,

the recovery of the biosensor was found to be 98.91%.

This work is published as: Sandeep Sarpal, Avinash Kumar Singh, Hema Bhardwaj, Nitin
Kumar Puri and Pratima R Solanki. ""Graphene oxide-Mn;0+ nanocomposites for advanced
electrochemical biosensor for fumonisinBI detection.” Nanotechnology (IOP) 34 (2023): 465708.
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3.1 Introduction

The worldwide presence of mycotoxins in food represents a significant issue in food
safety, as these substances are recognized as critical toxic agents that pose risks to
both human and animal wellbeing. These naturally occurring poisonous organic
substances emerge from fungal secondary metabolism—particularly from genera
including Aspergillus, Penicillium, Fusarium, and Claviceps—where they accumulate
in food and feed commodities [161,162]. Every year, approximately 25 % of global
agricultural yields are impacted by mycotoxin contamination, resulting in substantial
financial repercussions and contributing to various health conditions—both short-term
and long-term—across populations worldwide. Within the spectrum of existing
mycotoxins, Fumonisin Bl (FBI) stands out as a particularly significant mycotoxin,
accounting for around 70% of all fumonisins. This compound is naturally synthesized
by the fungal species Fusarium verticillioides and Fusarium proliferatum, and it
commonly appears in numerous food and feed applications, including but not limited
to peanuts, corn-derived products, and grain-based items [163,164]. F'/B] has been
officially classified as a carcinogenic substance by the International Agency for
Research on Cancer (IARC), which has categorized it within Group 2B—the
classification for possible human carcinogens. The harmful effects of FBI exposure
lead to multiple adverse health outcomes, including neurological damage, pulmonary
and renal dysfunction, among others [165]. Thus, the research on the detection of FBI
has become very important. There are several analytical techniques available for
detecting FBI mycotoxin. Mainly, these techniques belong to conventional tools such
as gas Chromatography-Mass Spectrometry (GCMS) [165], enzyme-linked
immunosorbent assay (ELISA) [166], high-performance liquid chromatography
(HPLC) [167], liquid chromatography-mass spectrometry (LCMS) [168], and
polymerase chain reaction (PCR) [169], etc. These techniques are sensitive, specific,
and selective toward their analytes. However, these techniques have several
disadvantages, such as being sophisticated, requiring more samples for detection, very
tedious processing, and, more importantly, requiring a well-trained person to operate
the system. To overcome the aforementioned difficulties, an electrochemical

biosensor is a very promising tool for detecting analytes at very low concentrations
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and has several advantages over conventional techniques. Nanomaterials have been of
great interest in the development of sensors or biosensors. Among a variety of
nanomaterials, graphene-based nanomaterials have emerged as the most advanced
materials for sensing applications due to their enhanced signal response. Graphene-
based nanomaterials provide a large surface area and excellent biocompatibility with a
wide range of biomolecules such as proteins, cells, DNA, enzymes, and antibodies
[169]. Graphene also has high electrical conductivity, high electron transfer rates, and
the ability to immobilize various molecules [170]. Graphene-based biosensors also
offer extremely high sensitivity, stability, and fast response times, leading to advances
in healthcare and diagnostics.

Manganese-based materials have unique redox properties that give them significant
importance in applications related to energy, environment, and biomedical fields
[171]. Trimanganese tetraoxide (Mn304) nanomaterial is also known as an oxidizing
and reducing agent, and it is a spinel-structured stable oxide with unique catalytic,
electrochemical, and magnetic properties. It is a p-type semiconductor having a larger
bandgap of 2.3 eV, which provides supercapacitor properties to it [172]. It has several
physical properties like thermodynamic stability, high electrochemical conductivity,
chemical stability, paramagnetic behavior, etc [173,174]. Mn30O4 is a unique phase of
manganese oxide nanomaterial which is explored in various applications such as
excellent supercapacitors, high-density magnetic storage devices, high charge carrier
mobility, good biocompatibility, etc. [174,175]. Moreover, Mn30O4 nanomaterial
exhibits distinguished properties like environmental compatibility and cost-
effectiveness. However, the Mn3O4 phase of manganese oxide is biologically less
explored. Graphene Oxide (GO) sheets have more functional groups on their basal
plane and edges, resulting in the enhancement of the loading amount of Mn3Os,
surface area, and porosity [176]. GOMn3O4 nanocomposite exhibits higher energy
density and specific capacitance as compared to GO, while having larger specific
capacitance and power density as compared to Mn3Os. Their results of cell viability
analysis showed significant cell death under laser irradiation. The elemental
composition of GOMn304 nanocomposites showed intense signals, which showed that
‘Mn’ was the major element showing optical absorption [177]. Furthermore, Chen et

al. developed nanocomposites of reduced graphene oxide wrapped Mn3O4 as anode
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materials for high-performance lithium-ion batteries, which showed the specific
capacity of 795.5 mAh g after 200 cycles. The nanocomposites showed excellent

cyclic performance and good electrochemical activity [178].

Several research groups have reported various methods for detecting mycotoxins. For
instance, Ahmed et al recently developed an electrochemical biosensor for detecting the
naturally occurring histamine based on the molecularly imprinted polymer using the gold
inverse opal electrode and the detection limit of 1.07 pM [179]. Dhiman et al developed
an Ag-CeO: nanocomposite-based electrochemical biosensor for FBI detection [180].
Furthermore, Singh et al developed a molecularly imprinted polymer-based
electrochemical sensing tool for FBI detection [163]. Alsulami et al developed a
homogeneous luminescence immunoassay for FBI detection [181]. Zhang et al
developed graphene and gold nanocomposites based on label-free DNA for the detection
of FBI [182]. In recent years, Mao et al developed GO-CdS heterojunctions based on an
ultrasensitive molecularly imprinted photoelectrochemical sensing platform for detecting
FBI [183]. Wu et al developed the fluorescence resonance energy transfer (FRET)
system for the detection of FBI [184]. Jodra et al developed the electrochemical
magneto-immunosensor involving magnetic beads for the detection of fumonisins [185].
For the detection of FBI, Lu et al created a competitive fluorescence enzyme-linked
immunosorbent test based on the quenching of CdTe quantum dots [186]. Yang et al
created an electrochemical immunosensor using single-walled carbon nanotubes and
chitosan to detect FBI in corn samples [187]. Chen et al created a colloidal gold-based
lateral flow immunoassay using modified gold nanobeads to detect FBI [188].
Furthermore, Qu et al created a magnetic beads-assisted fluorescence aptasensing
method to detect FB/ [189]. Table 1 shows comparison data between current work and

previously reported results for FB1 detection.

Herein, a simple and sensitive electrochemical immunosensor was fabricated for the
detection of FBI mycotoxins using a GOMn304 nanocomposite. This nanocomposite
was synthesized at room temperature, which is robust and cost-effective. The phase
and crystallinity of the synthesized GOMn304 nanocomposite were observed by XRD
and Raman spectroscopy. The immunosensor was fabricated onto the ITO glass

substrate using a GOMn304 film by an electrophoretic deposition method, which was
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used for the immobilization of antibodies (ab-FB/). The non-specific binding sites of
antibodies were blocked by BSA protein. The fabricated immunosensor was BSA/ab-
FB1/GOMn304/ITO, which showed a wide detection range for the detection of FBI.
Here, results suggest that the newly designed immunosensor is robust, cost-effective,
sensitive, and selective towards FBI. A better and remarkable increase in the biosensing
response for FBI detection happens due to the use of GOMn3O4 nanocomposite in

comparison to other surface matrices summarized in Table 3.1.

Table 3.1 illustrates the comparison of the present work with other reported methods for the

detection of FBI

Detection Range Sensitivity
Method Procedure (ng mL™) (A mL ng" em?) LOD Ref.
HIS/MIP/Aw/IO Ccv 50nM-500 uM - 1.07 nM [179]
CeOs-Ag/ 1.5
abFBI/ITO Ccv 0.01-100 7.33 pgmL" [180]
FBI/MIP Ccv 0.001 -500 9.09 0.32 pgmL! | [163]
FBI/FnanoBIT HPLC 0.533-6.81 - 0.079 ng mL"' | [181]
assay
182
FB1/GO-Au Ccv 0.01-0.01 - 0.01 ngmL! [182]
FB1/GO-CdS cv 0.01 — 1000 - 47pgmL! | [183]
AuNPs-MB- -1
UCNPs FRET 0.01 -100 - 0.0l ngmL"! | [184]
FBI-HRP/ abFB1/
MB and protein G/ DPV 0.73-11.2 - 0.33ngmL" | [185]
CSPE
FELISA/CAT/QDs ELISA 0.39-12.50 - 0.22ng mL! | [186]
GCE/SWCNTSs/CS EIS 0.01-1000 - 2pgmL! | [187]
GNB/LFIA TOF-MS 3.9-125 - 1.76 ng mL"' | [188]
0.061
MBs/DNA Fluorescence 0.1-40 - 6 4 [189]
ng mL
BSA/ab-FB1/ 0.001- 800 0.195 This
GOMn304/ ITO cv 10.08 rg mL! work

HIS: Histamine; 10: Inverse opal electrode; abFBI: Antibody FB1; MIP: Molecularly imprinted
polymer; FnanoBIT assay: Ab-fumonisin antibody nano luminescent binary technology; GO-CdS:
Graphene oxide— cadmium sulfide; ECL-ELISA: Enhanced chemiluminescent/Enzyme-linked
immunosorbent assay; AuNPs-MB-UCNPs: Gold nanoparticles-methylene blue-upconversion nano
particles; PPy/ErGO-SPE: Polypyrrole/electrochemically reduced graphene oxide-screen printed
electrode; HRP: Horseradish peroxidase; Ab-FB1/MB: Antibody-FB1/methylene blue; PG/CSPE:
Protein guanine/carbon screen-printed electrode; BSA: Bovine serum albumin; FELISA: Fluorescence
enzyme-linked immunosorbent assay; CAT: Catalase; QDs: Mercaptopropionic acid-modified
CdTe quantum dots; GCE: Glass carbon electrode; SWCNTSs: Single-walled carbon nanotubes; CS:
Chitosan; GNB: Gold nanobeads; LFIA: Lateral flow immunoassay; TOF-MS: Time-off-flight mass
spectrometry; MBs: Magnetic beads
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3.2 [Experimental Section
3.2.1 Material used

Graphite powder (20-micron), hydrochloric acid (HCI), orthophosphoric acid
(H3POs4), potassium permanganate (KMnOQs), sulfuric acid (H2SOs), fumonisinBI-
specific antibody (ab-FB1), ochratoxin A (OTA), deoxynivalenol (DON), cellulose,
fructose, starch, fumonisin Bl (FBI), manganese (II) acetate tetrahydrate
((CH3C0O0)>2Mn.4H;0), sodium hydroxide (NaOH) was purchased from M/S Sigma
Aldrich. The glass substrate coated with indium tin oxide (ITO) was used with a sheet
resistance of 10 Q sq!' having a thickness of 1.1 mm. Sodium phosphate monobasic
anhydrous (NaH2PO4) and sodium phosphate dibasic dehydrate (Na;HPO4), N-ethyl-
N-(3-dimethylamino propyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS),
sodium chloride, potassium chloride, and bovine serum albumin (BSA) were
purchased from SRL, India. Potassium ferricyanide [K3(Fe(CN)s)] and potassium
ferrocyanide [K4(Fe(CN)g)] were obtained from Fischer Scientific. Deionized water
with a resistivity of 18.2 MQ.cm was purified by a Millipore water purification
assembly and used for the preparation of buffer and all other required solutions.
Phosphate buffered solution (PBS, 0.2 M) was prepared containing 0.9% NaCl and 5
mM of redox probe [Fe(CN)g]*"+ with pH 7.0

3.2.2 Synthesis of Graphene Oxide (GO)

GO was synthesized by a modified Hummer’s method using pure graphite powder (20
pum) [190]. In the typical procedure, 240 mL of H2SO4 and 27 mL of H3PO4 were
mixed in a beaker under continuous magnetic stirring for 30 minutes. Then, 12 gram
of KMnO4 was added very slowly in small steps. The mixture was stirred using a
magnetic stirrer for 15 hours until the solution became dark green. After this, 2 mL of
H>O2 was slowly added dropwise and stirred for 30 minutes. The ice was placed
outside to prevent heating due to the occurrence of an exothermic reaction. Then, it
was allowed to cool down. After this, the mixture was washed several times with 70
% distilled water and 30 % HCI, and centrifuged using a Remi Make Eppendorf

centrifuge at 400 rpm for 10 minutes. Then the supernatant was decanted away and
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was rewashed again and again until the pH reached 7. The washed GO solution was

dried using a vacuum oven at 60 °C for 24 hours, and powder of GO was collected.

3.2.3 Synthesis of Mn3O4 nanoparticles

The manganese oxide nanoparticles (Mn3Os nps) were synthesized using the co-
precipitation method [191]. In the typical synthesis, 0.2 M of ((CH3CO0)2Mn.4H20)
and 0.5 M of NaOH were used as precursors. NaOH was added dropwise to
manganese acetate using constant magnetic stirring at 800 rpm at room temperature
until the pH of the solution reached~ 12. Then the precipitate was filtered out and
washed many times using distilled water until the pH of the solution reached 7. The

obtained precipitate was then dried at room temperature using the vacuum oven.

3.2.4 Synthesis of GO/Mn304 nanocomposite

The GOMn304 nanocomposite was synthesized using the one-step in-sifu preparation
process [192]. GOMn304 nanocomposite was prepared in the presence of GO. In the
typical synthesis, 200 mg of GO was mixed in 100 mL of distilled water at room
temperature and sonicated. Then, dispersed GO was added slowly to the solution
containing 0.2 M manganese acetate and 0.5 M reducing agent (NaOH) until the
completion of the reaction. The obtained pH of the solution reached~ 12. Then the
precipitate was filtered out and washed several times until the pH reached 7. The
obtained precipitate was then dried at room temperature in an oven and collected in a

vial as GOMn304 nanocomposite.

3.3 Characterization Techniques

DC power supply of 60 V was used to fabricate a thin film of nanocomposite on the
ITO glass substrate. The crystallinity of the GOMn3Os nanocomposite was
investigated using an X-ray diffraction (XRD) spectrometer (PANalytical Model
X’pert Pro with Cu K, radiation at A = 1.5406 A). The working voltage was 45
kV, and the current was 40 mA. The XRD patterns were recorded in the range of
10°-80° with a step size of 0.033° and a scan rate of 2° per minute. The Raman
spectra were captured using the Alfa 300 Raman spectrometer with a 532 nm laser. A

JEOL 2100 F high-resolution transmission electron microscopy (HR-TEM) with a
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200 KV accelerating potential was used to capture images. The Carl-Zeiss EVO40
was used to study the energy-dispersive X-ray (EDX) spectra of the nanocomposite.
Nova nano FE-SEM-450 was used to capture the Field-emission scanning electron
microscopy (FE-SEM) images of the graphene and the nanocomposite. Fourier
transform infrared (FTIR, UATR TWO) spectroscopy from Perkin-Elmer was used for
the investigation of the vibrational spectra of graphene and the nanocomposite.
The electrochemical analyzer (Autolab-AUT-Metrohm) was used to investigate the
electrochemical characteristics (AUT86014) in a three-electrode system composed of
ITO as a working electrode, Platinum as a counter, and Ag/AgCl as a reference

electrode in PBS containing 5 mM [Fe(CN)e]> 7.

34 Thin film fabrication of Mn3;O4/GO/ITO immunoelectrode using

electrophoretic deposition Technique

Glass surfaces coated with an ITO electrode were first hydrolyzed using the mixture
of H20: NH3:H20: in the ratio of 5:1:1 to enhance the hydrophilic nature of ITO-
coated glass and kept in the oven for about 1 hour at 80°C. Then the ITO-coated glass
substrates were washed with a mixture of ultra-pure water and ethanol and dried at 60
°C for about 1 hour. These hydrolyzed ITO-coated glass substrates were further used
for the fabrication of an immunosensor for FBI detection. For this, the synthesized
GOMn304 nanocomposite was deposited onto the ITO-coated electrode using the
electrophoretic deposition (EPD) technique. The EPD method constitutes an
economical, eco-friendly, low-energy-consuming alternative to the high-energy-
consuming evaporative techniques [193]. To obtain a uniform film of GOMn304 onto
the ITO surface, 5 mL of GOMn3O4 solution was mixed with 3 mL of acetonitrile
solution, then deposited onto the ITO surface by applying an optimized D.C. 60 volt

for 5 minutes to obtain smooth and uniform thin films.

3.5 The fabrication process of Immunoelectrode

A solution of 5% ab-FBI (in sodium phosphate buffer), EDC (0.4 M), and NHS (0.1 M)
was mixed in a 2:1:1 ratio and placed at 4 °C for 1-hour. For the immobilization process,
20 mL of a solution of activated EDC-NHS was evenly dropped onto the surface of the
GOMn304/ITO electrode and placed at room temperature in a humidity chamber for 6
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hours. The positively charged GOMn304 nanocomposite and the carbonyl group of ab-
FBI create an electrostatic interaction that leads to the formation of metal ester bonds.
PBS was used to clean the ab-FB1/GOMn3O4/1TO bioelectrode surface of unbound ab-
FB1 (pH 7.0). Ab-FB1/GOMn304/ITO bioelectrode non-specific sites were blocked with
BSA (10 mL), and incubation was initiated at room temperature for 4 hours in a
humidifying chamber. PBS with a pH of 7.0 was used to rinse the BSA/ab-
FBI/GOMn304I1TO immunoelectrode, which was then kept at 4°C for later
examination. The procedure for preparing the BSA/ab-FB1/GOMn3;O4/1TO

immunoelectrode is described in Scheme 3.1.
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Scheme 3.1: (a) Schematic of synthesis of GOMn3;0s nanocomposite and fabrication of
immunoelectrode on the ITO electrode surface for FBI detection; (b) illustrates the EPD set-
up used for the electrophoretic deposition of GOMn3;O4 nanocomposite onto the ITO
electrode surface under the applied voltage for a period of time, followed by surface
activation, immobilization and detection of FBI using the electrochemical set-up of three
electrode system comprised of working, counter and reference electrode
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3.6 Results and discussions
3.6.1 Structural analysis of GOMn304 nanocomposite

Figure 3.1 (a) shows the XRD of synthesized GO sheets. The characteristic intense
peak appeared at 10.67° corresponding to the (001) plane, and data were recorded
between the 5° and 80° range at a 20 angle. The interlayer spacing of GO was

calculated using Bragg’s law (equation 3.1):
nAd = 2d Sinf T 1< 2

Where n is the order of diffraction, A is the wavelength of the X-ray, d is the interlayer
spacing, and 0 is the diffraction peak. Using the above equation, the interplanar
distance between the graphene sheets was found to be 0.828 nm [194]. Figure 3.1(b)
shows the XRD data of Mn3O4 nanoparticles, and Figure 3.1(¢) shows the XRD data
of GOMn304 nanocomposites. It was observed that the XRD pattern of Mn3O4
consists of several diffraction peaks at 13.82°, 29.13°, 31.32°, 32.60°, 36.33°, 44.69°,
51.01°, 58.76°, 60.13°, and 64.88°, which were corresponding to the lattice planes
(101), (112), (103), (211), (004), (220), (105), (321), (224) and (400), respectively.
Tetragonal-phase Mn3Os4 nanoparticles matched well with the reported JCPDS
number 80-0382 [195-198]. The average crystallite size (D) was calculated to be
20.92 nm using the Scherrer equation, described below (equation 3.2):

KA
~ pcos(o)

Where K = crystallite shape factor = 0.9, wavelength (L) of X-rays = 1.5406 A, B=
full width at half maximum (FWHM) of the diffraction peaks, and 6 = Bragg’s
diffraction angle. The XRD peaks of Mn304 matched well with the XRD peaks of the
GOMn304 nanocomposite. All the same XRD peaks appeared in Figure 3.1(c),
attributed to the presence of Mn3O4 nanoparticles in the GO sheets. However, the
intense peak of GO disappeared in the XRD pattern of the nanocomposite. It indicated
that the Mn30O4 was mainly formed on the surface of graphene [192, 199-203].
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Figure 3.1: XRD spectrum of (a) GO, (b) Mn304, and (c) GOMn304 nanocomposite

The GOMn304 nanocomposite pure phase development was confirmed by the Raman
spectrum captured in Figure 3.2. Figure 3.2(a) shows that the synthesized GO
contains two characteristic bands, i.e., D and G bands, corresponding to 1346 and
1598 cm!, respectively [204, 205]. The intensity ratio of the D-band to the G-band is
0.84, which is less than 1, showing a lower defect concentration. Raman spectrum of
synthesized Mn3O4 nanoparticles was recorded and depicted in Figure 3.2(b). a very
sharp peak was observed at 634 cm™ which corresponds to the breathing vibration of
divalent manganese ions in tetrahedral coordination [206]. Figure 3.2(c) illustrates
the Raman spectrum of the synthesized GO-Mn304 nanocomposite. The D-band and
G-band shifted from 1346 to 1351, 1598 to 1591 cm™! respectively, due to the specific
interaction of GO with Mn3Os4. The sharp peak at 647 cm™ corresponds to the Ajg
breathing vibration of the Mn-O tetrahedral spinel structure. At 305 and 360 cm™,
there were also two additional oscillation peaks seen. The presence of the Mn-O
bending mode was indicated by the first two low-intensity peaks, 305 and 360 cm™!
[207, 208].
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Figure 3.2: Raman spectrum of (a) GO, (b) Mn304, and (c) GOMn304 nanocomposite

Figure 3.3 shows the FE-SEM of EPD GO onto the ITO-coated glass electrode
surface. The appearance of GO sheets on the surface of the ITO electrode confirms
successful deposition of the material by the EPD technique. It can be seen that
individual graphene sheets stack together and appear smooth over the ITO electrode
surface. The EPD technique is simple and fast for depositing the material by applying
a certain voltage and time in comparison to the drop-cast method, that have a lot of
limitations, including poor uniformity of the film, and limited coverage area. EPD is
is a simple, economical, and eco-friendly technique that is used for uniform
deposition of materials onto the conducting surface. Therefore, for deposition of GO
materials, the EPD technique was used and deposited onto the ITO electrode surface
under the optimized parameters of 60 volts for 5 minutes. Moreover, it can be seen
that graphene sheets form a flat-like sheet structure and appear smooth. A clear
appearance of GO sheets over the ITO glass substrate confirms the synthesis and

deposition of GO.
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Figure 3.3: Picture of FESEM Images of synthesized GO

3.6.2 FTIR Study of GO, Mn304, GOMn304

The FTIR study of GO, Mn304, and GOMn304 was observed using KBr mode in the
400 to 4000 cm™ wavelength range, as shown in Figure 3.4. FTIR spectrum of the
GO sample is shown in Figure 4(a) accorded well with the previous works [190].
There were various oxygen configurations in the structure. They include hydroxyl
(namely phenol, C-OH) (3050-3800 cm™), ketonic species (C = O) (1600-1650 cm™),
and C-OH vibration at 1083 cm™’. In Figure 4(b) of Mn3O4, three main absorption
peaks occurred. The peak at 3430 cm™ is related to O-H stretching and bending
modes of absorbed water [209]. The peak at 615 cm™! was related to the vibration of
manganese species (Mn>") in a tetrahedral site. The peak at 487 cm™ was attributed to
the vibration of manganese species (Mn>") in an octahedral site [210]. FTIR spectrum
was recorded for the GOMn30O4 composite also, and the result is shown in Figure 4(c).
The peak at 3447 cm™ corresponds to O-H stretching and bending modes of absorbed
water, and peaks appeared at 1590 and 1411 cm™! attributed to the C=0 and C=C
bonding, respectively. The two sharp, intense peaks occurred at 618 and 496 cm™
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corresponds to the vibration of manganese species (Mn**) in a tetrahedral site and in

an octahedral site, respectively.
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Figure 3.4: FTIR spectrum of (a) GO, (b) Mn304, and (¢) GOMn304 nanocomposite

3.6.3 Elemental and morphological study of GOMn304nanocomposite

Figure 3.5 illustrates the shape and crystallinity of the GOMn304 nanocomposite as
determined by TEM (a-c). The distribution of Mn3O4 nanoparticles on the graphene
sheet surface is depicted in Figure 3.5 (a, b). The arrow points to a layer of graphene
oxide with Mn3O4 nanoparticles decorated onto the GO sheets, and the average size of
the nanoparticle was found to be 52.384+1.40 nm. Figure 3.5 (¢) shows an HRTEM
image of the GOMn30s nanocomposite showing the thickness of the gap. The
HRTEM images were assigned to the (101) lattice plane of the Mn3O4 tetragonal
phase, and the d spacing was calculated to be 0.45 nm. Figure 3.5(d) illustrates
energy dispersive X-ray (EDX) imaging used to find the elemental composition of the
GOMn304 nanocomposite. The carbon (C), manganese (Mn), and oxygen (O)
elements could be found in the GOMn304 nanocomposite hybrid structure, according
to EDX spectra. The elements Mn and O were observed in the EDX spectra due to the

presence of Mn3O4, while C was seen due to the presence of graphene nanosheets.
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Figure 3.5: (a, b) describe the HR-TEM images of GOMn;3;04 nanocomposite [inset image:
particle size column graph], (¢) HR-TEM lattice fringe image of GOMn3Os4, and (d) EDX
image of GOMn;0,; nanocomposite.

3.6.4 FTIR study of ab-FBI onto GOMn304/ITO

The immobilization of ab-FBI and BSA on the surface of the GOMn3;O4ITO
immunoelectrode was investigated using attenuated total reflection (ATR) FTIR
spectroscopy in the 400 to 4000 cm™! range; the results are shown in Figure 3.6. The
FTIR spectra of the GOMn304/ITO immunoelectrode are shown in Figure 3.6 (i), which
includes distinctive peaks at 530, 612, 1085, and 1412 cm™'. The two peaks that appeared
at 1085 and 1412 cm! correspond to the C-O stretching vibration and the -OH group in
the carboxylic acid, respectively, present in the graphene oxide, while the other two
peaks at 530 and 612 cm™ correspond to the presence of Mn-O bonds in the Mn3;O4
nanoparticles. In Figure 3.6(ii), the peaks that appeared at 1068, 1570, and 1642 cm’!
were attributed to C-N stretching, NH> group deformation (amide-II bond), and primary
amide N-H of the fabricated ab-FBI1/GO-Mn304/ITO immunoelectrodes [211]. These
results were obtained due to the presence of ab-FBI on the surface of the GOMn3O4/1TO
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immunoelectrode. The FTIR spectrum of the BSA/Ab-FBI/GOMn3O04/1TO
immunoelectrode was also performed to confirm that the non-specific binding site of the
antibody on the electrode surface was blocked by BSA [212]. As shown in Figure
3.6(iii), the FTIR spectrum showed a characteristic decrease in the peak intensity of ab-
FB1, and the peak position of the Mn-O bond was shifted from 530 to 536 cm™ at the
Mn304 nanoparticle [213]. The above studies showed that ab-FB/ and BSA could be
successfully immobilized on the surface of the GOMn304/ITO electrode.
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Figure 3.6: FTIR spectrum of (i) GOMn3;O4ITO, (ii) abFBI/GOMn;04/1TO, and (iii)
BSA/ab-FB1/GOMn;04/1TO immunoelectrode.

3.7 Electrochemical study
3.7.1 Optimization conditions

To carry out the electrochemical biosensing studies of the fabricated immunosensor
BSA/ab-FB1/GOMn304/ITO for FBI detection, optimization studies are important to
optimize certain parameters for the fabrication of the sensor. Therefore, a few
parameters such as pH study and incubation time study were carried out using the
BSA/ab-FB1/GOMn304/ITO  immunoelectrode. Figure 3.7(a) presents the
electrochemical responses of the immunosensor BSA/ab-FBI1/GOMn3O4/ITO at
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different pH values ranging from 6.0 to 8.0 of PBS containing [Fe(CN)s]*"* due to
the effect of pH on the protein molecules. Changing from a lower to a higher pH
value, i.e., from acidic to basic medium of the electrolytic solution PBS containing
[Fe(CN)s]*”*, can lead to altering the conformation of ab-FBI and BSA present on
the surface of the immunoelectrode. Therefore, it is important to evaluate the specific
pH for the fabrication of the immunosensor. By adjusting the pH from 6.0 to 8.0,
DPV electrochemical responses were recorded under the potential range from -0.2 to
+0.4 V, and pH study results are depicted in Figure 3.7(a). The maximum current was
obtained in the specified pH range at pH 7.0. Since the composition of antibodies
might be altered by acidic or basic media, pH 7.0 of PBS containing [Fe(CN)e]*"*

was used for the fabrication of an immunosensor for FB1 detection.

The incubation time was optimized at 5S-minute intervals of time to analyze the interaction
between the immunoelectrode and analyte. The incubation study plot is shown in Figure
3.7(b). The interaction of the immunoelectrode (BSA/abFBI/GOMn304/ITO) and FBI
(10 pg mL"! fixed concentration) mycotoxin in PBS containing [Fe(CN)s]*’* buffer
solution was studied using the DPV method. The decrease in peak current for the
immunoelectrode was observed and saturated after 35 minutes. As a result, the incubation
period for the FBI analyte to interact with the ab-FB/ immobilized on the surface of the
GOMn304/1TO electrode was optimized to 35 minutes.
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Figure 3.7: (a) The effect of different pH from 6.0 to 8.0 in PBS containing [Fe(CN)s]*'*,
and (b) incubation plot for BSA/ab-FB1/GOMn;04/1TO immunoelectrode, in PBS containing
[Fe(CN)6]* .

3.7.2 An electro-kinetic rate study

The electro-kinetic interface parameters were measured for electrodes

GOMn304/ITO, abFB1/GOMn304/1TO, and BSA/abFBI1/GOMn304/ITO using the
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cyclic voltammetry technique with changing the scan rate from 20 to 100 mV s
which is shown in Figures 3.8 (a-c). Peak anode (I.) and cathode (I¢) redox currents
were calculated for the electrodes GOMn3O4/ITO, abFBI1/GOMn304/ITO, and
BSA/abFB1/GOMn304/ITO immunoelectrode at 50 mV/s.

The inset Figures 3.8 (a-c) show a plot of the anode (I.) and cathode (Ic) currents that
are linearly proportional to the square root (v'?) of the scan rate. The peak current
ratio (Ia/Ic) was determined to be 1.11, 1.12, and 1.13, which corresponds to the
immunoelectrodes GOMn304/I1TO, ab-FB1/GOMn304/1TO, and BSA/ab-FBI1/GO
Mn304/ITO, respectively. Thus, the obtained results of the current ratio indicate the
quasi-reversible electron transfer process. Furthermore, the peak potential was also
determined using the relation AE, = Epa — Ejc for the immunoelectrode and found to
be 0.35 V. The determined potential is higher than that of the ab-FB1/GOMn304/1TO
electrode, which ascribes the efficient electron transfer between immnoelectrode and

the redox solution.

The diffusivity (D) of the immunoelectrode was found using the Randles-Sevcik

equation described below in equation no. 3.3:
I, = (2.69 x 10°)C n®/2DY/2y1/24 [3.3]

Where Ip is the peak current of the electrode, C is the concentration of the electrolyte,
n is the number of electrons, A represents the surface area of the working electrode,
and v is the scan rate (mV/s). The diffusivity for BSA/abFB1/GOMn304/1TO
immunoelectrode is found to be 2.08 X 10™'*¢m?s~1 which indicates that at the

electro-analytical interface, the rate of electron transfer is higher.
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Figure 3.8: Scan rate study from 20 to 100 mV/s and linear plot between the square root of
scan rate vs peak current of (a) GOMn;O4/ITO, (b) ab-FB1/GOMn3;04/1TO, and (c) BSA/ab-
FB1/GOMn3;04/1TO immunoelectrode, respectively.

The availability of binding sites present at the immunoelectrode was calculated with

the help of the above-mentioned diffusion-controlled parameter, and the area (Ae) was

determined using the Randles-Sevcik equation, described below in equation no.3.4:

S

Ae =
(2.69x105)n3¢cD1/2

[3.4]

Where S is the slope of the straight line obtained from the linear plot of Iy, vs scan
rate. The obtained results show a 4.11 mm? area, which indicates the presence of more

binding sites per unit volume at the immunoelectrode.

Further, the concentration at the surface of ionic species (I*) was also determined

using Brown-Anson equation no. 3.5, which is as follows:

2F21* AV
Ip = # [35]
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Where F is the Faraday constant (96,485 C mol'), R stands for the gas constant
(8.314 J mol! K!), T stands for temperature (300 K), and the meaning of additional
symbols is the same as that given in the previous equation. The determined result was
found to be 2.94x107%molcm™2 for the BSA/ab-FBI/GOMn304/1TO
immunoelectrode, which is higher for the reactive species at the interface.
Electrochemical characterization studies of GOMn304/ITO, ab-FB1/GOMn304/ITO,
and BSA/ab-FB1/GOMn3;04/1TO surfaces were carried out using the DPV technique.
The DPV spectra of GOMn3O4/ITO, abFBI/GOMn3;O4/ITO, and BSA/ab-
FB1/GOMn304/ITO immunoelectrodes are shown in Figure 3.9 under the potential
range from -0.2 to 0.4 V in PBS containing [Fe(CN)s]*"*at pH 7.0. The magnitude of
peak current values of (i) GOMn304/ITO is higher than (ii) ab-FB1/GOMn304/1TO.
This happens due to the large surface-to-volume ratio, excellent adhesion, good
electron conductivity, and high electro-catalytic activity of the material. After the
immobilization of ab-FB1 over the GOMn304/ITO electrode surface, the peak current
value decreased due to the presence of a heavier, bulky molecule. Then, the modified
electrode surface was washed with BSA protein to remove the non-binding sites;

therefore, the peak current increased.
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Figure 3.9: DPV response study of the (i) GOMn3;O4/ITO, (ii) ab-FBI1/GOMn304/ITO, (iii)
BSA/ab-FB1/GOMn;04/ITO electrode surface
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3.7.3 Response study

Electrochemical biosensing response studies were carried out using the DPV
technique in a three-electrode system containing BSA/ab-FBI/GOMn304/1TO as a
working electrode, reference electrode (Ag/AgCl), and counter electrode (Pt) in a PBS
containing [Fe(CN)s]>"* in the potential range from -0.2 to 0.4 V. The DPV technique
is a voltammetry method that is used to make the electrochemical measurement
response in which a pulsed potential (AE) is applied within a linear potential scan
using fixed increments. The electrochemical response is similar to the first derivative
of a linear voltammogram, where a peak originates from the Faradaic reaction and can
be identified near E12. DPV measurements can be used to study the redox properties
of extremely low concentrations of analyte because the effect of the charging
capacitive current can be minimized, so higher sensitivity is achieved than the linear
scanning method, and only faradaic current is extracted, so the electrode reactions can
be analyzed more precisely. To carry out the sensing response study, different
concentrations of analyte /'B/ were analyzed by the DPV technique to acquire higher
sensitivity, better limit of detection, and better resolution for lower concentrations of
analyte. Therefore, electrochemical biosensing studies were carried out using the F'B1
concentration range from 1 pg mL™! to 800 ngmL™! and result depicted in Figure 3.10.
Figure 3.10(a) shows that the current response proportionally decreased as the FBI
concentration ranged from 1 pg mL™! to 800 ng mL™'. As the concentration of FBI
was increased on the immunoelectrode surface of BSA/ab-FBI1/GOMn3;04/ITO,
interaction took place between the immobilized ab-FB/ and FBI, which led to the
formation of an electrically insulating immunocomplex between antigen and antibody
that hinders the electron transfer between electrode and electrolyte; correspondingly,
the current response signal decreased. Figure 10 (b) shows the calibration curve
between FB1 concentration and current response. The linear calibration plot presents
the linear correlation observed between current responses with a range of analyte
concentrations from 1 pg mL™! to 800 ng mL. The fabricated immunoelectrode
electrochemical response in terms of sensitivity was calculated using the following:
Sensitivity = slope/area of the electrode, assuming a 0.25 cm? electrode area. The
immunoelectrode sensitivity was determined to be 10.08 pA mL ng' cm?, with a

regression coefficient (R?) of 0.97. The measurements were carried out in triplicate
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under the same experimental conditions, and the signal-to-noise ratio (S/N) was three.
LOD was calculated using the standard formula of 3o/m (o is the standard deviation
and m is the slope), and the LOD value was found to be 0.195 pg mL. The
biosensing response obtained from the current fabricated immunoelectrode BSA/ab-
FB1/GOMn304/ITO for FBI detection is comparable to the previously reported
articles for FB1 detection, and the findings are summarized in Table 1. GOMn3O4
nanocomposite increased surface-to-volume ratio [203], improved loading of ab-FBI
over the GOMn304/ITO surface, provided good electrical conductivity [176], electron
transfer efficacy [202, 214], and abundant functional groups available for conjugation
with antibodies, thereby enhancing the sensitivity, linear detection range, limit of
detection, specificity, selectivity, and stability of the immunosensor.  The
electrochemical biosensing signal response parameters are found to be better in
comparison to the previously published work due to the integration of GOMn3O4

nanocomposite for the fabrication of an immunosensor for B/ detection.
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Figure 3.10: (a) DPV biosensing response, and (b) a linear plot of the BSA/ab-
FB1/GOMn304/ITO immunoelectrode, respectively, against B/ in the concentration
range from 1 pg mL™! to 800 ng mL"'.

3.74 Repeatability, reproducibility, control, and interferent study

Reproducibility studies of immunosensor BSA/ab-FB1/GOMn304/ITO were
performed on five different immunoelectrodes using the DPV technique. Figure
3.11(a) displays the current response obtained from five immunoelectrodes. The

column graph demonstrated remarkable consistency for a specific immunoelectrode
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under the same settings, with a relative standard deviation (RSD) of 2.49%. Due to
the stability and reproducibility of the immunoelectrodes, almost the same current
response with minimal variation was obtained with the five different
immunoelectrodes. Figure 3.11(b) shows the repeatability study of the fabricated
immunoelectrode BSA/ab-FB1/GOMn304/ITO, which was measured at a FBI
concentration of 5 ng mL™! using the DPV technique. A virtually steady current was
obtained with a relative standard deviation (RSD) of 1.06 % by five consecutive
readings. This study verified that the designed BSA/ab-FB1/GOMn3O4/1TO
immunosensor has remarkable repeatability. It is important to investigate the
interference study of the fabricated immunosensor to measure the specificity and
selectivity of the sensor towards FBI only. Therefore, an interference study was
carried out with various interfering analytes to see the influence of other analytes on
the electrode surface of BSA/ab-FB1/GOMn304/ITO. For this study, various
interferents, including other mycotoxins such as AFBI, OchA, and DON, and other
carbohydrates like cellulose, fructose, and starch, which are found in the food sample,
were used, and DPV response obtained as shown in Figure 3.11(c). The selectivity
study was measured with the addition of 20 pL of interferents in the electrolytic
solution in the presence of FBI mycotoxins, and their response was recorded using
the DPV technique. The obtained results showed that the fabricated immunosensor is
highly selective towards the presence of FBI. These results indicate that ab-FBI is
highly specific for FBI. Also, specificity studies were carried out to investigate the
binding of FBI only with ab- FBI [Figure 3.11(d)]. To perform this study, a control
study using the GOMn3O4/ITO electrode was tested with various series of
concentrations of FBI from 1 pg mL™! to 800 ng mL.;. It is observed that no change in
the current signal was found, indicating that the FB1 analyte is highly specific for the
immobilized ab-FB1 onto the GOMn304/ITO electrode.
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Figure 3.11: (a) Reproducibility plot for five different immunoelectrodes, (b) shows the
repeatability study measured for five different consecutive readings with a 1.06% RSD value,
(c) describes the interferent study plot with various interfering analytes, and (d) depicts the
GOMn;04/1TO control measurement plot with different concentration ranges from 1 pg mL"!
to 800 ng mL"".

3.7.5 Spiked study

To determine the real sample study, BSA/ab-FB1/GOMn3O4/ITO immunoelectrode
responses were observed in spiked maize samples with different FB/ concentrations.
The fresh sweet maize was purchased from the local market, crushed thoroughly, and
diluted in D.I. water. Further, the diluted maize extract was taken and mixed with
different concentrations of FBI (including 1 pg mL™!, 10 pg mL!, 100 pg mL™!, 1 ng
mL!, 100 ng mL"!, 300 ng mL™" and 500 ng mL™"), and measurement was performed
using the DPV technique under similar conditions. Figure 3.12 shows the linear
calibration graph plotted for both spiked and sensing responses obtained for various
FBI concentrations from 1 pg mL'to 500 ng mL™! in sweet maize samples. The linear
regression coefficient (R?) values were calculated for the spiked and sensing results
and found to be 0.82 for spiked and 0.85 for sensing studies. The lower regression

coefficient for spiked sample studies is due to the small change in the current values
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with changing the concentration of FB/ in spiked maize samples, while in the case of
FBI sensing studies, current is decreasing linearly with the increase of FBI
concentration, resulting in an improvement in the regression coefficient. However, it
is observed that in both spiked samples and with FB/, current values decrease as the
concentration of FB/ antigen indicates that the fabricated immunoelectrode BSA/ab-
FB1/GOMn304/ITO shows specific binding for FBI analyte in sensing and spiked
samples. The percentage recovery rate was calculated and found to be in the range of
98.91% to 123.3 %. These results show that an excellent recovery, and this fabricated
immunoelectrode BSA/ab-FB1/GOMn304/ITO can be used for FBI detection.
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Figure 3.12: Linear plot of B/ and spiked sample studies for concentrations of 1 pg mL™!, 10
pg mL, 100 pg mL™, and 1 ng mL"!, 100 ng mL"!, 300 ng mL"!, and 500 ng mL"! performed
in the sweet maize samples using the fabricated BSA/abFB1/ GOMn3;04/1TO
immunoelectrode

3.8 Conclusions

BSA/ab-FB1/GOMn304/ITO immunoelectrode was fabricated for the sensitive and
precise detection of FBI in sweet corn samples in the concentration range from 1 pg
mL! to 800 ng mL"!. GOMn304 nanocomposite was successfully synthesized by the
wet chemical co-precipitation method. XRD and HR-TEM characterization
techniques were used to validate its tetragonal phase structure. A GOMn304
nanocomposite thin film was developed on an ITO-coated glass surface using an
electrophoretic deposition method. Ab-FBI and BSA were immobilized on

GOMn304/ITO electrodes, and the immobilization was confirmed using DPV and
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FTIR spectroscopy. The fabricated immunoelectrode exhibits a high sensitivity of
10.08 pA mL ng'cm™ for FBI detection, and a LOD was found to be 0.195 pg mL"!
with a regression coefficient (R?) of 0.97. The FBI spiked maize samples recovery
rates were found in the range from 98.91% to 123.3%. This shows that the BSA/ab-
FB1/GOMn304/ITO immunoelectrode system is fully applicable to detect FBI in
actual samples. Various naturally occurring interferences in food (along with FBI),
such as AFBI, OchA, DON, cellulose, fructose, and starch, were used in interference
studies to confirm the specific detection of FBI. With 5 electrodes and continuous
measurements, the BSA/ab-FB1/GOMn3:O4/ITO immunoelectrode was likewise
shown to be very reliable and reproducible. In a controlled study, the GOMn304 /ITO
electrode showed no tendency to detect FBI, and the BSA/ab-FB1/GOMn304/1TO

immunoelectrode confirmed the specific interaction with FBI.
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Hematite-reduced graphene oxide Nanocomposite-
Based Electrochemical Biosensing Platform for
Rapid Detection of Fumonisin B1 in Corn Samples

Naturally occurring mycotoxins present significant health risks to humans and
animals due to their toxic and carcinogenic properties, often contaminating food
supplies. Therefore, the development of a highly sensitive and selective detection
method for mycotoxins is essential. In this study, we report an electrochemical
biosensing platform for the detection of the most abundant mycotoxin, fumonisin Bl
(FBI), using a nanocomposite of hematite (a-Fe2O3) and reduced graphene oxide
(rGO) nanosheets. The successful synthesis of the a-Fe2O3/rGO nanocomposite was
validated using multiple characterization techniques, including X-ray diffraction
(XRD), field-emission scanning electron microscopy (FESEM), Raman
spectroscopy, and high-resolution transmission electron microscopy (HRTEM). A
smooth, uniform, and thin layer of a-Fe2O3/rGO was deposited onto an indium tin
oxide (ITO) glass substrate using the electrophoretic deposition (EPD) process.
Anti-FB] antibodies (ab-FBI) were covalently immobilized onto the a-
Fe203/rGO/ITO surface using EDC:NHS chemistry. To block nonspecific binding
sites, the immunoelectrode was treated with bovine serum albumin (BSA). The
biosensor exhibited a decreasing electrochemical response with increasing
concentrations of FB/ in the range of 1 x 10- 700 ng mL', with a limit of detection
(LOD) of 0.0052 ng mL"!. The fabricated BSA/ab-FB1/a-Fe>O3/rGO/ITO biosensor
demonstrated a sensitivity of 6.36 pA mL ng' cm? and a high correlation
coefficient (R? = 0.98831). When tested with spiked sweet corn samples, the
biosensor achieved a recovery rate between 97.2% and 99.4%, indicating its

potential for reliable real-sample analysis.

This work is published as: Sandeep Sarpal, Hema Bhardwaj, Nitin Kumar Puri, Vinod Singh,
and Pratima R Solanki. "Hematite-reduced graphene oxide nanocomposite-based electrochemical
biosensing platform for rapid detection of fumonisin Bl in corn samples” Chemistry Select (Wiley
publishing) 11(23)(2026): p.e06376.
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4.1 Introduction

Mycotoxins are naturally occurring toxic compounds that contaminate a wide range of
food products, especially under warm and humid conditions [215]. Moreover, these
compounds are chemically stable and can withstand conventional food processing
methods [216, 217]. Corn and corn-based products are especially prone to mycotoxin
contamination, with fumonisin Bl (FBI) frequently occurring at high levels and
comprising about 70% of total fumonisins [218,219]. FBI is produced by the
fungus Fusarium verticillioides and has been classified by the International Agency
for Research on Cancer (IARC) as a Group 2B carcinogen [220]. The U.S. Food and
Drug Administration (FDA) has set the maximum permissible limit of FB/ in food
products at 2—4 parts per million (ppm), equivalent to 20004000 ng/mL [221].
Therefore, the ability to detect FBI at concentrations significantly below these

regulatory thresholds is essential for early warning.

There are numerous traditional techniques for identifying FBI, including thin-layer
chromatography, mass spectroscopy, molecular fluorescence, and high-performance
liquid chromatography. However, these methods have low sensitivity and poor
selectivity and necessitate an experienced analyst [222]. These limitations restrict the
use of conventional techniques for the routine analysis of food products. The
electrochemical biosensor is one of the advanced detection techniques for sensitive
and selective detection [223]. Among various low-cost and biocompatible metal
oxides, hematite (a-Fe>O3) nanoparticles are chemically stable and are considered
promising materials for biosensing applications because of having n-type
semiconducting properties, a narrow bandgap (2.1 eV), good biocompatibility, and
excellent catalytic activity. However, pristine hematite exhibits relatively low
electrical conductivity and rapid electron-hole recombination, which can limit its
electrochemical performance. Therefore, the incorporation of a-Fe2Os on graphene
oxide (GO) significantly enhances the charge transfer efficiency between a-Fe>O3 and
GO, resulting in improved electrochemical conductivity and enhanced sensitivity.
Herein, a novel approach is demonstrated for the synthesis of a nanocomposite
without the use of highly toxic elements [221,224-226]. Furthermore, the

incorporation of a-Fe>Osz nanoparticles onto a 2-D graphene sheet provides a

Ph.D. Thesis (Sandeep Sarpal) 95



Chapter 4

substantial number of active sites that enhance the immobilization of antibodies over
the electrode surface. The use of such nanocomposites offers cost-effectiveness and
improved catalytic activity, leading to enhanced adsorption capabilities as well as
improved electrical and structural properties [227]. Various research groups have
reported the detection of FBI using electrochemical sensors and biosensors. For
example, in 2022, Naghshbandi et al. developed a thiol-modified single-stranded
DNA for the detection of FBI, which was immobilized on screen-printed carbon
electrodes [228]. A good stability, excellent recovery, high selectivity, and acceptable
repeatability and reproducibility were obtained using the designed aptasensor.
Further, Yingkai et al. reported a biosensor for the estimation of FBI using
fluorescence resonance energy transfer between GO and upconversion energy
particles, which developed a very strong fluorescence signal [229]. The signal was
achieved at 980 nm and developed a very high-throughput detection of FBI.
Chengquan et al. reported a multiplexed FRET aptasensor using magnetically
controlled GO/Fe304 for the estimation of FB/ in peanut samples [230]. Traun et al.
fabricated an electrochemical biosensor with a microfluidic biosensing platform of
silver-ceria nanocomposite using maskless lithography for FBI detection [231].
Xianxian et al. utilized a single-walled carbon nanotube/chitosan nanocomposite for
the development of an electrochemical sensor [232]. Kadir et al. reported screen-
printed gold electrodes with a carbon counter and a silver-silver chloride electrode
immunoelectrode for the estimation of FB/ using an electrochemical technique [221].
Masikini et al. utilized polyaniline-carbon nanotubes doped with palladium telluride
quantum dots for the development of an immunoelectrode capable of detecting FB1
[233]. Sarpal et al. synthesized the nanocomposite of graphene oxide and manganese
tetroxide nanoparticles, used for the detection of FBI [234]. In this regard, there is a
wide scope to explore other nanocomposites, including a-Fe,O3/rGO for FBI
detection [235]. Lu et al. used a chemically reduced graphene oxide thin film for the
detection of FBI and found good sensitivity [236]. Zheng et al. developed a label-free
electrochemical sensor using the nanocomposite of gold and graphene for the
detection of FB1 [237]. Xue et al. developed a photoelectrochemical sensor using the
nanocomposites of a-Fe3Os@Cu@Cu20O for the detection of FBI [238]. However,

despite the remarkable progress have been made for the development of FBI
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biosensors, a-Fe2O3/rGO nanocomposites have not yet been extensively explored.
Owing to the excellent biocompatibility, large surface area, enhanced electron transfer
capability, and superior electrochemical properties provides a promising sensing
platform for sensitive and selective FBI detection. Therefore, the present work
focused on the development of sensitive and selective detection of FB/ using an

electrochemical technique.

For this, a-Fe2Os was synthesized using the co-precipitation method at room
temperature, and a nanocomposite formed with graphene oxide (GO) nanosheets (a-
Fe203/rGO) was used for the detection of FBI. This study aims to explore the
synthesis of an 0-Fe2O3/rGO nanocomposite, the direct electrophoretic deposition
process on an ITO glass surface to obtain uniform deposition, and use it for the
development of electrochemical biosensors with stability, specificity, and high
sensitivity. EPD is a very common method of preparing thin films, as the surface
coating can be easily controlled with the deposition weight, deposition voltage, and
deposition time. EPD allows for precise control over the chemical interactions
between a-Fe2O3 and rGO, resulting in uniform, dense, and well-distributed materials
across the substrate. Unlike bulk powder composites, EPD-fabricated thin films
maintain high purity of crystalline structure with a porous morphology that facilitates
faster electron transport phenomena. The sensor prepared by this method gives very
good linearity, stability, and good selectivity [239]. As per our best knowledge, this is
the first time we are reporting the work for the EPD of a synthesized a-Fe>O3/rGO
material-based platform for the development of electrochemical biosensors for FBI
detection in food samples. The combination of a-Fe2Oz and rGO offers excellent
redox reversibility, biocompatibility, and stability. Compared to the traditional drop-
casting approach, the EPD method provides superior control over the thickness and
uniformity of the a-Fe>O3/rGO film, resulting in improved reproducibility and sensing
performance of the biosensor. The high surface area and excellent electrical
conductivity of rGO facilitate rapid electron transport, whereas the a-
Fe»O3 nanoparticles provide excellent biocompatibility and catalytic sites for effective
immobilization of anti-FB/ and FBI interaction. Also, the developed electrochemical

biosensor was validated with real sweet corn samples, and the percentage recovery
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was found to be acceptable. Also, an ultra-performance liquid
chromatography/tandem mass spectroscopy (UPLC-MS/MS) experiment was

performed to assess the accuracy of the developed sensor for the detection of FBI.

4.2 Experimental Section
4.2.1 Chemicals

Graphene oxide (GO) powder (4%—10% edge-oxidized,15-20 sheets), iron(III)
chloride hexahydrate, sodium acetate, FBI-specific antibodies (anti-FBI), starch,
fructose, ochratoxin-A (OTA), sodium hydroxide (NaOH), and ITO-coated glass
substrates of surface resistivity 8-12 Q/square were procured from M/S Sigma-
Aldrich. All necessary solution preparations were done using de-ionized water that
had a resistivity of 18.2 MQ through the Millipore water purification system. The
following products were acquired from SRL, India: potassium chloride, sodium
chloride, BSA, 1-ethyl-3-(dimethyl-aminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), and sodium phosphate monobasic dehydrate
(NaH2PO4). Potassium ferrocyanide (K4[Fe(CN)g]) and potassium ferricyanide
(K3[Fe(CN)g]] were procured from Fisher Scientific. A phosphate-buffered solution
(PBS, 0.2 M, pH 7.4) containing NaCl (0.9%), with [Fe(CN)s]*”* (5 mM) as the

redox probe was prepared.

4.2.2 Synthesis of a-Fe203/rGO Nanocomposite

The nanocomposites of o-Fe2O3/rGO have been prepared using a simple co-
precipitation method in which a-Fe;Os nanocrystals were deposited onto rGO
nanosheets using probe sonicators. Firstly, 0.6 g of FeCl3s.6H2O and 1.8 g of
C2H3NaO; were added to the solution containing 25 mL of ethanol and 6 mL of DI
water. Now, the solution was agitated for 2 h at ambient temperature (25°C) using the
magnetic stirrer. This solution was then transferred into a Teflon-lined high-pressure
hydrothermal reaction vessel at 180°C for 12 h. After the reaction was over, it was
allowed to cool to room temperature, and the red powder was collected and washed
thoroughly with ethanol five to six times to remove unreacted impurities. Then, the
red powder was dried in a heating oven at 70°C for 8 h, and a-Fe>O3 nanoparticles

were obtained [240-243]. Furthermore, 300 mg of EOGO was reduced to reduced

Ph.D. Thesis (Sandeep Sarpal) 98



Chapter 4

graphene oxide by adding 10 pL of hydrazine hydrate in 300 mL of DI water under
continuous stirring for 12 h. Further, 150 mg of as-synthesized red powder a-
Fe2O3 was mixed with 15 mg of rGO in 50 mL of ethanol and subjected to probe
sonication for 60 min. After sonication, the mixture was washed three to four times
with ethanol, centrifuged, and dried at room temperature in an oven to obtain the

nanocomposite of a-Fe>O3 and reduced graphene oxide.

4.2.3 Characterization Techniques

For deposition of synthesized material onto the ITO glass surface, EPD of GeNei
equipment was used. Cu K, radiation at 1 = 1.54 A, X-ray diffraction (XRD) using a
Rigaku Miniflex 600 were used to examine the crystallinity of the nanocomposite.
The measurements were carried out at an operational voltage of 40 KV, and a current
of 15 mA. To monitor the XRD patterns from 10° to 80°, a scan rate of 2° per min
with a step size of 0.02° was employed. Raman spectra were recorded using an Alfa
300 Witec Raman spectrometer that used a 532 nm laser. The Fourier transform
infrared spectrophotometer (FTIR) manufactured by PerkinElmer was used to
examine the vibrational spectra of GO, a-Fe>O3, and a-Fe>O3/rGO nanocomposite. To
determine the crystallographic structure of the nanocomposites, high-resolution
transmission electron microscopy (HR-TEM) using the JEOL 2100F was used. Using
a field-emission scanning electron microscope (FE-SEM, Nova nano-450), the
elemental analysis and surface morphology of nanocomposites were observed. X-ray
photoelectron spectroscopy (XPS) using a Thermo Scientific K-Alpha was used to
analyze the elemental composition and chemical state of the material. The
electrokinetics studied were performed using cyclic voltammetry and differential
pulse voltammetry techniques. The single-channel -electrochemical analyzer
(Metrohm Autolab) was used for all of the electrochemical measurements. The three-
electrode electrochemical cell system contained platinum as a counter, Ag/AgCl as a
reference electrode, and ITO as a working electrode in 0.2 M PBS containing 5 mM
of [Fe(CN)s]* ™ as a redox probe. Moreover, UPLC-MS/MS was performed using
SYNAPT G2 connected to a nanoACQUITY UPLC System, Waters, equipped with a
BEH-C18 column having a 1.7 um particle size and 130 A pore size using the polarity

mode as ES negative with the acquisition mass ranging from 100 to 200 Da.
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4.2.4 Fabrication of a-Fe203/rGO Thin Film Using EPD Technique

Firstly, the ITO-coated glass electrodes were hydrolyzed with a combination of de-
ionized water, liquid ammonia, and hydrogen peroxide in a 5:1:1 ratio to increase the
hydrophilicity of ITO-coated glass substrates. After being heated to 80°C for
approximately 2 h, these hydrolyzed electrodes were rinsed with ethanol and distilled
water and then dried for an additional 2 h at 60°C. These hydrolyzed ITO glass
electrodes were used as such for the fabrication of immunoelectrodes for
FB; detection. For deposition of nanocomposite onto the ITO electrode, the EPD
process was used. In detail, 140 pL of a 1 mg/mL suspension of synthesized a-
Fe203/rGO nanocomposites was deposited onto ITO-coated glass substrates at room
temperature. A DC power supply with a voltage of 60 V was applied for 6 min to
achieve a smooth and uniform deposition of the a-Fe:O3;/rGO nanocomposite.
Compared to other evaporative methods, the EPD method of thin film deposition is
more energy-efficient, low-cost, requires minimal apparatus, and is very adaptable

[244, 245].

4.2.5 Thin Film Fabrication Process of Immunoelectrode

Antibodies specific to FBI (ab-FBI) in a sodium phosphate buffer, NHS (0.1 M), and
EDC (0.4 M) were mixed in a 2:1:1 ratio, respectively, which was then left at 4°C for
approximately 1 h. Subsequently, 20 uL of EDC-NHS activated anti-FB1 solution
was uniformly drop-casted onto the a-Fe;O3/rGO surface and kept at room
temperature in a humid environment for about 6 h. During this, an electrostatic
interaction occurred between the positively charged a-Fe>O3/rGO nanocomposites
and the carbonyl group of ab-FB1, resulting in stable metal ester bonds, that is, amide
bond (—CO-NH) formation. Then the ab-FB1/0-Fe;O3/rGO/ITO immunoelectrode
was washed with PBS (pH 7.4) to wash out free ab-FB/ from the electrode surface.
Further, the non-specific sites on the surface of the ab-FBli/a-Fe,O3/rGO/ITO
immunoelectrode were blocked by BSA (10 pL) and kept for 4 h in a humid chamber
at room temperature (25°C). After the fabrication of the BSA/ab-FBIl/a-
Fe203/rGO/ITO immunoelectrode, it was rinsed with PBS with a pH value of 7.4.
After rinsing, the immunoelectrode was stored at 4°C for further study. The complete
steps followed for the fabrication of the immunoelectrode (BSA/ab-FBl/a-
Fe203/rGO/ITO) are mentioned in Scheme 4.1a,b.
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Scheme 4.1(a): Diagram illustrating the synthesis of a-Fe;O3/rGO nanocomposite and the
subsequent fabrication of an immunoelectrode onto an ITO-coated glass surface to detect
FBI.
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Scheme 4.1(b): EPD set-up used for the EPD of a-Fe,O3/rGO nanocomposite onto the ITO
electrode surface under the applied voltage for a period of time, followed by surface
activation, immobilization, and detection of FB/ using the electrochemical set-up of a three-
electrode system comprised of working, counter, and reference electrode

4.2.6 Preparation of Real Corn Samples for Biosensor and UPLC-MS/MS
Study

Fresh sweet corn was purchased at the neighborhood market, Munirka, Delhi.
Purchased sweet corn was processed for real sample preparation to carry out the
validation study of the fabricated electrochemical biosensor. Firstly, 1 g of sweet corn

was crushed and then dispersed in 20 mL of a methanol and DI water (8:2 v/v)
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mixture and shaken for 30 min on a vortex mixer, and then centrifuged at 4000 rpm
for 16 min. The resultant supernatant was collected, and several dilutions were made
with various concentrations of FBI (such as 1 and 10 ng mL™!, 100 ng mL™!, and
400 ng mL™"). Then, the different prepared dilutions were tested against the fabricated
immunoelectrode BSA/ab-FBI/a-FexO3/rGO/ITO and measured under similar
conditions with the DPV technique. Also, the prepared dilutions of 2 mL volume were

tested with the UPLC-MS/MS technique.

4.3 Results and discussion
4.3.1 XRD Studies

XRD spectrum of GO nanosheets for the structural analysis was recorded as
illustrated in Figure 4.1A(a). The diffraction pattern of GO at 26.32° and 54.8°
corresponds to the (002) and (004) (JCPDS 41-1487), and the data were recorded over
a 20 angle from 10° to 80° range [240]. There is no peak at 26 = 10.67° because GO
was used as the edge-oxidized form (EOGO). The interlayer spacing between the

adjacent graphene sheets was determined by Bragg's law (equation 4.1):
nd = 2d Sin6 [4.1]

where d is the distance between the atomic layers, 6 is the diffraction peak, 4 is the
wavelength of the incident X-ray beam, and » indicates the order of diffraction (an
integer). Using Equation (4.1), the d value was obtained as 0.338 nm [246].
Figure 4.1A(b,c) shows the XRD patterns of a-Fe>O3 nanoparticles and a-Fe>O3/rGO
nanocomposite, respectively. The lattice planes (012), (104), (110), (113), (024),
(116), (018), (214), (300), (1010), and (220) correlated to the several diffraction peaks
found in the a-Fe2O3 XRD pattern, which were located at 24.06°, 33.04°, 35.52°,
40.76°, 49.34°, 53.96°, 57.36°, 62.32°, 63.86°, 71.82°, and 75.26°. The a-
Fe»O3 nanoparticles matched well with the reported JCPDS number 33-0664, with
cell parameters ofa: 5.035 A ande: 13748 A [247, 248]. The degree of
crystallization of the a-Fe,O3 changed from a rhombohedral to a hexagonal shape
over the surface of rGO owing to the occurrence of various functional groups in rGO

[249].
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Figure 4.1: (A) XRD pattern of (a) GO, (b) a-Fe,Os, and (c) a-Fe,O3/rGO nanocomposite
[Inset image: XRD of (b) a-Fe>O3 and (¢) a-Fe>O3/rGO], (B) Raman spectra of (a) GO, (b) a-
Fe»03, and (¢) a-Fe,O3/rGO nanocomposite

The Scherrer equation (equation 4.2) was used to evaluate the average crystallite size
(D) of a-Fe203, which was found to be 17.97 nm:

091
= Boos@ e

where 6 is Bragg's diffraction angle, £ is the full width at half maxima (FWHM) of
the diffraction peaks, and 1 = 1.54 A. The a-Fe;05 and a-Fe;03/rGO nanocomposite
XRD diffraction peaks matched quite well. The presence of a-Fe>O3 nanoparticles on
the rGO sheets is demonstrated by the XRD peaks in Figure 4.1A(c). Furthermore, it
also indicates that the graphene nanosheet surface was decorated with o-
Fe>Os3 nanoparticles. Using the Scherrer equation above, the average crystallite size

(D) of a-Fe203/rGO was determined to be 18.55 nm.
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4.3.2 Raman Study

Raman scattering spectroscopy was used to further examine the pure phase
development of o-Fe2O3/rGO nanocomposites; the findings are shown in
Figure 4.1B(c). The Raman spectra of a-Fe2Os shown in Figure 4.1B(b) present
peaks at 208, 268, 378, and 581 cm™!. The peaks at 208 and 268 cm™! are assigned to
the A1, band due to vibrations along the c-axis of iron, while the £, modes at 378 and
581 cm ! are due to symmetric breathing vibrations of the O atom [243]. In
Figure 4.1B(a), the D-band, which peaks at 1339 cm™!, is indicative of defects and
disorders in the rGO layers, and its intensity rises as the number of defects and
disorders increases. The G-band is represented by the peak at 1575 cm™! (E2,) [250].
The average sp’ domain size and degree of disorder are assessed using the D-band
to G-band intensity ratio (/p/lc). The Ip/lc ratio (0.8535) of the nanocomposite a-
Fe203/rGO increases as compared with the /p//IG ratio (0.8501) of GO. The reduction
of the oxygen-containing functional groups and the interaction between the rGO
sheets and the o-Fe2O3 nanoparticles are the causes of the increase in Ip/Ig. The
successful preparation of the a-Fe,O3/rGO nanocomposite using the hydrothermal

method is confirmed by the observation of a-Fe,O3 and rGO Raman peaks.

4.3.3 FTIR Study of prepared nanomaterials

FTIR was used to analyze the infrared absorption properties of a-Fe2O3/rGO
nanocomposites. FTIR spectra of the nanocomposite were obtained in the mid-IR
range of 400-4000 cm ™! in high-energy mode using KBr, and the spectrum is depicted
in Figure 4.2. The spectra of a-Fe;O3 nanoparticles show absorption at about 3429,
1638, 553, and 475 cm™!. The absorption peaks at 3429 and 1638 cm™! are assigned to
bending and stretching vibrations of OH groups of H,O [251, 252]. The bands at 553
and 475 cm™! are assigned to the Fe-O stretching vibration modes in a-Fe,Os. In rGO,
the peaks at 3448 and 1579 cm ™' are ascribed to the O-H and C-OH stretching

vibrations, respectively [253].
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Figure 4.2: FTIR spectra of (a) GO, (b) a-Fe20s, and (c) a-Fe203/rGO nanocomposite

4.3.4 FTIR study of Modified ITO Substrate

The immobilization of ab-FB/ and BSA was studied on the surface of the a-
Fe;03/rGO/ITO immunoelectrode using attenuated total reflectance (ATR) FTIR
technique in the mid-IR range of 4000—400 cm™!. The results are shown in Figure 4.3.
Figure 4.3a shows distinctive peaks at 1412, 1057, and 539 cm™'. The two peaks that
appeared at 1412 and1057 cm' correspond to O-H stretching vibration and —O—
stretching vibration in the carboxylic acid, respectively, present in the graphene oxide,
while the other peak at 539 cm™! corresponds to the presence of Fe-O vibration bands
in the a-Fe>O3 nanoparticles. In Figure 4.3b, the peaks appeared at 3359, 1632, and
1573 ecm™!, which were attributed to O—H stretching vibrations, primary amide N-H
of the fabricated, and NH> group deformation (amide-II bond), and primary amide N—
H of the fabricated ab-FBI/0-Fe;O3/rGO/ITO immunoelectrodes [259]. The FTIR
spectrum of the BSA/ab-FB1/a-Fe;O3/rGO/ITO immunoelectrode was also performed
to confirm that the non-specific binding site of the antibody on the electrode surface
was blocked by BSA [255]. As shown in Figure 4.3¢, the FTIR spectrum showed a
characteristic decrease in the peak intensity of ab-FBI, and the peak position of the
Fe-O bond was shifted from 539 to 534 cm ' at a-Fe»Os3 nanoparticles [256]. The
above studies showed that ab-FB/ and BSA could be successfully immobilized on the
surface of a-Fe2O3/rGO/ITO electrodes.
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Figure 4.3: FTIR spectra of (a) 0-Fe.Os/rGO/ITO, (b) ab-FBl/a-Fe,O3/rGO/ITO, (c)
BSA/ab-FB1/0-Fe;0:/rGO/ITO nanocomposite

4.3.5 Elemental and Morphological Study

The surface morphology and internal structure of the synthesized nanocomposite a-
Fe203/rGO were analyzed using FE-SEM. Figure 4.4 exhibits the FE-SEM
micrographs of the nanocomposites at different measuring scales. Figure 4.4 shows
the surface morphology of the a-Fe>O3/rGO nanocomposite. It shows the presence of
the a-Fe>O3 on the top surface of rGO and does not become detached due to the
strong bonding between the o-Fe2Osnanoparticles and the rGO sheets.
Figure 4.4 shows the EDX spectrum to analyze the elemental composition in the a-
Fe>03/rGO nanocomposite. The elemental composition of carbon, iron, and oxygen is
mentioned in the inset of Figure 4.4. However, the percentage by weight and atomic

weight were found to be 79.50% and 100%, respectively (Table inset of Figure 4.4).

Ph.D. Thesis (Sandeep Sarpal) 106



Chapter 4

X "\.

-
mr’w-‘q 7!1 Tm T
P e g e, -mm?
e (e) Element  [Series Weight Atomic
-3 %) %)
« K-Series |44.17 81.80
Fe K-Scries (3117 12.42
o K Secries |4.16 579
5 Total 79.50 100
jem

Figure 4.4: FE-SEM of a-Fe,O3/rGO nanocomposite at (a) 500 pm, (b) 5 um, (¢) 2 um, (d)
mapping, (e) Elemental spectra of a-Fe,O3/rGO nanocomposite

This shows the formation of the a-Fe;O3/rGO nanocomposite. An intensive TEM
study was also done to find out the shape and size of the as-synthesized a-Fe;O3/rGO
nanocomposites using an in-situ synthesis method. Figure 4.5 depicts the typical
TEM micrograph of the nanocomposites a-Fe2O3/rGO at different measuring scales. It
indicates that the synthesized nanoparticles are hexagonal in structure with an average

particle size of 24.82 nm. The nanoparticles are found to be connected due to
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agglomeration. It shows the dispersion of nanoparticles onto the surface of the rGO
nanosheets. These TEM micrographs showed the formation of the nanocomposites a-
Fe>03/rGO, which was also investigated with a selected area electron diffraction

(SAED) pattern of the a-Fe>O3/rGO nanocomposite with well-matched indices.

(024)

0.5Snm

Figure 4.5: (a,b) illustrates the HR-TEM images of a-Fe>O3/rGO nanocomposite and particle
size distribution graph [inset image]; (c) Lattice image of a-Fe,Os/rGO, and (d) SAED
pattern of a-Fe>O3/rGO nanocomposite

4.3.6 XPS Study of a-Fe203/rGO nanocomposite

XPS is used to study the chemical structure and identify the functional groups in the
nanocomposite of a-Fe;O3 and rGO, and any potential changes due to FBI. To
explore this further and gain more insights into the properties and characteristics of
these elements, a survey of a-Fe>Os3 and rGO hybrid nanocomposites is conducted.
The results of this survey, as shown in Figure 4.6, are depicted as high-resolution
Fe2p, Ols, Cls, and S2p peaks, which are then deconvoluted into individual
components for further analysis. Specifically, the Fe2p spectra (Figure 4.6) show two
separate peaks representing Fe2ps» at 703.1 eV and Fe2pi at 715.5 eV, respectively
[257]. It shows that the composition of the iron particles remains unchanged by the
graphene. The predicted graphitic carbon peaks for O=C—OH and sp” are found to be
present in the high-resolution XPS spectrum of Cls at 289.3 and 284.3 eV,
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respectively (Figure 4.6¢) [258]. Regarding the Ols spectra, a peak appears at
530.8 eV that shows the Fe-O bond present in o-Fe.Os (Figure 4.6d) [259].
Figure 4.7 shows the XPS spectra of FBI onto the a-Fe2O3/rGO immunoelectrode. It
shows that after interaction of FBI, the relative intensity of the C 1s peak increases,

while the Fe2p signal peak decreases, as it may attenuate the underlying hematite due
to the formation of an organic bio-layer [260].
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Figure 4.6: XPS spectra (a) Survey spectrum of o-Fe,O3/rGO nanocomposite, (b)

Deconvolution spectra of Fe2p, (c) Cls spectra, and (d) Ols spectra of a-Fe:0:/rGO
nanocomposite
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Figure 4.7: shows the survey of XPS spectra of FBI over the a-Fe,O3;/rGO/ITO
immunoelectrode

4.3.7 Electrochemical study

Electrochemical characterization studies, including CV, DPV, and EIS, were
performed for the fabricated immunoelectrodes—ITO, a-Fe>O3/rGO/ITO, ab-FBl1/a-
Fe;03/rGO/ITO, and BSA/ab-FB1/0-FeO3/rGO/ITO  to  investigate their
electrochemical behavior and interfacial electron transfer activity. The measurements
were carried out in PBS containing a ferri/ferro redox mediator at a 50 mV/s scan rate

using a galvanostat/potentiostat (Autolab).

4.3.7.1 Cyclic Voltammetry study

The CV response signal of fabricated electrode surfaces of (i) ITO, (ii)) a-
Fe2O3/rGO/ITO,  (iii)  ab-FBI/0-Fe;O3/rGO/ITO, and (iv) BSA/ab-FBI/a-
Fe203/rGO/ITO is depicted in Figure 4.8a. It was found that the anodic and cathodic
peak currents for nanomaterials deposited onto the ITO surface (a-Fe2O3/rGO) were
higher (i.e., 331.02 pA) in comparison to the anodic and cathodic current response
(250.05 pA) after immobilization of antibodies of FBI (ab-FB1/a-Fe>Os3/rGO/ITO).
This happened due to the presence of a-Fe2O3/rGO nanomaterials over the ITO
surface, which provides a large surface-to-volume ratio, improves electro-catalytic
activity, and enhances electron conductivity [244]. After immobilization of antibodies
of FBI onto the a-FexO3/rGO/ITO surface, the electrochemical current response was
reduced owing to the existence of dense, large molecules of antibodies. The current is
lower than that of the bare ITO as a result of adding a functional layer on the ITO. Its

purpose is to enhance the sensitivity and selective sensing of the FB1.

Further, the ab-FBI1/0-Fe;O3/rGO/ITO immunoelectrode was treated with BSA,
which acts as a blocking agent to prevent non-specific binding of antibodies to the
electrode surface, and the current response increased (301.31 pA), indicating that

BSA helps in the fast movement of electrons [261].
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Figure 4.8: (a) CV response study of the (i) ITO, (ii) a-Fe,Os/rGO/ITO, (iii) ab-FBl/a-
Fe,0s/rGO/ITO, (iv) BSA/ab-FB1/0-Fe,Os/rGO/ITO electrode surfaces, (b) DPV responses
obtained from four modified electrode surfaces: (i) ITO (ii) a-Fe2O3/rGO/ITO, (iii) ab-FB1/a-
Fe;03/rGO/ITO, (iv) BSA/ab-FB1/0-Fe;O3/rGO/ITO electrode surface, (c) EIS response of (i)
ITO, (ii) a-Fe:03/rGO/ITO, (iii) ab-FBI1/a-Fe;03/rGO/NTO, (iv) BSA/ab-FB1/a-Fe,03/rGO/
ITO, (v) FB1/BSA/ab-FB1/a-Fe,03/rGO/ITO

4.3.7.2 Differential pulse voltammetry study

Similarly, the DPV response signal of fabricated electrode surfaces of (i) ITO, (ii) a-
Fe203/rGO/ITO,  (iii))  ab-FBI/0-Fe;03/rGO/ITO, and (iv) BSA/ab-FBli/o-
Fe>03/rGO/ITO are depicted in Figure 4.8b. DPV measurements were performed at
the applied potential values varying from —0.8 to +0.8 V in PBS buffer solution
having [Fe(CN)s]*"* at pH 7.4. It was found that the peak current for nanomaterials
deposited onto the ITO surface (a-Fe:O3/rGO) was higher, that is, 112.2 pA, in
comparison to the current response (78.38 pA) after immobilization of antibodies of
FB1 (ab-FB1/0-Fe;O3/rGO/ITO). This happens due to the presence of a-Fe O3/rGO

over the ITO surface, which provides a large surface-to-volume ratio, improves
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electro-catalytic activity, and enhances electron conductivity. After immobilization of
antibodies of FBI onto the o-Fe2O3/rGO/ITO surface, the electrochemical current
response is decreased owing to the occurrence of denser biomolecules of antibodies.
After that, the fabricated electrode surface was then washed with BSA
(Figure 4.8bJiv]) to remove any non-binding active sites of the surface; therefore, the

magnitude of the current was increased to 96.84 pA.

4.3.7.3 Electrochemical impedance spectroscopy study

EIS is a powerful and sensitive technique to investigate the physicochemical
processes occurring at the electrode-electrolyte interface. The EIS potentiometric
Nyquist plot presents a frequency-dependent electrochemical behavior from the high-
frequency to lower-frequency region; the semicircle diameter reveals the charge
transfer process, and a straight line presents the diffusion process. The Nyquist plot,
fitted using the Randles equivalent circuit, provides in-depth electrochemical
interfacial analysis, including charge transfer resistance value, double layer
capacitance, Warburg impedance, and so forth. The progressive change in such
parameters with each step modification provides clear evidence for successful
electrode surface modification and binding with FBI analyte. Therefore,
Figure 4.8c shows the EIS Nyquist plot results of stepwise modified ITO electrodes
in PBS (pH 7.0) containing 5 mM [Fe(CN)s]*"*, as a function of frequency in the
range of 0.01-100 kHz with an AC amplitude of 10 mV. The EIS study of (i) ITO, (ii)
o-FexO3/rGO/ITO, (iii)) ab-FBI1/a-FeO3/rGO/ITO, and (iv) BSA/ab-FBl/o-
Fe203/rGO/ITO electrode surfaces. The EIS response of (i) ITO, (ii) o-
Fe203/rGO/ITO, (iii) ab-FBI1/a-Fe203/rGO/ITO, (iv) BSA/ab-FB1/0-Fe;03/rGO/ITO,
and (v) FBI/BSA/ab-FB1/a-Fe:O3/rGO/ITO is depicted in Figure 4.8c.
Figure 4.8¢(i) shows the EIS spectrum of ITO, which has an Rcr value of 3.98 kQ.
After EPD thin film deposition of o-Fe2O3/rGO onto ITO (Figure 4.8¢c (ii)),
the Rcr decreased to 1.26 kQ due to its high intrinsic electrical conductivity, which
provides an efficient charge transfer pathway. Therefore, it facilitates fast electron
transfer between the electrode and electrolyte, reduces the energy barrier for charge
transfer, and consequently lowers the Rcr value. The charge transfer resistance value

increased to 3.60 kQ after the immobilization of anti-FB1 over the a-Fe>O3/rGO/ITO

Ph.D. Thesis (Sandeep Sarpal) 112



Chapter 4

electrode (Figure 4.8¢[iii]). This happens due to the loading of heavier, non-
conducting protein biomolecules over the a-Fe2O3/rGO/ITO surface, which form an
insulating biolayer between the electrode and the electrolyte, thereby creating
resistance to electron transfer between them. Therefore, the efficient charge transfer
process gets affected; hence, the Rcr value increased. When the immobilized
electrode ab-FB1/0-Fe;O3/rGO/ITO was treated with BSA, the Rct value was found
to be 1.80 kQ, which is lower than the Rcr value obtained after immobilization of ab-
FB1/0-Fe;O3/rGO/ITO (Figure 4.8¢c[iv]). This happens because BSA is a blocking
agent that passivates the electrode surface and removes unbound or weakly adsorbed
antibodies, leaving behind a more stable and oriented antibody layer, thus reducing
the resistance and improving electron transfer kinetics. The fabricated
immunoelectrode BSA/ab-FBI1/a-Fe;O3/rGO/ITO was tested with a 100 ng/mL
concentration of FBI (Figure 4.8c[v]); the Rct value increased to 2.54 kQ due to the
formation of an immunocomplex between ab-FBI and FB1, which creates resistance
in the transfer of electrons between the electrode and the electrolyte; therefore, it

impedes the electron transfer pathway.

4.3.7.4 A study of the electrokinetic scan rate

Using the cyclic voltammetry technique, the electrokinetic interface characteristics
were studied using the CV technique for electrodes a-Fe;O3/rGO/ITO, ab-FBI/a-
Fe2O03/rGO/ITO, and BSA/ab-FB1/0-Fe;O3/rGO/ITO with a change in scan rate
values from 10 to 100 mV/s, as illustrated [Figure 4.9 (a-c)]. The peak anodic (Ia)
and cathodic (Ic) redox currents for the immunoelectrodes a-Fe2O3/rGO/ITO, ab-
FB1/0a-Fe203/rGO/ITO, and BSA/ab-FB1/0-FexO3/rGO/ITO were computed at a scan
rate of 50 mV/s.

In Figure 4.9 (a-c), where the anodic (I.) and cathodic (Ic) currents are plotted against
the square root of the scan rate, respectively, the observed linear relationship suggests
that the electrochemical processes occurring at the electrode surface are diffusion-
controlled. The peak current ratios (I/I) for o-Fe2O3/rGO/ITO, ab-FBI/a-
Fe203/rGO/ITO, and BSA/ab-FB1/0-Fe203/rGO/ITO were found to be 1.18, 1.17, and

1.16, respectively. These calculated results represent a quasi-reversible process for
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electron transfer. Moreover, the value of AE, for the BSA/ab-FB1/0-FeO3/rGO/ITO
electrode was calculated to be 0.25 V by applying the formula AE, = Epa - Epe, where
Epc and E;a denote the anodic and cathodic potentials. The computed potential, which
was greater than that of the ab-FBI/a-Fe:O3/rGO/ITO electrode, indicated that the

immunoelectrode and the redox solution had effective electron transfer.
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Figure 4.9: Scan rate study conducted across a range of 10 to 100 mV/s and presents linear
plots between the square root of the scan rate and the peak current for three different
immunoelectrodes: (a) a-Fe;O3/rGO/ITO, (b) ab-FB1/0-Fe;03/rGO/ITO, and (c) BSA/ab-
FB1/0-Fe;O3/rGO/ITO, respectively

As the scan rate increases, peak separation widens because the electrode reaction has
less time to occur at the peak potentials, leading to a quasi-reversible or irreversible
process. Peak current increases due to faster diffusion of more species to the electrode

surface in the shortened time frame; the slower kinetics of the electron transfer

prevent the peaks from staying close together, increasing the separation.

Figure (4.9) shows the linear response of the anodic and cathodic peaks current varied
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linearly with the square root of scan rate, and the linear response (equations 4.3) for
a-Fe;03/rGO/ITO, (equations 4.4) for ab-FBI/a-Fe:O3/rGO/ITO, and BSA/ab-
FB1/0-Fe;03/rGO/ITO fabricated electrodes linear response (equations 4.5) are as

follows:

[,=23.08pA +46.17uA/[mV/s]"?x scan rate [mV/s]"2, R?=0.9941
1.=35.85pA -48.85uA/[mV/s]"*x scan rate [mV/s] ", R?=0.9964 [4.3]

1,=21.87pA +31.6uA/[mV/s]"?x scan rate [mV/s] "2, R>=0.9973
1=23.85pA -43.99uA/[mV/s]"*x scan rate [mV/s] "2, R?=0.9943 [4.4]

I,=35.41pA +39.56puA/[mV/s]"?x scan rate [mV/s]"2, R?=0.9945
1.=30.23pA -60.99pA/[mV/s]"*x scan rate [mV/s] "2, R?=0.9957 [4.5]

Equation [4.6] (the Randles-Sevcik equation) will be used to calculate the diffusivity

(D) of the immunoelectrode.
I, = (2.69 x 10°)C n®2D/2y1/24 [4.6]

Where Ip is the electrode’s current, C is the electrolyte concentration, n is the number
of electrons, A represents the working electrode’s surface area, and v is the scan rate
(mV/s). The diffusivity for BSA/ab-FB1/a-Fe;O3/rGO/ITO immunoelectrode was
found to be 3.94 X 10~8cm?2s~1. This suggests that there was a faster rate of electron

transport at the electro-analytical interface.

To determine the accessibility of binding sites existing at the immunoelectrode, the
Randles-Sevcik equation, as described below in (equation 4.7), was used to calculate
the effective electro-active surface area (A.). The effective surface area was essential

for understanding the density of available binding sites for antigens.

S

Ae =
(2.69x105)n3¢cD1/2

[4.7]

Where S denotes the slope of the line as determined by plotting Ip. versus scan rate
linearly. An effective electro-active surface area (Ac) of 4.11 mm? suggested that there

were numerous binding sites per unit volume on the immunoelectrode surface. This
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finding implied that the immunoelectrode possesses a high density of binding sites for

antigens.

Furthermore, the following Brown-Anson equation (equation 4.8) was used to

calculate the concentration of ionic species (I*) at the surface:

2F21* AV
Ip="1 — [4.8]

where T denotes temperature (300 K), R denotes the gas constant (8.314 J mol™! K'),
and F stands for the Faraday constant (96,485 C mol™). The other symbols have the
same meanings as in the preceding equation. The calculated result of 2.7 X
10~8mol cm™2 of BSA/ab-FB1/0-Fe;O3/rGO/ITO immunoelectrode indicated a high

density of reactive species at the interface.

Moreover, findings of electrochemical parameters of the fabricated immunoelectrode
BSA/ab-FB1/a-Fe>O3/rGO/ITO, such as the anodic peak current (I,.), diffusion
coefficient, concentration of ionic species (I*), and effective electro-active surface
area (A.), are summarized in Table 4.1.

Table 4.1: Electrochemical characteristics of the BSA/ab-FB1/0-Fe,O:/rGO/ITO
immunoelectrode for FBI detection

Immunoelectrode AE, Ipa (RA) D (cm?s™) A (mm?) I* (mol cm?)
BSA/ab-FB1/o- 3 Iy 3
Fes05/tGO/ITO 025V 98.64 3.94x10 4.11 mm 2.7x10

4.3.7.5 pH Optimization study

The BSA/ab-FB1/a-Fe;O3/rGO/ITO immunoelectrode is subjected to optimization
studies to evaluate the effect of buffer pH solution used as an electrolyte to monitor
the effect of pH on the electrode surface. The study of pH value is essential as it
provides the sensitivity and stability of the biomolecules immobilized on the electrode
surface. Figure 4.10 illustrates the results of the pH investigation conducted on the
immunoelectrode, displaying the electrochemical responses monitored using DPV.

The pH values were adjusted from 6.0 to 8.0 to study the conformational changes in
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ab-FBI and BSA within the potential range from —2.0 to +0.4 V in an electrolytic

solution containing [Fe(CN)e]* 74

attained within the pH range of 6.0 to 8.0. The BSA/ab-FBIi/0-Fe O3/rGO/ITO

. At pH 7.4, the maximum current of 77.9 pA was

3-/4-
9

immunoelectrode was therefore made using pH 7.4 PBS containing [Fe(CN)g] as

the composition of ab-FBI may be verified by acidic or basic media.
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Figure 4.10. pH effect on BSA/ab-FBI/a-Fe;O3/rGO/ITO immunoelectrode in PBS
containing [Fe(CN)g]*"*

4.3.7.6 Response study

To study the electrochemical response, the DPV technique was employed. Here, a three-
electrode assembly containing a counter (Pt), reference (Ag/AgCl), and working
electrode (BSA/ab-FB1/a-Fe;03/rGO/ITO) in PBS having [Fe(CN)s]*™ in the —0.2 to
0.4 V potential range was used. The DPV technology is affordable, easy to use, and
requires a relatively short analysis time, in which the potential (AE) in pulse form is
applied in a linear potential range with set increments. The electrochemical response
observed in DPV can resemble the first derivative of a linear voltammogram, where the
peak originates from the Faradaic response and is located close to £12. DPV is a valuable
technique for investigating redox properties at extremely low concentrations of analytes
due to its ability to reduce capacitive currents, improve signal-to-noise ratio, enhance
sensitivity, and provide enhanced potential control. DPV's higher sensitivity and
selective measurement of faradaic currents enable a more precise and controlled study of

electrode reactions compared to linear scanning methods. a-Fe;Os3 nanostructures serve
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as catalytic centers that lower the overpotential required for electrochemical reactions.
The interaction between a-Fe;O3 and rGO improves detection performance by more than
two times compared to standard materials, achieving ultra-low detection limits and
increasing sensitivity. The crystalline structure of a-Fe;Os offers numerous bioactive
sites for target molecules. Hematite nanoparticles are preferred in biosensing due to their
inherent non-toxicity and high stability in biological matrices, which preserves the
orientation and integrity of the immobilized antibody layer. It improves biocompatibility

and antibody immobilization.

To improve the resolution, sensitivity, and limit of detection for the sensing response
study, FB1 was analyzed at various levels using the DPV technique (Figure 4.11). As
a result, FB1 concentrations varied from 1 x 1073-700 ng mL ™' and were used in
electrochemical  biosensing  investigations, with  results displayed in
Figure 4.11a,b demonstrates a decrease in current response as the concentration of
FB1 rises from 1 x 10°-700ng mL'on the BSA/ab-FBI/0-Fe;03/rGO/ITO
immunoelectrode. This observation was consistent with the expected behavior in an
immunoelectrode system due to the formation of an immunocomplex between the
immobilized ab-FBI and FBI molecules that prevents electron transfer between the
electrode and electrolyte and, as a result, lowers the signal response. The formation of
an immunocomplex between antigen and antibody, which has an -electrically
insulating nature, thus prevents the electron transfer process that takes place between
the immunoelectrode and redox species [Fe(CN)s]*”*". Figure 4.11b illustrates the
calibration curve of FBI concentration plotted against the corresponding current
response. This calibration plot demonstrated a linear correlation between the
concentration of FB/ and the measured current response within the measured range
from 0.001 to 700 ng mL™'. By increasing the FBI concentration, no measurable
change in current response was recorded. Therefore, linear discrimination in the
current signal was found to be in the detection range of 1 x 107-700 ng mL™.
Assuming that the area of the film was 0.25 cm 2, the sensitivity of the fabricated
immunoelectrode can be calculated using the provided formula: sensitivity =
slope/area of the film. The immunoelectrode sensitivity was calculated as 6.36 pA mL

ng ' cm 2, with a regression coefficient (R?) of 0.9883. The signal-to-noise ratio (S/N)
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of 3 was attained when the experiments were run in triplicate sets with identical
experimental conditions. LOD was derived based on the standard formula as
3a/m (m is the slope and o is the standard deviation), and its value is calculated as
0.0052 ng mL™!. The present work shows high sensitivity, selectivity, and specificity,
with a wide detection range and a low limit of detection for the FBI analyte of
mycotoxin using the BSA/ab-FBI/a-Fe;O3/rGO/ITO immunoelectrode. This
performance is attributed to the a-Fe>O3/rGO composite, which improves the surface-
to-volume ratio and provides a larger area for antibody immobilization, increases the
catalytic activity of the electrode, offers an easy path for electron transfer, and
improves conductivity. In addition, the presence of the functional group of -COOH in
the GO on the ITO surface conjugates with the present —NH> groups of FBI
antibodies, forming strong and stable amide bonds (—CO-NH) bonds, thereby
enhancing the stability of the immunoelectrode. The mechanism is driven by the
efficient movement of charge carriers across the heterojunction interface. rGO
provides high conductivity, which serves as a fast channel for electron movement. a-
Fe>O3 nanoparticles act as catalytic centers that facilitate redox reactions in specific
biosensing applications. The rGO layer introduces new interface states within the
band gap of a-Fe Ojs effectively reducing the band gap and enhancing overall
electronic conductivity. The a- a-Fe2O3/rGO composite enhances electrochemical and
sensing signals. The o-Fe;Os nanoparticles on rGO prevent restacking and
nanoparticle agglomeration, resulting in a significantly larger electrochemically active

surface area for target molecule adsorption.
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Figure 4.11: (a) DPV biosensing response, (b) a linear plot in the concentration range from
1x107 to 400 ng mL™! against FB1 of the BSA/ab-FB1/0-Fe;O3/rGO/ITO immunoelectrode.
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Moreover, electrochemical biosensor-based research articles are published for FBI
detection using nanomaterials. The findings of these articles are summarized in
Table 2 and present the results of the current work for FBI detection. It can be
concluded that the use of an a-Fe2O3/rGO composite matrix over the ITO-coated glass
electrode surface for immobilization and detection of FBI analyte using an
electrochemical biosensor improves the biosensing characteristics, such as sensitivity,
detection range, and detection limit of the sensor.

Table 4.2: Evaluation of the present study findings with earlier published research articles for
FBI detection.

Detection Sensitivity LOD
Electrode/ Method Technique Range (nA mL 1 Ref.

(ng mL™) ng'cm?) (ng mL7)
FB1/ss-HSDNA/Au NPs/SPCE Ccv 0.5-500 - 0.14 [228]
FBI1/GO-CHA FRET 0.032-500 - 0.0121 [229]
GO/Fe3;04 FRET 0.05-300 0.0162 [230]
Ag/CeO, Cv 0.01-100 7.33 0.0015 [231]
SWCNT/chitosan DPV 0.01-1000 - 5 [232]
SPGE Ccv 1-1000 - 5 [221]
GCE/PT-PDMA-MWCNT/anti- EIS 0.007- 0.049 - 0.00046 | [233]
Fms-BSA
Mn304/GO Ccv 0.001-800 10.08 0.000195 | [234]
DBH/AuNPs/CS@cMWCNTS/GCE DPV 0.01- 10° - 0.0046 [235]
GO SPCE 200-4500 - 42 [236]
Au/GO Ccv 0.01-10° - 0.01 [237]
Fe:03@Cu@Cu20 PEC 0.001-10 - 0.00028 | [238]

4 This
0-Fe203/ rGO DPV 1x10--700 6.36 0.0052
work

ss-HSDNA: Single-stranded DNA; DNA: Deoxyribonucleic acid; SPCE: Screen-
printed carbon electrode; dcNLISA: Direct competitive nanozyme-linked
immunosorbent assay; MPA: Mercaptopropionic acid; CdTe: Cadmium telluride;
SPGE: Screen-printed gold electrode; CHA: Catalytic hairpin assembly; PDMA:
Poly(2.5-dimethoxyaniline); MWCNT: Multiwalled carbon nanotubes; PT: Palladium
telluride; GCE: Glassy carbon electrode; UCNPs: Upconversion nanoparticles; DBH:
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Dopamine f-hydroxylase; CS@cMWCNTS: Chitosan-functionalized carboxylated

multi-walled carbon nanotubes

4.3.7.7 Reproducibility, repeatability, interferent, and stability study

To study the reproducibility of the BSA/ab-FB1/a-Fe2O3/rGO/ITO immunoelectrode,
six different immunoelectrodes were used, and their electrochemical response was
monitored using the DPV technique. Figure 4.12a,b displays the electrochemical
responses obtained from six immunoelectrodes, illustrating significant agreement
between specific immunoelectrodes in a similar region, with a standard deviation
(RSD) of 0.336%. It was found that all immunoelectrodes show nearly identical
responses with very slight variations obtained from six different immunoelectrodes,

indicating the stability and reproducibility of immunoelectrodes.

The DPV method was used to test the repeatability of the immunoelectrode BSA/ab-
FB1/0-Fe;O3/rGO/ITO; the results obtained are presented in Figure 4.12c.
Six consecutive readings (2-7 number in X-axis) were taken with FBI concentration,
showing nearly a stable current value with an RSD of 3.667%. This repeatable
response further confirms the presence of ab-FBI onto the a-Fe;O3/rGO/ITO

electrode.

To assess the sensitivity and selectivity of the biosensor alone for FB/ antigen, it is
important to investigate the performance of FB/ with other interfering analytes over
the fabricated immunoelectrode. Therefore, to assess the effect of other analytes on
the BSA/ab-FB1/0-Fe2O3/rGO/ITO electrode surface, an interference test was carried
out using various interfering analytes, including AFBI, Fructose, OchA, Starch, and
DON, which are generally present in food samples. Figure 4.12d displays the DPV
response. To determine selectivity, 20 uL. of the interferents was added to an
electrolytic solution containing 100 ng/mL of FBI mycotoxin. The response was then
recorded with the DPV technique. Figure 4.12e results show that the developed
biosensor, as BSA/ab-FB1/a-Fe;O3/rGO/ITO, shows the same current signals with all
other interfering analytes, such as AFBI, Fructose, OchA, and Starch in food samples,
but the current signal decreased in the presence of FBI. Hence, these results show that

the developed biosensor is highly selective toward FBI. The acquired data
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demonstrated the extremely selective nature of the fabricated immunoelectrode, and

ab-FB1 was primarily specific for FBI.

To evaluate the extended stability of the BSA/ab-FB1/0-Fe O3/rGO/ITO
immunoelectrode, its response was also studied over a period of 30 days, with
measurements taken at regular intervals of 5 days. As represented in Figure 4.12f, no
variation in the responses of the as-fabricated BSA/ab-FB1/a-Fe;O3/rGO/ITO
immunoelectrode is observed within 25 days, showing that the fabricated biosensor

has a great prospect for long-term detection of FBI.
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Figure 4.12: (a) DPV response of reproducibility study of six different electrode, (b) column
graph of reproducibility study, (c) column graph of repeatability study of six different
electrode responses with 0.33% RSD value, (d) DPV response of interference study, (e)
column graph of interferent study with different interfering species, and (f) column graph of
stability study of BSA/ab-FB1/a-Fe;O3/rGO/ITO immunoelectrode.

4.3.7.8 Real sample study

Validation of the developed electrochemical biosensor is a very important parameter
to ensure accurate and reliable measurements. Therefore, the fabricated
immunoelectrode was also tested with real food samples, such as sweet corn, for the
validation of the biosensor for FBI detection. The preparation steps for real sweet
corn samples are mentioned in the materials and methods section. In this study, the
BSA/ab-FB1/a-Fe;O3/rGO/ITO immunoelectrode was tested with several prepared
spiked corn samples having different concentrations of FBI analyte, and

electrochemical responses were recorded using the DPV technique. The analytical
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results of spiking FB1 concentrations are displayed in Table 4.3, where it was found

that the RSD values varied from 0.37% to 1.99%.

TABLE 4.3: Tested fabricated biosensor BSA/ab-FB1/a-Fe;O3/rGO/ITO with spiked sweet
corn samples using DPV technique.

S.No. Spiked corllllcigt)ration (ng Fougletil :3:::1?;?3-?)“ by | v, RSD P:;‘ccs:;?;g’e
1. 1 0.99 0.37 99.4
2 10 9.90 0.68 99
3. 100 98.80 0.85 98.8
4 400 388 1.99 97.2

Additionally, using spiked FBI concentrations, the percentage recovery was
computed and determined to be between 97.2% and 99.4%. Therefore, the findings of
this study on spiked samples showed that an immunoelectrode for mycotoxin
detection had been developed and was able to identify FBI in sweet corn samples.
Moreover, the performance of the fabricated biosensor BSA/ab-FBI/a-
Fe 03/rGO/ITO was investigated with spiked corn samples, and results were
compared with the UPLC-MS/MS technique. The sample volume and percentage
recovery for the concentration of FBI for electrochemical sensing by BSA/ab-FB1/a-
Fe;03/rGO/ITO and UPLC-MS/MS are presented in Table 4.4. Also, the UPLC-
MS/MS technique was not able to detect lower concentrations of FBI (~1 X
107 ng/mL), whereas lower concentrations were successfully detected by the
fabricated electrochemical biosensors. Moreover, a 400 times greater sample volume
was required for UPLC-MS/MS study in comparison to the fabricated electrochemical
biosensor. Therefore, the performance and data obtained from BSA/ab-FBI/a-
Fe;03/rGO/ITO are satisfactory, in accordance with the UPLC-MS/MS data. The
recovery percentage for the BSA/ab-FBI/a-Fe;O3/rGO/ITO and UPLC-MS/MS is

consistent with each other, with satisfactory results.

TABLE 4.4: Comparative recovery analysis of FBI in spiked samples using UPLC-MS/MS
and fabricated DPV-based electrochemical biosensor BSA/ab-FB1/a-Fe;O3/rGO/ITO.
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Technique Spiked concentration Recovery Sample % recover
q (ng/mL) concentration (ng/mL) | volume (pL) ° y
UPLC-MS/MS 83.2 81.7 2000 98.1
DPV (BSA/ab-
FBl/o- 100 98.8 5 98.8
Fe 03/tGO/ITO)
4.3.7.9 Control study

The specificity and selectivity study of the fabricated electrode a-Fe:O3/rGO/ITO was
carried out by direct interaction of FBI onto the nanomaterial (Figure 4.13 (red-
yellow color column)). To perform this study, a control experiment was carried out;
that is, the a-Fe2O3/rGO/ITO electrode was tested with a series of concentrations of
FBI from 1 x 1073 to 700 ng mL™!. The electrochemical response revealed that a
negligible change in the variation of current response over the tested concentration
was found. This indicates that the absence of ab-F'B/ showed nonspecific adsorption
of FBI on the a-FexO3/rGO/ITO surface. This confirms that the nanocomposites itself
do not contribute to the FB/ recognition and clearly demonstrates that the fabricated
immunosensor showed selective detection toward FBI without any physical

adsorption or interference effects from the a-Fe.O3/rGO/ITO electrode.
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Figure 4.13: Column graph (red-yellow colour) shows a control study of an o-
Fe;03/rGO/ITO fabricated electrode with various concentrations of FBI without
immobilization of anti-FB/ using the DPV technique; column graph (blue colour) shows the
current response of the a-Fe,Os3/rGO/ITO electrode with immobilization of non-specific
antibodies of AFBI with varying the concentration of FBI. Moreover, a control study was
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performed to evaluate the cross-reactivity and specificity of the fabricated immunoelectrode
by immobilizing a non-specific antibody of aflatoxin B1 (AFBI) instead of a target-specific
antibody (FBI). The result of a non-specific antibody-based immunoelectrode is depicted in
Figure 4.13 (blue color column) with various concentrations of FB/ under the same
experimental conditions. The DPV current response exhibited negligible changes across FB/
concentrations, indicating the absence of effective binding between FBI antigen and non-
specific antibody. This study confirms that FBI does not exhibit cross-reactivity with non-
specific antibody (AFBI) on the a-Fe,O3/rGO surface.

4.4 Conclusions

The BSA/ab-FB1/0-Fe;O3/rGO/ITO immunoelectrodes were developed for the detection
of FB1 in samples of sweet corn. By using an in-situ co-precipitation process, the a-
Fe>03/rGO nanocomposite was synthesized, and its hexagonal phase was confirmed by
XRD and HR-TEM characterization techniques. Using an EPD process, an a-Fe2O3/rGO
thin film was deposited onto the ITO-coated glass substrate. With a sweet corn sample
spiked with FB1, the a-Fe;O3/rGO/ITO immunoelectrodes exhibited an extremely high
sensitivity of 6.36 pA mL ng ' cm™2 and R? of 0.9883. The detection range obtained is
from 1 x 103-700 ng mL™!. The immunoelectrode showed an LOD of 0.0052 ng mL".
This demonstrated the full applicability of the BSA/ab-FBI/a-Fe:Os3;/rGO/ITO
immunoelectrode system for FBI detection in real samples. AFBI, ochA, fructose,
starch, and other naturally occurring interferences were employed in interference
investigations in addition to FBI/ to validate the precise identification of FBI.
Additionally, the BSA/ab-FB1/a-Fe2O3/rGO/ITO immunoelectrodes with five electrodes
and continuous readings were demonstrated to be very reliable as well as repeatable. The
BSA/ab-FB1/0-Fe;O3/rGO/ITO immunoelectrode verified the particular interaction with
FB1, but the a-FexO3/rGO/ITO electrode tended not to detect B/ in a controlled study.
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Chapter 5

Conclusion, Future Scope, and Social Impact

Chapter 5 : The present thesis work presents the development of a nanomaterial-
based sensor for FBI detection. In order to detect this mycotoxin, an electrochemical
sensor has been developed. Manganese oxide and iron oxide nanomaterials have been
fabricated for FBI detection. This thesis aims to develop an efficient, reliable, and

simple detection tool for FB1 at very low concentrations.
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5.1 Conclusion

The present work provides a systematic investigation of the synthesis,
characterization, and FBI sensing performance of nanostructured materials. The key

conclusions drawn from this research are elaborated below:

5.1.1. Key Findings

This study highlights the increasing demands for FBI detection due to increasing
toxicity and safety concerns. It establishes that 2D nanomaterials like Mn3Oa, a-Fe>O3
with graphene oxide possess unique properties such as high surface area and enhanced
adsorption capability, making them suitable for FBI sensing applications. The
limitations of conventional sensing techniques further justify the need for such

advanced materials.

5.1.2. Structural and Morphological Analysis

The structural analysis confirmed the successful formation of the tetragonal phase of
Mn304 and the hexagonal phase of a-Fe2O3. Morphological studies revealed a uniform
distribution of nanosheets, which increases the active surface area. These structural
features play a crucial role in enhancing FB/ adsorption and improving the sensing

performance.

5.1.3. FBI1 Interaction Studies (In-situ XRD)

The in-situ investigation provided valuable insight into the interaction between Mn304
and a-Fe;O3; with graphene oxide. It was observed that the FBI exposure leads to
measurable changes in the diffraction patterns, indicating structural modifications
within the material. This real-time analysis helped in understanding the dynamic

behavior of Mn3O4 and a-Fe>O3 with graphene oxide at room temperature.

5.1.4. FBI1 Sensing Performance

The FBI sensing studies demonstrated that the sensor exhibited improved
performance with lowering concentration of FB/. Optimal sensitivity behavior was
observed at room temperature, with rapid response and recovery times, indicating its

potential for practical applications.
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5.1.5. Performance Limitations

Despite the performance results, certain limitations were identified. The selectivity of
the sensor towards specific mycotoxins remains a challenge, as well as the influence

of environmental factors such as humidity.

5.1.6. Overall Conclusion

Overall, the study establishes a clear relationship between synthesis conditions,
material properties, and sensing performance. The results confirm that nanostructured
Mn304 and a-Fe»Os3 with graphene oxide are promising materials for developing FB1
sensors. The use of advanced characterization techniques has significantly contributed

to understanding the sensing mechanism at a deeper level.

The thin films of Mn3;Os and a-Fe>Os with graphene oxide were successfully
synthesized using the electrophoretic deposition (EPD) technique. The structural and
morphological characterizations confirmed the formation of highly crystalline,
uniform, and continuous thin films of Mn3O4 and o-Fe O3 with graphene oxide.
Raman spectroscopy, XRD, SEM, EDAX, and FTIR verified the phase purity and

nanosheet morphology suitable for FBI sensing applications.

FBI sensing investigations demonstrated that nanostructured Mn3O4 and a-Fe,O3 with

graphene oxide exhibit strong sensitivity towards FB].

5.2 Future Scope of Work

Although this research provides important insights, several areas can be explored
further to enhance the performance and applicability of Mn3O4 and o-Fe>O3; with

graphene oxide-based FB1 sensors.

5.2.1 Improvement in Selectivity

Future research should focus on improving the selectivity of the sensor towards the
specific mycotoxins. This can be achieved using other nanomaterials, surface
modifications, or functionalization techniques, which can tailor the interaction

between the sensing material and the mycotoxins.
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5.2.2 Room Temperature FBI Sensing

Achieving mycotoxin sensing at room temperature remains a key objective, thereby

making the sensors more energy-efficient and suitable for portable devices.

5.2.3 Environmental Stability Studies

Further studies are required to evaluate the performance of sensors under real-world
environmental conditions. The effects of long-term stability and reliability are key

factors in the sensors.

5.2.4 Device Miniaturization and Integration

The development of compact and integrated sensing devices is essential for practical
applications. Future work can focus on wearable devices and IOT platforms for

continuous monitoring.

5.3 Social Impact

The development of FBI sensing technologies has a wide range of benefits for

society.

5.3.1 Environmental Monitoring

The sensors developed in this work can contribute significantly to monitoring FB1

sensing.

5.3.2 Public Health Benefits

Early detection of FBI can prevent serious health issues. Continuous monitoring
systems can reduce exposure to harmful mycotoxins and improve public health

outcomes.

5.3.3 Smart Cities and IOT Integration

Integration of FB/ sensors into smart sensors can enable real-time monitoring of
environmental conditions. This supports the development of smart cities with

improved food quality management.
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5.3.4 Economic and Technological Impact

The use of cost-effective materials and scalable techniques makes these sensors
economically viable. This can enhance technological advancements in sensor

development.

5.3.5 Scientific Contribution

This research contributes to the scientific understanding of FBI sensing mechanisms
in 2D materials. It provides a strong foundation for future research in nanotechnology

and advanced sensing applications.

In conclusion, this thesis demonstrates the potential of Mn3Os and a-Fe;O3; with
graphene oxide as efficient /'B/ sensing materials. The findings of this work not only
enhance the understanding of FBI sensing mechanisms but also pave the way for
future advancements in sensor technology. The research holds significant promise for
addressing real-world challenges related to environmental monitoring, industrial

safety, and sustainable energy.
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