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Abstract

Synthesis and Modifications of 2D Nanomaterials for Sensing
Applications

Unique surface features and physicochemical properties possessed by 2 dimensional (2D)
nanomaterials have made them attract tremendous recognition for a vast multitude of
applications. 2D nanomaterials like transition metal dichalcogenides (TMDs), black
phosphorus, transition metal carbides, nitrides, etc are being widely explored in the field of
sensing. Particularly, the large surface area makes 2D nanomaterialsideal platforms for loading
more and more entities for sensitive detection of the target analyte. Amongst various 2D
nanomaterials, molybdenum disulfide (MoS) has displayed a substantial potential for further
exploration owing to its vast number of intriguing properties. To name a few, large surface
area, good absorption coefficient, high heterogeneous electron transfer rate, chemical stability,
and biocompatibility makes it an ideal candidate for fabricating a sensing platform. Further,
the synergistic effect of MoS; offers a strategic and rational approach, to overcome its intrinsic

shortcomings and modify it in innumerable ways.

In this work, we have synthesized MoS; nanostructures using a simple and cost-
effective hydrothermal method with a large yield and reproducibility. For harnessing the
potential of synthesized nanostructures for the welfare of society, we employed them in the
fabrication of biosensors. Biosensors are analytical devices that integrate a biological element,
transducer, and immobilization matrix. Different types of biological elements and transducing
mechanisms can be utilized in the construction of biosensors. Based on careful consideration
of various types, we finalized antibodies as the biological element and the electrochemical
method as the transducing mechanism in our case. Therefore, in the present study, we have

kept our focus on developing a stable and low-cost immobilization matrix, which is
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biocompatible, reproducible, and favors maximum immobilization of chosen biological
elements i.e. antibodies. The biological element can be immobilized on the immobilization
matrix using physical or chemical techniques. But covalent binding which is achemical method
is more favorable when testings are done in buffer solutions and repeated measurements are to
be recorded. Therefore, we modified MoS; nanostructures using reduced graphene oxide (rGO)
and chitosan (CS), to anchor functional groups on the matrix for covalent attachment of

antibodies on the immobilization matrix.

Cancer is a major threat to the socio-economic development of society pertaining to the
rising incidence of cases of different types of cancers in human beings. Amongst various types,
lung cancer tops the list of mortalities caused due to cancer. The survival rate after five years
of its diagnosis is quite poor, and the weak general health condition of people in developing
nations makes the situation even more gruesome in countries like India. Lung cancer is silent
at its initial stage and symptoms like shortness of breath and coughing are highly non-specific.
Conventional techniques used for detecting lung cancer are time-consuming, expensive,
cumbersome, and require trained personnel for operation. Biomarker-based detection of
diseases has become quite popular these days since tumor growth directly changes the
concentration of proteins. Therefore, biomarkers can serve as an efficient indicator for the
rapid, sensitive, and specific diagnosis of a disease. Neuron-specific enolase (NSE) is a
biomarker released in high concentration in the case of a person suffering from small cell lung
cancer (SCLC) and is highly specific for SCLC. Therefore, we have used NSE as the target

analyte for testing the performance of our biosensor.

The findings of the research work conducted for achieving the above-mentioned
objectives have been divided into 6 chapters. Chapter 1 begins with a brief introduction to

nanoscience and nanotechnology, gradually followed by intriguing properties of 2D
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nanomaterials, a discussion about biosensors and their components, choice of MoS; as an
immobilization matrix, based on a comprehensive literature review. The importance of rapid,
specific, and sensitive detection of lung cancer and the choice of NSE as a target biomarker is
also emphasized. The chapter then elucidates the motivation to pursue this work and the
objectives of the present thesiswork. Chapter 2 describes in detail the methods chosen for the
synthesis of MoS; and modified nanostructures and the technique used for film formation. This
is succeeded by a discussion on all the characterization techniques which have been used inthe
present thesis work for confirmation of the formation of desired nanostructures and testing the
biosensing performance of the fabricated platform. Chapter 3 examines the dependence of
electrochemical performance on the morphology of synthesized MoS, nanostructures. Chapter
4 and Chapter 5 present the results of studies related to the modification of synthesized MoS
nanostructures using rGO and CS respectively. The two matrices are analyzed using various
characterization toolsand then the biosensing performance of the two platforms is also reported
for detection of NSE. Chapter 6 summarizes the results of all the above chapters and concludes
that the surface chemistry of modified MoS, nanostructures plays a huge role in determining
the analytical performance of the biosensor. This chapter winds up with prospects of this

research work.
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Chapter 1

Chapter 1

Introduction to 2D Nanomaterials and Scientific Motivation

This chapter begins with a brief discussion of nanoscience and nanotechnology,
followed by a categorization of nanomaterials based on their dimensionality. Special emphasis
is given to 2D nanomaterials owing to their attractive and intriguing properties possessed by
them, which make them highly favorable for various applications. Further, this chapter
discusses biosensors, their prime components namely transducer, biological element, their
parts, and the immobilization matrix. The choice of Molybdenum disulfide (MoS;) as material
for the fabrication of the immobilization matrix of biosensor has been discussed in detail, with
a special focus on its versatile properties and the previous literature on MoS, and other
functional materials. The chapter continues to discuss lung cancer and the importance of its
quick and sensitive detection by fabricating a biosensor based on a specific biomarker. The
chapter culminates with the motivation for this work with the realization that the fabrication
of a stable and low-cost immobilization matrix is one of the most important components to

focus on to make a biosensor for clinical application.
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1.1 Introduction

1.1.1 Nanoscience and nanotechnology

The realm of nanoscience and nanotechnology has been expanding explosively because of its
potential to revolutionize the industrial and commercial market. Nanostructured materials are
the backbone of this exponentially growing domain. Nanostructured materials have at least one
dimension of less than 100 nm and have properties in between the bulk materials and atoms [1,
2]. An increase in relative surface area and the emergence of new quantum effects lead to
distinct properties of nanomaterials from bulk or atom counterparts. An escalated surface-to-
volume ratio enhances their chemical reactivity, as more fractions of atoms at the surface are
available [1, 3]. Fig. 1.1 shows a schematic illustrating the increase in surface area to volume
ratio as we go to a smaller dimension (ii) from a larger dimension (i). Since the size isin the
nanoscale and is comparable to length, therefore properties of the whole material are much
more dependent on the surface. While the quantum effects arise from spatial confinement in

nanoscale dimensions.

(i) (ii)
a a/2
> 4 ' au
Surface Area (S.A.) = 6a? S.A. = 8a2
Volume (Vol.) = a’ Vol. = a’
S.A./Vol. = 6/a S.A./Vol. = 8/a

Fig. 1.1: Schematic illustrating the increase in surface area to volume ratio on going froma (i)

larger dimension to a (ii) smaller dimension
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Chapter 1
1.1.2 Classification of nanostructured materials based upon dimensionality

Nanostructured materials can be categorized as 0 dimensional (OD), 1 dimensional (1D), 2
dimensional (2D) and 3 dimensional (3D) materials. In 0D materials, all three dimensions are
in the nanoscale (i.e., <100 nm), for example: quantum dots, nanoparticles (NPs), etc. In 1D,
any one of the dimensions cannot be measured on the nanoscale, examples include nanorods,
nanowires, nanotubes, etc. In 2D nanomaterials, any of the two dimensions are outside the
nanoscale, some examples include nanosheets, nanoplates, etc. In 3D, all three dimensions are
outside the nanoscale, for example in bulk powders. Fig. 1.2 shows the dimensions-based

classification of nanomaterials.

0D 1D 2D 3D

Confinement in 3D Confinement in 2D Confinement in 1D Confinement in 0D

0 Dimensions > 100 nm 1 Dimension > 100 nm 2 Dimensions > 100 nm 3 Dimensions > 100 nm
® [ ///

~

Fig. 1.2: Classification of nanostructured materials based on dimensions.

Amongst various dimensionalities, the research endeavor toward 2D nanomaterials has
been particularly blooming since the discovery of outstanding properties of graphene in 2004
[2]. The vast variety of structural and chemical properties of 2D nanomaterials are dictated by

their dimensionality which offers their utilization in diverse applications. Affluence in
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electronic and optical properties of 2D nanomaterials, with further feasibility of engineering
the properties with functionalization, escalates their appeal in many applications [1]. 2D
nanomaterials can be easily functionalized owing to a large number of exposed atoms present
on the surface which facilitates easy interaction with other materials [4]. 2D nanomaterials
possess marvelous mechanical properties also like flexibility, and light-weight, along with
robustness which can be highly favorable for the emergence of wearable and portable sensors
[2]. Graphene, transition metal dichalcogenides (TMDs), hexagonal boron nitride (hBN),
graphitic carbon nitride (g-CsN4), Mxene, and phosphorene are some of the materials which
belong to this class. The most exploited 2D nanomaterial for various applications is graphene
owing to a large number of fascinating properties like being a single atom thick with zero
bandgaps, being highly conductive along with a large surface area. However, producing high-
quality graphene for industrial applications with high yield and low cost remains to be a
significant challenge. Thus, a large amount of graphene is produced by the reduction of
graphene oxide (GO) as this method is cheap as well as scalable [5]. Reduced graphene oxide
(rGO) is not as conductive as graphene and has a fair number of functional groups on its surface
but that is highly favorable for sensing applications where functional groups are required for
covalent attachment [2, 6]. The synthesis techniques of various 2D materials like black
phosphorus, MXene, etc. are still in the stage of infancy, which makes it difficult to exert
control on theiryield, size, and surface properties [7]. TMDs are another class of 2D materials
that are most studied alongside graphene. TMDs are represented by a general formula MX,
where M corresponds to groups 4, 5, and 10 transition metals in the periodic table, whereas X
is the chalcogen like sulfur (S), selenium (Se), tellurium (Te). Amidst various TMDs,
Molybdenum disulfide (MoS,) is the most investigated one due to an abundance of
physicochemical properties like a fast electron transfer rate, easy functionalization, facile

synthesis, a large number of routes available for synthesis, scalable yield, easy dispersion in
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various solvents, tunable morphologies and synergistic effect with various materials which
promotes composite formation [6, 8]. Driven by the large number of properties possessed by
MoS;, it finds application in a vast variety of fields including batteries [9], supercapacitors
[10], hydrogen evolution reaction (HER) [11], electronic devices [12], sensors [13], etc. The
unprecedented integration of high surface area and ease of functionalization makes MoS;
highly favorable for applications in biosensors also [14]. MoS; can be synthesized using both
top-down and bottom-up approaches as a result of which precise control over its morphology
and surface functionalities can be achieved which makes its utilization highly favorable for

biosensing applications [7].

1.2 Biosensors and their important components

A biosensor is an analytical device that integrates a biological element, a transducer, and an
immobilization matrix. The biological element may be an enzyme, antibody, tissue, or a living
cell that creates a specific recognition event on reaction with the target analyte, which is
converted by the physical element (transducer) into a readable signal [14]. The first-ever
biosensor was introduced by Clark and Lyons in 1962 when they fabricated a glucose biosensor
to directly determine the concentration of glucose in a sample [15, 16]. They developed an
enzymatic sensor by using glucose oxidase enzyme which converted glucose to gluconic acid,
in turn increasing the pH of the solution which was directly correlated with the concentration
of glucose. This enabled the detection of glucose in blood samples in place of urine. This was
a major milestone in medicine as glucose levels inthe blood could be measured instantaneously
using this glucose oxidase-based biosensor [16]. Since then biosensors also found their utility
in various applications like biotechnology, medicine, agriculture, military, and the detection
and prevention of bioterrorism owing to their specificity, practical usability, and short response

time [15, 17]. The biosensors can be used to detect a wide range of signals, however, most of
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the time the concentration of the target species is determined. The fabrication of a biosensor
requires the selection of an appropriate biological element, the transducer, and an
immobilization matrix. Fig. 1.3 shows important components of a biosensor along with their

types, schematically.

ELECTROCHEMICAL

ANTIBODIES ‘Current, voltage, resistance, capacitance

(High]\' S]JCI:iﬁC For Offers Real Time Monitoring, Rapid Response, Low Sample

'l'argct‘z\nalvtc) Requirement, Minimal Pre-processing

' ' OPTICAL

ENZYMES Calour, refractive index, light
MECHANICAL
Pressure, force, inertia

BIOSENSOR
I

THERMAL
Temperature

DNA/RNA
GRAVIMETRIC

Mass

CELLS ION-SENSITIVE FIELD-EFFECT

TRANSISTOR (ISFET)

Electric potential

Fig. 1.3: Schematic diagram showing the components of a biosensor with various types of its

constituent elements
1.2.1  Classification of biosensors based upon transducing mechanism

Based on transducing mechanism used, a biosensor can be classified as an electrochemical
biosensor, optical biosensor, thermal biosensor, mechanical, gravimetric, and ion-sensitive

field-effect transistor (ISFET) biosensor [17].

a) Optical biosensors — An optical biosensor is an analytical device containing an
integrated biological element recognition system and an optical transducer [18]. The biological
element could be an enzyme, antibody, or DNA/RNA. The optical transducer can be a

waveguide, grating, resonator, interferometer, refractometer, and surface plasmon resonance
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(SPR). In an optical biosensor, an optical field like an evanescent field (a field whose strength
decreases with distance because it has entered a region where it cannot propagate) recognizes
the interaction between the biological element and the target analyte [18]. The advantage of
using an optical biosensor is that the evanescent field decays with distance, which prevents
non-specific binding, thus promising for the detection of target analyte in complex samples
[19]. But, optical sensors are also susceptible to physical damage and prone to interference
from the environment, which makes them unsuitable for the choice of transducing mechanism
[20].

b) Thermal biosensors — A thermal biosensor employs a flow injection method, by
utilization of an immobilized enzyme reactor coupled with a thermal transducer which
measures the differential temperature across the immobilized enzyme reactor [21]. The
biological reactions are either endothermic or exothermic, and this heat energy released or
absorbed during the reaction is directly proportional to the total number of molecules produced
during biological reactions which are utilized to construct thermal biosensors [21]. The thermal
transducer could be a thermistor, thermopile, or thermocouple. The advantage of using a
differential measurement system is that the common-mode rejection ratio (CMRR) is high
which alleviates the fluctuations due to environmental temperature, thus making the sensor
specificto temperature changes due to enzyme catalysis only [21]. The calorimetric biosensor
is an example of a thermal sensor since it utilizes the change in heat as a parameter to monitor
the structural dynamics of biological elements. However, thermal biosensors suffer from a low
response time, low stability, and accuracy which impedes their utilization [20].

C) Mechanical biosensors — mechanical biosensors measure the change in force, mass, or
displacement caused by the binding of the analyte with the immobilized biological element on
the recognition layer immobilized on the surface of a cantilever. The cantilever is the central

element of mechanical biosensors. With the binding of the target analyte with an immobilized
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biological element, surface stress is created due to the steric interactions or electrostatic
attractive and repulsive forces which causes a deflection in the cantilever. To measure the
deflection of the cantilever a reflected laser beam is generally used [22, 23]. The cantilevers
are sensitive to temperature changes and can expand or contract with the variation in
temperature which results to strain induction. This calls for regular calibration to compensate
for the strain-induced effects, making their utilization less favorable [20].

d) Gravimetric biosensors — when an antibody or any other protein is attached to the
immobilization matrix fabricated using a piezoelectric crystal, then the associated change in
mass of the binding protein results in a specific vibration frequency of the crystal, generating
a measurable signal. Therefore, gravimetric sensors rely on the change in mass upon the
attachment of the target analyte [21]. The gravimetric method is meticulously time-consuming
with limits its utility.

e) lon-sensitive field-effect transistor (ISFET) biosensor- ISFET biosensor is used
mainly for pH detectionas it can measure the concentration of H" and OH" ions in a solution,
resulting in the change in interface potential at the gate of field-effect transistor (FET) [17, 24].
ISFET biosensors are generally not preferred due to their short life span, hysteresis, and long-
term drift which hampers their utilization as a transducing mechanism [20].

f) Electrochemical biosensors — In an electrochemical biosensor, the interaction between
the target analyte and immobilized biological element results in the production of ions or
electrons which causes a change in the electrical properties of the solution. The resultant
electrical parameters that change could be voltage, current, resistance, or capacitance [17, 21].
The intensity of the generated electrochemical signal can be directly or inversely proportional
to the analyte concentration [15]. Based on the measured parameter like the current, voltage,
or resistance electrochemical sensors can further be categorized as amperometric,

potentiometric, or conductimetric [17]. Due to a large number of advantages proffered by
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electrochemical biosensors like low cost, small dimensions, simple design, and rapid detection,
a high signal-to-noise ratio, electrochemical is the most preferred transducing mechanism and

we have also chosen this for our work [15, 25].

1.2.2 Classification of biosensors based upon the biological element

Various types of biological elements can be immobilized on the transducing matrix for the
fabrication of biosensors. The classification of biosensors based on the biological element is

given as follows:

(a) Enzyme-based biosensor — enzymes are the most common types of biological
elements which are used in fabricating biosensors. Enzymes are the proteins that act as a
catalyst in the chemical reaction, but themselves remain unchanged. Enzymes are highly
specific making the fabrication of enzymatic biosensors the most preferable one [17]. Glucose
and urea biosensors are the most common enzyme-based biosensors. The sensitivity of the
enzyme structure makes it difficult to enhance the stability and sensitivity of the biosensor [21].
Since analytes are often consumed in these sensors, due to the reaction between enzyme and
analyte, therefore regeneration of enzymatic biosensorsis not possible [26]. Also, the large size
of enzymes hinders electron transport and the active site is not readily available, therefore
enzymes as a biological element are less preferred in the construction of biosensors [27].

(b) Aptamer-based biosensor — Aptamers are sequences of DNA or RNA which can
selectively bind to the target molecules. Depending upon the requirement, they can be folded
in 2D or 3D structures [21]. Being nucleic acids, aptamers can retain their structures and
functionality even in extreme temperatures which makes their long-term storage quite feasible
[21]. Aptamers are stable in a wide pH range of 2-12 and can also be synthesized chemically

which makes their usage favorable for the fabrication of biosensors [21]. However, the aptamer
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selection process is tricky, and the orientation and folding of aptamers are also difficult to
control on gold (Au) and other electrodes [27].

(c) Whole cell-based biosensors — cell-based biosensors are constructed by using
microbes like fungi, algae, protozoa, bacteria, viruses, etc as the biological element. Whole
cell-based biosensors offer easy handling and they can proliferate by self-replication which
diminishes the need for the production of recognition elements by extraction or purification
[21]. Whole cell-based biosensors offer high sensitivity and high selectivity due to which they
find their utility in food analysis, environmental monitoring, drug screening, detection of
organic contaminants, etc [21]. But, poor shelf life due to extreme storage conditions, difficulty
in regeneration, high interference, and a soaring maintenance cost are some of the issues to be
addressed before the utilization of cells as the biological element for the fabrication of
biosensors [28].

(d) Affinity-based biosensors - The biosensors which utilize antibodies as the biological
element are called affinity-based sensors and are advantageous over other types since the target
analyte can now be detected on a localized surface [29]. This reduces the challenge of
biosensors from detecting the analyte in the whole of the solution in turn improving the
sensitivity and selectivity of the sensor. Also, a stable complex is formed between the
immobilized antibody (Ab) and the target antigen, which is bound to happen once the target
antigen comes in close vicinity of the antibody, due to their affinity and specificity. Therefore
affinity-based sensors hold a bright future since only this thermodynamic equilibrium needs to
be detected. Due to the upper hand provided by affinity-based sensors, we have chosen
antibodies as the biological element to fabricate our biosensor. Fig. 1.4 shows the structure of
the Ab, a °Y” shaped protein having Fab and Fc regions [30]. The Fc region has a COOH group
on its tail, while the Fab region has an NH- group on its head. The underlying principle of the

type of biosensor fabricated in this work is that when the analyte of interest comes in contact
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with the immobilized biomolecule (Ab here), there is a change in the electrical parameter like

resistance or current which can be calibrated against the concentration of the analyte [17].

A
ntigen Binding _\
Sites

N,

NH, NH2
Light Chain
(Fab Region)
___, Heavy Chain
(Fc Region)
COOH COOH

Fig. 1.4: Structure of Ab showing a ‘Y’ shaped protein with 2 heavy and 2 light chains

1.2.3 Immobilization matrix

The choice of a suitable immobilization matrix holds paramount importance in the fabrication
of biosensors. The immobilization matrix is the one that holds the biological element onto it
and forms the interface between the transducer and the immobilized biological element. An
ideal immobilization matrix is one, that can preserve the native activity of the immobilized
biological element, is stable in repeated cycles of measurement, and is non-interferent to the
detection of the target analyte. Besides this, it should be reproducible, biocompatible, non-
toxic, and should have a high surface area for larger immobilization of biomolecules. Initially,
the only purpose of immobilization matrices was to provide a native environment to the
immobilized biological element to preserve its activity. However, with the evolution of

biosensors, the immobilization matrices took the central stage by getting directly involved in
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escalating the performance of biosensors by strengthening the capability of the transducer.
Thus, it should also act as electron-conducting channels, in such a way that the matrix surface

is not passivated [31, 32].

Therefore, after the selection of an appropriate biological element and the transducing
technique, it is of utmost importance to identify a suitable immobilization matrix for the
fabrication of a biosensor. Stable immobilization of the biological element is pivotal to ensure
that the biological activity is conserved during the repeated use of the sensor. The biological
element can be coupled with the surface of the biosensor (immobilization matrix) using various
techniques which can be broadly compartmentalized into physical and chemical methods (Fig.

1.5) [15,17, 21].

Matrix

41T
\Y Y/

Biological Element

L\ A A Cross-Links
SEERRY . ... Immobilzaton

Techniques for
Biological
Elements

Semi-Permeable

Membrane i i i i Covalent Bond
Matrix

Fig. 1.5 Shows various techniques for immobilization of biological elements on the
immobilization matrix
0] Physical method of immobilization of biological element on the immobilization

matrix: The physical method of attachment is usually reversible. Physical methods are suitable
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when real-time monitoring involving fast response and recovery is desired, but these weak
linkages are not favorable when testings are done in buffer solutions like in the case of
electrochemical measurements [2]. Adsorption, entrapment, and encapsulation are some
examples of physical methods.

(a) Physical adsorption or physisorption — in this method the biological element gets
attached to the immobilization matrix using weak interactive forces like electrostatic
interaction, Van Der Waals forces, hydrophobic interactions, hydrogen or ionic bonding, etc.
This method is uncomplicated and economical, however, due to weak bonding the shelf life is
small and the sensor is susceptible to temperature and pH changes. This method is usually
employed in enzymatic sensors [15, 21].

(b) Physical entrapment — in this method, the biological element is entrapped in a polymer
matrix which is then cast onto the working electrode. Conductive polymers like Nafion,
polyaniline, or starch gels are used as matrices for entrapment [15].

(c) Encapsulation —in this method an inert membrane is used to encapsulate the biological
element on the working electrode [15]. This way the biomolecules are confined in a limited
space. Since an inert membrane is used, thus the biomolecules do not interact with the
membrane which prevents their denaturation and provides a stable matrix. Glutaraldehyde,
Nafion, collagen, and cellulose acetate are some of the commonly used membranes [15].

(i) Chemical method of immobilization of biological element on the immobilization
matrix: The chemical method is irreversible and primarily includes covalent bonding and
covalent crosslinking. Such a method is more desirable when testings are done in buffer saline

solution, involving repeated interaction with the redox media [2].

(@) Covalent cross-linking —this technique involves the usage of a linker molecule to form

the bond between the immobilization matrix and the biological element. Inert proteins like
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bovine serum albumin (BSA), or linkers like glutaraldehyde or (3-aminopropyl) triethoxysilane
(APTES) are used linkers. A stronger chemical binding ensures less leakage, however,
sometimes the linkages occur between protein molecules themselves, instead of linkage
between the matrix and the biological element, which causes a loss of activity of the biological
element [15].

(b) Covalent binding — In this case of the covalent immobilization of biomolecules, a
covalent bond is formed between the matrix and the biological element using functional groups
like carboxyl (-COOH) and amino (-NHy). Covalent binding is particularly favorable because
the covalent connection between the biological element and the immobilization matrix ensures
that the biological element is not released upon repeated usage [15]. This technique is
extensively used for the immobilization of biomolecules and we have also chosen this method

of immobilization of antibodies on the immobilization matrix.

1.2.4 Important parameters of a biosensor on which its performance is evaluated

1. Sensitivity — the change in the output response of the biosensor per unit change in the
analyte’s concentration is termed the sensitivity of the biosensor.

2. Specificity — the ability of the sensor to identify the target analyte independently from
other species by giving an analytical response only for the target analyte is termed specificity.
The biological element plays a vital role in making the sensor-specific. For example, in affinity-
based sensors, antibodies are particularly specific to their analyte.

3. Reproducibility — a biosensor is termed to be reproducible if, various identical
biosensors fabricated under similar conditions give identical responses.

4. Stability — a biosensor is termed to be stable if it can give a similar response for
repeated cycles of measurement. The immobilization matrix and attachment of biological

element to it plays a significant role in establishing the stability of the biosensor.
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5. Shelf Life — shelf life is the time duration for which the biosensor gives the same
response for a particular concentration of the target analyte.

6. Linearity — linearity is defined as the range in which the biosensor displays a linear
relationship between its response and the concentration of the analyte.

7. Reusability/Regenerability — the number of times the binding sites of the biosensor
can be regenerated for the interrogation of the same level of the analyte. This is useful to

remove sensor-to-sensor variance [26].

1.3 Various functional materials have been explored for the fabrication of

immobilization matrices previously

Functional nanomaterials like graphene, metallic NPs, polymers, etc can prove to be an
innovative method for the fabrication of biosensors with high analytical performance. Metallic
NPs are usually employed as the immobilization matrix, to provide smooth conduction and
biocompatibility [33], however, they suffer from complex immobilization procedures. Au NPs
particularly have the capability of self-assembling and providing excellent conductivity, but
they are expensive which limits their utilization. Using metallic NPs alone is not sufficientand
requires a comprehensive methodology, also they are susceptible to salt concentration which
may lead to their aggregation [34]. Sol-gel-derived silica-based matrices have been
tremendously explored for the fabrication of immobilization platforms [35, 36]. Even though
they offer various multifaceted advantages, their brittleness proves to be a major obstacle in
their widespread utilization for fabricating biosensors [37]. Also, sol-gel materials are less
conductive and offer poor resistance to interference [37]. Being chemically stable, highly
conductive, and having high tensile strength, carbon nanotubes (CNTSs), are been extensively
used for fabricating biosensors [38-40]. But, their insolubility, non-uniformity, low control

over the manufacturing process, and aggregation limit their utility in the fabrication of
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immobilization matrix [34]. Another popular carbon-based material is graphene, which has
various favorable characteristics for the fabrication of biosensors, but insolubility in water calls
for its modification or composite formation [34]. Nanowires of different materials show
excellent potential for the fabrication of immobilization matrices because of their electronic
characteristics, compact size, and high width-to-length ratio [41]. But nanowires have an
inherent limitation, that is an exponential decay of the electrostatic potential which arises due
to the charge of the analyte with the increasing length [34]. Polymers also offer numerous
merits like tunable conductivity, no requirement for purification, and low-temperature
synthesis [42]. But polymer materials alone suffer from low stability, poor conductivity of
electrons, and a randomly oriented morphology of nanofibers which renders a low analytical
performance to the biosensors [34]. The practical utility of the biosensors, is possible only if
the immobilization matrix is highly stable, conductive, has large surface area for maximum
attachment and immobilization of biomolecules, and is synergistic with other materials for the
enhancement of the performance of biosensors. Therefore, 2D nanomaterials and particularly
MoS;, are becoming increasingly popular and widely explored for the immobilization of
enzymes, antibodies and other biological elements, pertaining to the innumerable favourable

properties for construction of biosensors.

1.4 Properties of MoS; and its selection for the fabrication of

immobilization matrix

1.4.1 Structure of MoS,

Primarily MoS; can exist in two phases, one is the trigonal prismatic, and the other is octahedral
coordination of Mo atoms [43]. The 2H and 3R forms of MoS; correspond to trigonal prismatic

coordination, while the 1T form corresponds to the octahedral phase [43-45]. Most of the
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studies use the dominant and more stable 2H phase, in which each unit cell has two layers of
Mo and S atoms covalently bonded to each other, arranged in a hexagonal symmetry. In the 3R
phase, three such layers are present, stacked in a rhombohedral symmetry. 3R phase is not
stable and gets transformed into the 2H phase just on heating. These layers have weak Van der

Waals interactions amongst themselves.

®Mo @S 2H-MoS,

®Mo @S 1T-MoS,

Fig. 1.6: Schematic showing 2H and 1T structure of MoS;

Being the stable phase 2H-MoS; is used to extract mono or few-layer MoS; by
exfoliation method, as a consequence of the weak van der Waals forces of interaction between
the layers. The octahedral coordination of Mo atoms results in trigonal symmetry and this phase
is termed 1T, which is metallic [43]. Since the p-orbital of S atoms lies much below the fermi

level therefore the filling of the d-orbitals determines the physical and chemical properties of
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different phases of MoS; [43]. Completely filled d-orbitals give rise to the semiconducting
nature of the 2H phase, while partially filled d-orbitals lead to the metallic 1T phase [43]. Fig.

1.6 shows the 2H and 1T phases of MoS..

1.4.2 Properties of MoS, which make it a favorable candidate for the fabrication of
immobilization matrix
Being a 2D nanomaterial, MoS; is bestowed with a high surface area [46]. The relevance of
high surface area comes from the fact that more biological elements can be immobilized
implyinga larger number of attachment sites for the analyte, thus preventing the saturation of
the biosensor. This facilitates the detection of a large range of the target analyte, increasing the
linear detection range of the device and conferring an enriched shelf life [47]. A large
electroactive surface area and biocompatibility are also highly favorable for the fabrication of
biosensors [46]. MoS; is characterized by strong covalent interaction between Mo and S,
whereas the S atoms are bonded to each other via weak Van der Waals interactions [48].
Layered MoS; has a lot of active sites due to unsaturated S atoms at the surface sites
which are available for coordination [8, 49]. The surface functionalization of MoS; is
important to lessen the non-specific dangling bonds [47]. Further, surface functionalization of
MoS; is important to introduce functional groups on its surface for covalent attachment of the
biological element. Further, MoS; furnishes a high dispersibility in various solvents like
ethanol, acetone, acetonitrile, de-ionized (DI) water, isopropanol (IPA), etc which makes its
film fabrication quite convenient [7, 50]. The abundance of MoS; in nature as molybdenite
makes it find its utility in plentiful applications [51]. MoS; can efficiently adsorb different
types of biological elements ranging from proteins, drugs, nucleic acids, enzymes, etc through
covalent and non-covalent interactions [7]. Fig. 1.7 shows all these properties highlightedin a

schematic diagram.
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Properties
| of MoS,

Favourable
For
Biosensing

Fig. 1.7: Properties of MoS; favorable for biosensing in a schematic diagram

1.4.3 Utilization of bare MoS; as an immobilization matrix

Recent reports have unveiled that MoS; can be used as the immobilization matrix for the
immobilization of different types of biological elements. For instance, a recent work reports
the utilization of MoS; nanoflowers (NFs) in the fabrication of immobilization matrix for the
electrochemical detection of tumor necrosis factor-a (TNF-a) in serum of cancer patients [47].
The immobilization of anti-TNF-a antibodies on MoS,-NFs is achieved using a physical
adsorption technique to avoid the use of any linker molecule. The biosensor is found to be

promising due to its high sensitivity, wide linear detection range, high selectivity, the shelf life
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of 4 weeks, and low limit of detection. MoS; is found to be a promising material due to its
elevated surface area to volume ratio which promotes the physical adsorption of anti-TNF-a
antibodies on its surface. In another work, Yadav, and co-workers utilized MoS; NPs for the
fabrication of an immobilization matrix for the electrochemical detection of ampicillin (AMP),
an antibiotic [52]. MoS; is used due to its high chemical stability, elevated surface-to-volume
ratio, biocompatibility, high electron transfer ability, and easy functionalization. MoS, NPs-
based sensor is found to have a high sensitivity, a wide linear detection range, good specificity
excellent recovery along with a low detection limit. APTES is used as the linker molecule for
anchoring the amino (-NH-) group on the immobilization matrix for bonding with the carboxyl
group (-COOH) of the antibody. Singhal et al utilized MoS, nanosheets (NS) for the
immobilization of chikungunya probe DNA for the electrochemical detection of the
chikungunya virus [46]. MoS; is utilized to dispense biocompatibility to the immobilized
biological element after its immobilization. The basal planes of MoS, NS can adsorb single-
stranded DNA by van der Waals forces acting between nucleobases of DNA and basal planes
of MoS;. The MoS: NS-based sensor is found to be sensitive, repeatable, and specific, with a
wide linear detection range and low limit of detection. Wang et al utilized MoS, NPs for the
detection of trace levels of hydrogen peroxide (H20-), which is a byproduct of various cellular
processes [13]. They could get a highly sensitive and selective sensor due to the high activity
of MoS; NPs along with a low limit of detection.

MoS; has been widely explored for enzyme-based sensors also. Like Tuan et al
synthesized three different morphologies of MoS, namely NFs, NPs, and nanoplatelets for
fabricating an immobilization matrix for the detection of glucose [53]. All three morphologies
of MoS; presented a low detection limit, good sensitivity, high specificity, stability, and
reproducibility. The outstanding performance of these MoS, nanostructures is owed to their

biocompatibility, high surface area, high electrochemical catalytic activity, and electron
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transfer abilities. Various other reports are available in which MoS; has been used as an
immobilization matrix for different biological elements owing to its biocompatibility, fast

electron transfer, and large surface area [54-58].

1.4.4 Modification of MoS; by composite formation for fabrication of immobilization
matrix

Owing to the synergistic effect of MoS; with other materials like metal NPs [Gold (Au), Silver
(Ag), Nickel (Ni), Copper (Cu), etc.], graphene, polymers, metal oxides, etc., composite is
usually formed to enhance the property of the final blend [59, 60]. For instance, Owais et al
fabricated an ultrasensitive sensor based on rGO-MoS; for the detection of epithelial cell
adhesion molecules (EpCAM), a cancer biomarker [61]. The sensor is found to exhibit a wide
linear detection range, low detection limit, colossal stability, remarkable specificity, and
reproducibility. The excellent analytical performance of the biosensor is owed to the synergistic
effect between rGO and MoS; where rGO prevents stacking of MoS; layers, in turn restoring
the active sites for immobilization along with ensuring the mobility of charge carriers. Soni
and co-workers composited MoS; with polyaniline (PANI) for the fabrication of an
immobilization matrix for the electrochemical detection of chronic myelogenous leukemia
(CML) [62]. PANI is used to anchor protonated active sites, along with enhancing the stability
of the MoS; structure during repeated cycles of charge and discharge. PANI itself has poor
insolubility, low mechanical strength, and difficult processing. Therefore, the compositing
overcomes the individual drawbacks of MoS; and PANI. The resultant biosensor is found to
have a high value of electrochemical parameterslike electroactive surface area, fast transfer of
electrons, a broad linear detection range, low limit of detection, the shelf life of 42 days, and
capability of regeneration. Solanki et al [63] decorated MoS; nanosheets with Au NPs to

escalate the charge transfer process for the electrochemical detection of dengue and to prevent
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restacking of MoS; nanosheets. The as-prepared biosensor is found to be highly sensitive, and
reproducible, with a low detection limit and broad linear detection range. Su and co-workers
utilized Au decorated thionine-MoS, composite for electrochemically detecting
carcinoembryonic antigen (CEA) [64]. The biosensor presents excellent selectivity, low
detection limit, remarkable reproducibility, and high stability with promising results in real
human sera samples. Numerous other reports are also available which provide clear evidence
that compositing MoS, with other materials can greatly enhance the properties of the

immobilization matrix in turn escalating the performance of the biosensor [65-68].

1.5 Cancer and the importance of its rapid and sensitive detection

Cancer is one of the deadliest diseases and thus a prime cause of mortality these days [69].
Unregulated growth of cells in any part of the human body causes cancer [70]. An increase in
population and socio-economic development has a direct correlation with the escalating
number of cases of cancer incidence and mortality [69]. Amongst various types of cancers,
lung cancer constitutes to be the leading cause of death related to cancer [69]. Tobacco
smoking and inhalation of hazardous industrial emissions such as asbestos, arsenic, and radon
are the primary causes of lung cancer [70]. Lung cancer severely impacts the quality of life
since the oxygenation levels are reduced and the chances of metastasis are higher [32].
Therefore, timely detection of lung cancer can enhance the survival time of the patient, along
with ensuring effective treatment and elevating the quality of life. Based on the clinical
behavior and response to radio- and chemotherapy, lung cancer can be divided into two types
namely non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) [71].
Conventionally used techniques for the detection of lung cancer include magnetic resonance

imaging (MRI), computerized axial tomography (CAT), positron emission tomography (PET),
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biopsy, chest radiography, sputum cytology, chest x-ray, and bone scans [6, 32]. However,
their limited availability, high cost, the expertise required to operate the instruments, repeated
scanning, and heavy machinery make their utilization challenging [6, 72]. This calls for a
device that can be used for quick, specific, and sensitive detection of lung cancer.
Overexpression of protein biomarkers as a result of the growth of cancer cells can be utilized
for the detection of lung cancer [6]. For various subtypes of lung cancer, different biomarkers
with varied sensitivities and specificities are used like CEA, cytokeratin 19 fragment (CYFRA-
21-1), alpha-fetoprotein (AFP), serum carbohydrate antigen — 125 (CA-125), ferritin, CA —
19.9, and neuron-specific enolase (NSE) [72]. NSE is regarded as a highly sensitive and
specific biomarker for small cell lung cancer (SCLC) and is found to have a concentration >
12 ngmL?, in 69% of cases diagnosed with SCLC [6]. NSE can be used in both diagnosis and
prognosis of SCLC and also as an indicator of treatment efficacy for SCLC. There are two
clinical stages of SCLC named limited-stage (LD) and extensive-stage disease (ED) [73]. NSE
can be used for diagnosis of both these stages since serum NSE level rises to 13 ng mL™* and
59 ng mL in case of patients suffering from LD and ED respectively [74]. Therefore, NSE
has been chosen as the target analyte for testing fabricated biosensors, due to its high
specificity, sensitivity, and higher concentration found in serum samples of a patient suffering

from SCLC.

1.6  Importance of choosing an appropriate immobilization matrix and
the motivation for this work
Emerging technologies and the exploration of the outshining properties of nanostructured

materials can significantly enhance the electrochemical performance of biosensors for the

detection of SCLC. Enormous efforts are being put into the investigation of strategies for the
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fabrication of immobilization matrices and their biofunctionalization since the immobilization
matrix plays a pivotal role in the sensitive detection of the target analyte. In comparison to
planar electrodes, nanostructured electrodes are being pursued, due to their high surface area,
high loading capacity, and facile electron transfer which escalates the sensitivity and accuracy
of the biosensor [75]. A good immobilization matrix provides maximum immobilization sites
for the attachment of biological elements along with complete conservation of their bioactivity
to ensure stability and regeneration [19]. Various immobilization matrices have been explored
previously for the electrochemical detection of NSE. For instance, Han et al utilized a
graphene-based biosensor functionalized using Au NPs for the electrochemical detection of
NSE [76]. Yin and co-workers employed Au and palladium (Pd) metal NPs with multi-walled
carbon nanotubes (MWCNTSs) owing to their synergistic effect, for the electrochemical
detection of NSE [77]. Zhang et al reported the use of Au electrode modified with rGO and
polyaniline (PANI) for fabricating electrochemical biosensors for detecting NSE [71]. Wang
et al modifiedaglassy carbonelectrode (GCE) witha nanocomposite of Au NPs, platinum (Pt)
NPs, and polyresorcinol to enhance the conductivity of the platform and immobilize antibodies
without using any coupling agent for amperometric detection of NSE [25]. Fu and co-workers
utilized Pt nanoflowers (NFs) as nano labels for anti-NSE antibodies for fabricating a
sandwich-type immunoassay for electrochemical detection of NSE [78]. Tang and co-workers
utilized polypyrrole (Ppy) and poly (3,4-ethylenedioxythiophene) (PEDOT) nanotubes coupled
with Au NPs to escalate conductivity, and interfacial electron transfer rate, and ensure
bioactivity of immobilized biomolecules. A stable sensing environment could be provided for
30 cycles of CV [79]. Yu and co-workers fabricated a sandwich-type immunosensor utilizing
hollow balls of carbon supporting graphene as an immobilization matrix and found it to be
stable for 30 CV cycles [80]. Mo and co-workers fabricated a sensor utilizing Au and Pt NPs

for detecting NSE and CYFRAZ21-1 simultaneously and observed a stable trend for 15 CV
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cycles only. However, we found that still a considerable amount of work has to be done on two

prospects

1) large costs of gold/platinum electrodes and metallic NPs like Au, Pt, or Pd used for the
fabrication of biosensors, which retards their commercial realization
2) Maintaining the response of the signal along with ensuring that the bioactivity of the

biosensor is retained even after repeated cycles of measurement.

Therefore, in this work, MoS; is synthesized using a facile and low-cost hydrothermal
method and is tested for its electrochemical performance (discussed in chapter 3). Then it is
modified using rGO and chitosan (CS) to anchor functional groups on MoS; and tested for
electrochemical performance by choosing NSE as the target analyte owing to its high
specificity and sensitivity for the detection of SCLC (discussed in chapters 4 and 5
respectively). The performance of both the immobilization matrices is discussed by
determining the important parameters of a biosensor like sensitivity, specificity,
reproducibility, stability, electroactive surface area (Ac¢), and heterogenous rate transfer
constant (Ky). It is found that the direction of immobilization of antibodies plays a direct role

in determining the stability of the matrix.
1.7 Objectives of the present work

> Literature review and identification of suitable 2D nanomaterial and biomarkers as
target analytes for biosensors.

> Synthesis of 2D nanomaterials using different methods to attain optimum structure with
enhanced properties.

> Film fabrication of 2D nanomaterials using spin coating/electrophoretic deposition/dip

coating/drop-casting.
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> Modification of 2D nanomaterials via composite formation/doping/functionalization
for sensing applications.
> Immobilization of biomolecules (anti-body) over the 2D nanomaterial prepared matrix

and studies related to biosensing or adsorption of gases for studying gas sensing.
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Chapter 2

Methodologies: Synthesis, Film Fabricationand Characterization

Techniques

Chapter 2 puts light on synthesis methods that are used for the synthesis and
modifications of MoS, nanostructures, the method used for fabricating its films,
characterization techniques used for confirming the formation of nanostructures along with
different electrochemical techniques used for biosensing application. The formation of MoS;
nanostructures and its subsequent modifications is examined using various characterization
techniques like X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy
(SEM), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM), atomic force microscopy (AFM), energy dispersive
X-ray fluorescence (EDXRF), energy dispersive X-ray analysis (EDAX), carbon, hydrogen
nitrogen, sulfur (CHNS) analysis, surface profilometer. 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 MoS;
nanostructures and subsequently modified nanostructures are done using cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry

(DPV). All these techniques are also read up on in brief in this chapter.
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2.1 Synthesis and modifications of MoS, nanostructures

The synthesis and modification of MoS; can be done using a vast multitude of techniques to
obtain desirous structures and properties to suit various applications. These methods are
broadly categorized into two categories, namely 1) Top-down and 2) Bottom-up. In the Top-
down technique, the material in bulk form is exfoliated to layers by overcoming the weak
binding forces between the layers like Van der Waals forces, by using the mechanical,
chemical, or ultrasonic method. While in the bottom-up method, the nanosheets are assembled
from individual atoms only. That is, the precursors containing molybdenum (Mo) and sulfur
(S) atoms are decomposed first and then the Mo and S atoms are assembled to form MoS,.
Deciding an efficient synthesis route is of utmost importance before the investigation of
properties and using the material for desirous applications. Also, to achieve ultimate
commercialization and industrialization, it is utterly important to synthesize a high yield of
these 2D nanomaterials with satisfactory quality [1]. In our work, we have used a simple and
environmentally friendly hydrothermal method for the synthesis of MoS, nanostructures.

Further, the modification of MoS, nanostructures is done with

() reduced graphene oxide (rGO): graphene oxide [(GO), prepared using improved
Hummer’s method] is added in the process of synthesis of MoS; by hydrothermal method only.
Thus, GO is reduced to rGO to modify MoS; nanostructures in an in-situ way.

(i)  chitosan (CS): CS is added to synthesized MoS; nanostructures by an ionic liquid (IL)
assisted solid-state grinding method.

All the three methods used for synthesis have been discussed in brief in the following sections
and the details of synthesis have been discussed consequently in chapters 3, 4, and 5

respectively.

Ph.D. Thesis (Ritika Khatri) 32



Chapter 2

2.1.1 Hydrothermal method of synthesis

It was in 1845 when the first report on hydrothermal growth of crystals was reported by Karl
Emil von Schafhautl a german geologist. Since then, various scientists and researchers working
around the globe have contributed to developing this technique. Hydrothermal synthesis refers
to the synthesis of nanomaterials by chemical reactions occurring inside a sealed Teflon-lined
stainless-steel autoclave, filled with water-dissolved reagents under certain temperature and
pressure conditions. The optimum amount of aqueous reagents is filled in Teflon to create
enough pressure so that nanomaterials of desired morphology and phase are obtained. Also, it
must be ensured that Teflon should not overflow during the reaction process. Optimization of
temperature, pressure and time for which autoclave is kept in a high-temperature oven leads to
a high yield of nanomaterials of good crystallinity [2]. Fig. 2.1 shows the setup of the

hydrothermal autoclave used in hydrothermal synthesis.

Spring
Stainless Steel
Lid

Teflon

Solution of
Precursors in Water

Stainless Steel g
Autoclave

Fig. 2.1: Setup of Teflon-lined stainless-steel autoclave used for hydrothermal synthesis
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The components of the hydrothermal reaction are listed below:

1. Precursors: These are the reactants that react in the presence of suitable solvents to
give the final product.

2. Mineralizers and other Additives: Various acids and bases are added during the
reaction to attain a particular pH. These are known as mineralizers. Additives include
reducing, chelating, capping, and stabilizing agents which are required to attain a

certain morphology.

The advantages of the Hydrothermal method are as follows:

1. The method is highly feasible for the inexpensive and large-scale production of
nanomaterials.

2. Control over the morphology and size of nanomaterials also adds up in favor of this
method.

3. The method can be integrated with other methods like sonochemical and
electrochemical microwave synthesis techniques which extends the horizon of
synthesis techniques of new nanomaterials.

4. Lastly, the experimental setup is very convenient and simple. Once installed, it can be

used several times for the synthesis of nanomaterials.

2.1.2 Improved Hummer’s Method

The improved hummer’s method is a procedure used to synthesize GO under the presence of
strong oxidizing agents like potassium permanganate (KMnO.), potassium chlorate (KCIO3),
etc. The conventional hummer’s method was modified by William S. Hummers and Richard
E. Offerman. The method is fast, non-hazardous, use low temperatures, as well as maintains a

high C/O ratio [3].
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2.1.3 Solid-state method

The solid-state synthesis method is a versatile technique used 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 mortar and
pestle for a certain time. The time may vary from a few hours to a few weeks, depending on
the type of sample to be prepared. After grinding, the powder so obtained is heated for a few
hours to obtain the desired product. In some cases, high-temperature heating is required which
may decompose the desired compound. Also, it requiresa lot of energy and time [4]. Fig. 2.2

shows the mortar and pestle required to grind the precursors.

Fig. 2.2: Mortar and pestle used for grinding in solid-state method

2.2  Method of film fabrication for MoS, and modified nanostructures

2.2.1 Electrophoretic deposition (EPD) technique

EPD is a technique by which homogeneous films are produced when an electric field is applied
to the charged particles suspended in liquid like de-ionized water, ethanol, isopropanol, etc. It
is a cost-efficient and versatile technique to produce films. The EPD cell is a glass beaker

comprising two electrodes, separated by a certain distance. One is a reference electrode (RE)
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generally taken as a thin platinum (Pt) rod, and the other is a copper (Cu) rod on which the
working electrode (WE) is clipped, the filmis formed on WE. To deposit the particles onto the
substrate, the particles should be uniformly dispersed in the liquid. The common solvents used
for dispersion are acetone, distilled water, ethanol, acetonitrile, chloroform, etc. Applied
potential and depositing time are optimized to produce the desired films of particular thickness
[5, 6]. Heat treatment is sometimes given to the films to enhance adhesion. Fig. 2.3 shows a
typical EPD setup in which the charged particles suspended in the liquid are deposited onto the

substrate upon application of a DC power supply for an optimized period.

-I-| -
! DC Power
| = Supply
Platinum
Electrode
Working —
Electrode d boorooooooooooed oooouanoonmoono6d. fooooomoonconocom
~’ 2 ~ -:- Uniformly Dispersed
| - ’~/ | Nanostructures

Fig. 2.3: An insight into EPD setup

2.3 Characterization techniques used for structural, morphological,
topographical, and spectroscopic investigation of MoS, and modified

nanostructures

The confirmation of the successful formation of MoS; nanostructures and subsequent
modifications are examined using various characterization techniques. Firstof all, the structural

study is done using X-ray diffraction (XRD), followed by morphological investigations using
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scanning electron microscopy (SEM), field emission scanning electron microscopy (FESEM),
and transmission electron microscopy (TEM). Then, the confirmation of layered structures is
probed using Raman spectroscopy. The thermal analysis is done using thermogravimetric
analysis (TGA) and the examination of attachment of desired functional groups is studied using
Fourier transform infrared spectroscopy (FTIR). Elemental analysis is done using energy
dispersive X-ray analysis (EDAX), energy dispersive X-ray fluorescence (EDXRF), and
carbon, hydrogen, nitrogen, and sulfur (CHNS). Atomic force microscopy (AFM) is used for
topographical investigations of the various steps of preparation of the biosensor. 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

XRD is one of the most fundamental and powerful tools used commonly to study and identify
the structure of both bulk materials as well as nanostructures. This technique can be used to
determine several parameters of a crystal structure like its phase orientation, geometry, and
lattice constants. The technique can also be employed to examine the stress and strain in a
material [7, 8]. Moreover, the analysis using XRD does not call for any sample preparation to
obtain the data. XRD is based on the principle of diffraction, therefore, when the X-ray waves
having wavelength ~1A are incident on a crystal, they get diffracted by the crystal planes since
the interplanar spacing is comparable to the wavelength of x-rays. The planes of crystal act
analogous to mirrors and thus can give information about the crystal structure [9]. The

diffraction pattern of every crystal is unique just like the fingerprint of a human being.

The diffraction of a crystal can be described by Bragg’s equation 2.1 and the schematic

explaining the diffraction from a crystal is shown in Fig. 2.4.
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Zdhleinehkl = ni (21)

where,

A stands for the wavelength of the incident light, d stands for the interplanar spacing, 6 stands
for the diffractionangle, h, k, and | are the miller indices for the planes of crystals, and n is the

order of diffraction.

Incident Wave

Fig. 2.4: Schematic diagram showing grating-like crystal structure and the diffraction of

incident X-rays obeying Bragg’s law

The XRD setup consists of a movable copper [Cu-(K,)] source for emission of X-ray
spectrum of wavelength 1.54 A, a fixed sample holder assembly, and a high-speed energy-
dispersive compound silicon detector with an automatic adjustable window that can measure
patterns in the angular range of 0.150° to 90°. The source tube produces a highly collimated X-
ray by hitting an anode metal target like Cu, Mo, iron (Fe), or chromium (Cr) through the high

voltage electron beam in a vacuum environment. For single-crystal diffraction, Cu is the most
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frequently used target material. The X-ray beam falls on the sample and while the sample and
detector spin, the X-ray intensity is detected. The Bragg equation is satisfied when the incident
X-ray geometry impinges on the sample, causing constructive interference, and then an
intensity peak appears. This radiation is captured by a detector, which also processes it. The
signal is then translated to a count rate and the output is taken through a printer or computer

monitor.

By using Scherer’s formula (Equation 2.2), the crystallite size ‘D’ of the materials can be

determined from the peak width [10]

kA
- BcosO

(2.2)

Where 6 is the Bragg angle, g is the full width at half maxima (FWHM) of the peak and ‘k’ is
the constant depending upon the geometry of the material.
The sample to be analyzed can be in the form of powder, pellet, or even a thin film, which

consists of tiny crystals called crystallites [11].

2.3.2 Scanning electron microscopy (SEM) and field emission scanning electron
microscopy (FESEM) for morphological investigations

SEM is a sophisticated kind of microscope that studies the three-dimensional structure of solid
samples using electrons rather than light. SEM technique can be utilized to accumulate a lot of
information about a sample like the solid sample's topography, composition, and morphology
details. On a scale varying from nano to micro scale, it can be regarded as the most efficient
approach for analyzing the morphology of organic and inorganic materials. With high
magnification up to 30k x and even 1000k x in some contemporary models, SEM creates
extremely exact pictures of a variety of materials. A scanning electron microscope uses

electromagnetic "lenses™ to concentrate an electron beam onto a specimen (which can be a
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metal, metal oxide, ceramic, or biological sample). Thus, an image is formed by documenting
how the electron beam interacts with the specimen surface. When the electron beam interacts

with the specimen, various types of electrons are deflected.

Electron Gun

Electron Beanr———> /‘k

P LS

<— Anode

<— Magnetic Lens

Scanning Coils—>

<— Secondary Electron’s
Detector

Stage Specimen

Fig. 2.5: Schematic representation of basic SEM components

A sample for SEM analysis is prepared by distributing powder samples or placing a thin
film or a pellet over the conducting carbon tape and coating them with conducting metals like
gold (Au) or platinum (Pt) [12]. The sample is coated with conducting metals to avoid the
accumulation of incident electrons at a particular spot in the sample. The electron beam is thus
swapped across the sample resulting in their interaction with the specimen. The interaction of
electrons takes place in the form of their scattering from the surface thereby producing

secondary electrons along with backscattered electrons (BSE) and these are used to visually
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inspect the sample’s surface. Secondary electrons are generated in the entire volume of
interaction, but they escape only from a few surface layersand they have energy < 50 eV, they
give morphological information about the sample. BSE are elastically scattered from the
surface and penetrate more deeply as compared to the secondary electron as their energy is >
50 eV [13]. High atomic number elements generate more BSE than the low atomic number
elements and thus appear as bright spots in SEM images. Hence, the different chemical
compositions of elements on the surface can be visualized using contrast in images formed by
BSE. The brightand dark contrasting image of the surface corresponds to the concentration of
BSE while the intensity of the signal is proportional to the concentration of secondary electrons

[14]. Fig. 2.5 shows a schematic representation of basic SEM components.

FESEM is the microscopy technique that uses a field emission source that scans the
specimen in a zig-zag pattern. 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 [15].
Like in SEM, here also secondary electrons are collected by a scintillator detector which
produces photons. In addition to this, FESEM needs higher vacuum levels and the sample is
prepared by coating a very thin layer of Au or palladium (Pd). Using metal apertures and
magnetic lenses, the electrons are then concentrated into a thin, monochromatic beam after
leaving the electron gun. To create an image of the object, signals from detectors of each type
of electron are collected. FESEM delivers information on topography and elements at very
high magnifications and analmost limitless depth of field. It is three to six times mor e effective
than ordinary SEM at producing crisper pictures with spatial resolution down to 1/2 nanometers
that are less electrostatically distorted [16]. FESEM is a very popular technique amongst
physicists, chemists, biologists, material scientists, and electronic engineers since structures as

small as nuclei of cells to microchips can be observed.
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2.3.3 Transmissionelectron microscopy (TEM) for morphological and crystallographic

investigations

TEM is a microscopic technique that uses an electron beam that transmits through an ultrathin
specimen and interacts with it to give us various information about the specimen. As it passes
through it gathers the specimen’'s morphological, and crystallographicinformation. In TEM an
electron beam is used which is having a short wavelength, resulting ina much higher resolution
of the specimen [17]. For a magnified image, imaging equipment like fluorescent screens,
photographic film, or sensors like charge-coupled devices (CCD) are utilized. The system
operates in two modes, namely diffraction mode and image mode.

TEM setup consists of an electron gun with a high-energy electron beam that passes
through a microscope vacuum tube. Next are the condenser lenses, which are used to focus the
electrons. Then is a motorized specimen stage, which is used for holding conducting copper
grid coated with the sample. The objective lens and the specimen chamber represent the heart
of the TEM, where an electron beam gets transmitted through the thin specimen and interacts
with it [18]. For the excellent TEM image, the sample thickness is usually around 100 - 200
nm as electrons cannot readily perforate through thickness greater than 200 nm. An objective
lens and other lenses form an imaging system that helps in producing high-resolution images
and diffraction patterns. The intensity distribution of electrons after transmittance is imaged
with a three-stage lens system onto a fluorescent screen [19]. Lastly, there is a charged coupled
device (CCD) camera to convert the electric charge into pixels of the image. The operating
modes of TEM are high-resolution TEM (HR-TEM), selected area electron diffraction
(SAED), or simple TEM to study particle dimensions, morphology, lattice parameters, and
expansion direction of the material. Fig.2.6 shows the schematic diagram of TEM.

The complete setup of TEM is placed in a high vacuum chamber and is interfaced with a

graphical user interface (GUI) data acquisition system. Electron beams from electron guns

Ph.D. Thesis (Ritika Khatri) 42



Chapter 2

interact with the sample, resulting in beam scattering. Two types of distribution take place,
elasticand inelastic. Elastic scattering occurs due to the arrangement of atoms in the crystal of
nanostructures. It yields spot patterns because of coherence in electron beam scattering. On the
other hand, inelastic scattering gives rise to beam absorption or emission, which is specific to

the compound or chemical structure of nanomaterials.

—> Electron gun

> Anode

—> Condenser Lens

> Specimen

—>Objective Aperture Lens

—> Intermediate Lens

Projector Lens

> Fluorescent Sheet

Fig. 2.6: Schematic diagram of TEM

The distinction of the image depends on the bright-field image and the dark-field image
mechanism.
Bright-field image: It is formed by uniformly illuminating the entire specimen image in dark
against a bright background and collecting the transmitting electrons and blocking the scattered

ones.
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Dark field image: Image formed on the objective lens’s back focal plane by selecting the
scattered electrons and blocking unscattered electrons using the objective aperture [20].
HRTEM: By increasing the accelerating voltage of the field emission gun up to 300 kV
depending upon the sample compatibility, the wavelength of the electron decreases, and hence
point resolution of the image can be enhanced.

The sample used in TEM must be electron transparent. The dimensions of
nanostructures act as a diffraction grating for incoming electrons and electrons scattered at
different angles depending on the crystal structure, satisfying Bragg’s law. At the same time,
transmitted electrons are allowed to pass through the sample, forming the monochromatic spots
on dark backgrounds corresponding to the reciprocal lattice of crystal planes. This is called

the SAED technique and is used to confirm the XRD results

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

An effective and simple method for detecting the chemical compounds and elements present
in a sample is EDAX. The setup of EDAX is similarto that of SEM which primarily consists
of a high electron emission source that releases high-energy electrons in an electron
microscope, and then the distinctive X-rays that each element produces are detected [21]. Then,
using a method known as X-ray mapping, the sample's elemental composition may be seen
superimposed on top of the magnified image of the sample. EDAX is particularly valuable
since the number of X-ray photons released by each component inside a sample directly
correlates with the concentration of that element. Because of this, it is feasible to determine the
amounts of the various compounds present in a sample by converting the X-ray observations
into a final X-ray spectrum. As a consequence, material science is the field that has benefited

the most from EDAX. It can be used for quality control screening, verification, and certification
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as well as to identify and analyze products, including spotting impurities or figuring out
unknown constituents.

The electron beam source, detector, processor, and analyzer make up the majority of an
EDAX system. The charge that the incident X-ray releases within the crystal are measured by
a field-effect transistor (FET) and transforms into a voltage output signal. A computer-assisted
system, like the multichannel analyzer (MCA), is in charge of all unattended and automatic
operations [22]. The X-ray coming out from the sample hits the detector and causes a charge
pulse in the detector. The energy of the observed X-ray is subsequently reflected in the
amplitude of the current, which is then transformed into a voltage pulse. The last step is to
convert this pulse voltage to a digital signal and increment the relevant energy channel by one
more count. Due to the cumulative counts, the final measurement yields a typical X-ray

spectrum which can be used to map various elements present in the specimen [23].

2.3.5 Energy dispersive X-ray fluorescence (EDXRF) spectroscopy for elemental
investigation

This spectroscopy method utilizes X-rays for identifying differentelementsina given sample.
The method is highly useful for a variety of different characterization requirements, as it can
be used on samples in different states [24]. The sample which is to be analyzed can be solid,
liquid, powdered, in the form of a thin film, in the form of slurry, or in the form of a paste [24].
The EDXRF spectroscopy method is very fast, and it can analyze different elements present in
a sample in real-time. The method exploits the difference in the energy of electrons present in
different shells of an atom to identify the elements and theiramount present in the sample. The
steps followed to perform EDXRF spectroscopy are quite simple. The X-rays from an X-ray
source are first passed through a filter and then a collimator; the radiation is then made incident

on the sample. When the X-rays are incident on an inner shell electron of an atom, the radiation
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excites the electron, and it moves to an outer shell of the atom. An electron, already presentin
one of the outer shells of the atom swiftly replaces the electron which moved to the outer shell
and emits radiation in the process. The radiation emitted is characteristic of the element and is
hence measured to identify the elements present in the sample. This emitted radiation is then
detected using an XRF detector. The measure of the energy of radiation is used along with
Moseley’s law for the qualitative analysis of the elements present in the sample. The count of
the number of photons incident on the XRF detector is used for the quantitative analysis of the
elements present in the sample. The XRF detector measures both these quantities and sends
this data to a computer that analyses this data and produces a graph. The graph so obtained is
essentially a plot of energies of radiation on the x-axis versus its respective Intensity on the y-
axis. The graph may contain several peaks depending on the elements and their quantities
present in the sample. The peaks of the graph are further studied in contrast to the pre-available
data of energy peaks for the respective elements. This helps to identify different elements and

their amount present in a given sample.

2.3.6 CHNS for elemental analysis

CHNS analysis, also known as elemental microanalysis (or organic elemental analysis), is used
to determine the amount of carbon, hydrogen, nitrogen, and sulfur in a sample. It applies to an
extensive range of samples including powder, liquid, viscous and volatile samples. In the
CHNS analysis, the sample is frozen, dried, and powdered fine, before it is mixed with an
oxidizer like vanadium pentoxide (V20s) [25]. Thereafter the sample is heated in a tin vial at
1000 °C. Due to the high temperatures, the sample and the capsule melt releasing many gaseous
oxides like CO2, SO, and NO- [26]. These gases are carried by a current of helium that runs
through a column of glass which is filled with an oxidizing agent, like tungsten trioxide (WQO3)

and a reducer made of Cu, at a temperature of 1000 °C [27]. Cu is used for the removal of
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unconsumed oxygen and reduction of NO, to elemental nitrogen. The gasses are then separated
and analyzed at 290 °C. The measured values are computed against pre-analyzed data of
samples and chromatic responses are reported as per weight percentages. This gives us the
crystallographic signature of the sample which helps us identify its organic nature. The
composition understood from this technique is also used to check the purity of the sample. The
C/N ratios are used to single out the origin of the organic matter. The oxidizing agents and the
catalysts used in the classical CHN have also been found applicable in automated analy zers

[26].

2.3.7 Surface profilometer for thickness measurement of films
With the increasing demand for machine-made surfaces, the need for precision has brought
surface profilometers in trend [28]. Their job is to measure the roughness of the surface with
the help of a stylus tip. The conventional surface profilometers had a stylus tip made of
diamond and were widely used for research purposes and industrial fields. Despite the mass
shift to optically enhanced profilometers, the stylus tip profilometers are still in use because of
their self-reliance with the surface and compatibility with the data collected in the past [28].
The stylustip profilometer uses a probe to stay in constant contact with the surface and
takes the measurements in the x, y, and z directions. The motion of the stylus is monitored
mechanically using a feedback loop that works on the bases of the reaction force that the probe
feels from the surface. A feedback system is used to keep the probe arm with the required
amount of torque on it to maintain proper contact. Since the probe is continually touching the
surface, it might cause damage. The phenomenon of profile distortion occurs due to the stylus

tip’s shape and size. Fig. 2.7 shows a simple schematic of the stylus tip surface profilometer.
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y

Fig. 2.7: Profile data acquisition by stylus type surface profilometer

2.3.8 Fourier transform infrared spectroscopy (FTIR) for the identification of
functional groups
FTIR spectroscopy uses infrared radiation which covers a wide spectrum including a range
from 400 cm™ to 4000 cm™ mainly used in research laboratories to identify different
compounds present in a given sample. FTIR spectroscopy is a simple yet extremely important
characterization technique having numerous applications. One of the uses of this technique
includes the analysis of thin films and coatings for determining the functional groups. The
FTIR spectroscopy method has several advantages which include its fast-scanning speeds as
compared to other dispersive methods and the ability of the method to be used for solids, liquids
as well as gases.

The method is dependent on the molecular bonds of the compounds present in the

sample. The nature of the molecular bonds of different molecules is dependent on the atoms

Ph.D. Thesis (Ritika Khatri) 48



Chapter 2

present in the molecule. When these substances in a sample are illuminated with IR radiation,
the molecules of the substance, upon its absorption, attain a higher energy state. When these
molecules returnto their original (de-excited) state, they emit radiation which has energy equal
to the difference between the energies of the de-excited and the excited state of the molecules.
Each substance absorbs a unique wavelength of IR light from the many available wavelengths
present in the incident light [29]. The FTIR measures these absorbed wavelengths and hence
can determine the nature of the substance and its bonds. The resulting graph can include
“transmittance” or “absorption” of the IR radiation plotted on the y-axis against the
wavenumber on the x-axis. There can be several peaks present in the graph depending upon
the nature of the molecule. These peaks are then studied and analyzed against the known
standard IR peaks for different materials and bonds to identify the functional groups presentin
the sample.

Michelson interferometer is commonly used for FTIR spectroscopy. The block diagram
presented in Fig. 2.8 can be referred, to understand the steps followed for the FTIR
spectroscopy. The light from the IR radiation source in the interferometer setup reaches the
beam splitter through a collimator; the beam splitter splits the incident beam into two. Both the
beams then travel to the two mirrors of the interferometer, one of which is in constant motion.
This introduces a path difference between the two beams and modulates every wavelength
present in the incident beam at a distinct frequency. When the beams combine after being
reflected from the mirrors, they form a complex interferogram. This interferogram so obtained
is then made incident on the sample, which as described earlier, will absorb light of specific
wavelengths out of the several available wavelengths in the light incident on it. The detector
measures the intensity of the respective wavelengths in the transmitted light. The signal

obtained is then processed and converted into meaningful data using the “Fourier transform”
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method. The final graph obtained after using the Fourier transform method helps to identify

different functional groups present in the sample of interest.

A
&r—
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Wavenumber (em- ')
/\M /\N
—

Interferogram

Fig. 2.8: Block diagram of FTIR spectroscopy

2.3.9 Raman spectroscopy

The specimen’s rotational, vibrational, and other frequency modes are observed using the
Raman spectroscopy method. It tells about the bonding and structure of the molecules. As a
result, this method provides a fingerprint that can be used to identify molecules. This
spectroscopy is based on the inelastic scattering of light (Raman Effect) [30]. Monochromatic
radiation interacts with the sample differently as it incident on it and either gets scattered,
reflected, or absorbed. Molecular structure information is obtained by scattered radiation. The
coherent source is a general laser used for specimen analysis in Raman spectroscopy [31]. The
majority of incoming radiation disperses elastically, producing Rayleigh scatter light. Only a
tiny fraction, around 1 in 109, is inelastically scattered and primarily consists of Stokes and
anti-Stokes lines, and of this small fraction, Stoke’s lines are used to collect the

information about the specimen. In Rayleigh Raman scattering, incident and scattered light
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frequency are the same. The frequency of the scattered light is higher than the frequency of the
incident light in anti-Stokes Raman scattering, and the frequency of the scattered beam lightin

Stokes Raman scattering is lower than that of the incident beam light [32].

: Detector
Laser Source

! Laser Filter
|

Sample F Ocuéing Notch Filter Entrance Slit Grating
Lens

Fig. 2.9: Simplified block diagram of Raman spectrometer

Raman spectrum is plotted between the intensity of scattered light and energy
difference termed as Raman shift. With the photon’s interaction with the molecule, a dipole
moment ‘P’ is induced by electric field ‘E’ given as
P=a.E (2.3)
where o is the proportionality constant that tells us about the distortion of electron cloud around
amolecule [33]. And these molecular bonds carrying specific energy transitions corresponding
to changes in polarizability give rise to Raman active modes. Three main parts make up a
modern Raman spectrometer: a laser source, a mechanism for illuminating the sample, and an
appropriate spectrometer. Due to their monochromaticity and high-intensity beam, lasers are
the most common sources utilized to study Raman spectra with good signal-to-noise (S/N)
ratios. Raman spectrometers are either based on CCD or FTIR equipped with cooled

germanium (Ge). Raman spectroscopy is frequently superior to IR spectroscopy because it may
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be utilized to study inorganic systems in an agqueous solution. It has been widely applied to
study biological systems. Analysis using Raman spectroscopy requires asmall sample quantity,
further liquid and film samples can also be analyzed. It can detect molecular impurities and
additives. For quantitative and qualitative analysis in many settings, Raman spectroscopy has
emerged as a non-corrosive technique. Fig. 2.9 shows a simplified block diagram of the Raman

spectrometer.

2.3.10 Atomic force microscopy (AFM) for topographical analysis

AFM was developed in 1986 by the great scientist G. Binning, C Quate, C. F. Quate, and
Herber at Stanford University by gluing a tiny shard of diamond onto one end of a tiny strip of
gold foil. AFM can be used to study topography and surfaces (both even and uneven) of
materials for several applications. The only basis for AFM’s operation is the interaction force
between the sample’s surface and the tip (as shown in Fig. 2.10), which is composed of elastic
cantilevers with a sharp end with a diameter of ~10 nm. The distance between the tip of the
probe and the sample is controlled by forces perceived between them. There are two main kinds
of forces acting between the tip and the sample surface i.e. attractive (non-contact) and
repulsive (contact) forces. By observing the cantilever's bending and deflection, it is possible
to determine the force acting between the tip and surface [34]. Therefore, three types of
methods could be used for AFM.

1. Contact mode - The contact mode is studied as quasi-static, and it acts in the VVan der Waals
curve'srepulsive regime. Inthe contact method of measurement, the tip makes direct contact
with the surface of the sample, and the deflected cantilever, which generates the elastic
force, balances the force between the tip and sample. Researchers should use a cantilever

with low rigidity in this mode.
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2. Non-contact mode - The non-contact mode is known as an oscillatory mode. High
sensitivity and stability of the feedback are necessary for non-contact mode. This is used as
a semi-contact mode, to determine changes in the phase and amplitude of cantilever
oscillations as the tip interacts through attractive VVan der Waals forces with the specimen

without touching it.

When the tip has hard contact

with the surface; ‘When the tip is
(repulsive regime) distant from the surface;
{no deflection)

Force

When the tip is brought
closer to the surface;
(attractive regime)

v

Probe distance from sample

Fig. 2.10: Typical AFM force vs distance curve

3. Tapping mode - For this mode, we often use a cantilever with a high resonant frequency.
As a result of the interaction of elastic and Van der Waals forces between the tip and the
specimen high amplitude deflections are produced during scanning. Practically thismode is
the same as the non-contact mode, but high amplitude deflection provides better control
over the feedback loop for topography analysis.
In AFM, a technique known as beam bounce is frequently employed to detect the slight

cantilever deflection. The exponential function - Lennard-Jones potential can be used to

approximate the van der Waals potential energy of two atoms that are separated by distance ‘r’

[35]. The schematic diagram of the basic working principle of AFM is shown in Fig. 2.11.

Ph.D. Thesis (Ritika Khatri) 53



Chapter 2

: . Topograph
DC Deflection pograpny
Signal __ _ - mt> Friction

Photo Detector

Sample

Fig. 2.11: Schematic diagram of basic working principle of AFM

2.3.11 Thermogravimetric Analysis (TGA) for thermal studies

Heat causes many chemical and physical changes in the material. Phase transitions, such as
crystallization, vaporization, melting, switching between crystal forms, and modifications in
mechanical behavior are examples of physical changes. Whereas chemical changes include
oxidation, corrosion, breakdown, and dehydration. These changes occur in a wide range of
temperatures. Thus thermal analysis of materials and the study of their behavior throughout a
range of temperatures is very crucial. Once the temperature range is defined it is easy for a
researcher to use the material for a specific application and predict safe operating conditions
for products. This information can be obtained from TGA. Fig. 2.12 shows the block diagram

of TGA.

TGA involves heating a sample at a controlled rate in a given environment [nitrogen

(N2), carbon dioxide (CO,), helium (He), argon (Ar), air, etc.]. A substance's weight fluctuates
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in response to temperature or time. The temperature at which the sample begins to lose weight

indicates that decomposition begins at this temperature.

Atmosphere
Control

Furnace Sample holder

Recorder

Temperature
sensor

Fig. 2.12: Block diagram of TGA

The sample holder encircled by the furnace is a sensitive microbalance for continuously
measuring sample weight. A purge gas system is provided for a reactive or inert atmosphere.
In most cases, data (weight vs. sample temperature) is gathered and processed by the computer,
which controls the furnace. It is advised to choose a sample weight of 10 — 20 mg because
doing so removes the possibility of a temperature gradient in the sample. Particles should be
uniformand small in size. Using wide-ranging particles or crystals may result in visible, quick
weight loss during heating. The furnace heating rate and its atmosphere are two instrumental
factors that influence the thermogravimetric (TG) curve. The speed used to capture either a
rapid or slow reaction's TG curve significantly impacts the curve's form. It is recommended to
carry out the scan at a slow rate, for a slow decomposition reaction and to prevent the flatte ning

of the curve and obscure the acute decomposition temperature. Typically, a heating rate of 3.5
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°C per minute is advised for accurate and repeatable TGA. Thus, complex mixture composition

and decomposition can be obtained from TGA [20, 36].

2.4 Electrochemical Techniques

Electrochemistry is the interplay between chemistry and electricity, that is as a result of some
chemical reactions, a change in parameters like capacitance, voltage, charge, current,
resistance, etc takes place. The serenity of electrochemistry lies in the fact that the energy of
electrons inthe electrode can be modulated by an external power source like a potentiostat. For
the electrochemical measurements, a three-electrode setup comprising a RE, counter electrode
(CE), and a WE is used. To maintain a constant potential, the potential of WE is measured
against the RE, while the current flow is seen through the CE. In our work, we have used three
extremely sensitive and substantially popular techniques namely Electrochemical Impedance
Spectroscopy (EIS), cyclic voltammetry (CV), and differential pulse voltammetry (DPV), for

studying the electrochemical properties of MoS, and modified nanostructures.
2.4.1 Electrochemical impedance spectroscopy (EIS)

EIS is a potent technique that has gained momentum in the last few years since it is a non-
corrosive technique that can be used to examine the interfacial kinetics prevailing between the
electrode and the electrolyte. Further, EIS enables the separation of various components like
double-layer capacitance, electron transfer resistance (Rc), etc. In EIS, a small amplitude
sinusoidal potential is applied, which is a function of frequency. The applied perturbation
(potential) leads to a sinusoidal current and the ratio of applied potential to resultant current
gives the impedance (Z), which comprises a real and imaginary part. Z is an imaginary quantity

comprised of real (Z;, ohmic resistance) and imaginary parts (Zi, capacitive resistance) [37].
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For our analysis, we draw the Nyquist plot (as shown in Fig. 2.13). The plot shows a
semicircular region at higher frequencies which are obtained as a result of the electron transfer
limited process. At lower frequencies, a straight line at an angle of 45°to the x-axis is observed
which is ascribed to the diffusion-controlled process of electron transfer [38]. Since the
impedance measurement is done by varying a vast spectrum of frequencies, as a consequence,

this technique is termed electrochemical impedance spectroscopy.

Diffusion Controlled
Process

Electron Transfer
Limited Process

—

-Zim(Q)

e 45" A

Ry Rg+R,,

7. (Q)

Fig. 2.13: Nyquist plot obtained by EIS technique

The resultant impedance is dependent on both applied potential as well as frequency
(o). For EIS measurements a small amplitude potential (generally 10 mV) is applied which

proffers several advantages like

0] Impedance can be strictly defined only in the case when the current and voltage have a

linear relationship.
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(i) In the cases where the biological element is not covalently bonded with the
immobilization matrix, there the applied voltage may disturb the attachment by charging the
biological element

(i)  Also, the energy of binding between the target analyte and immobilized biological
element may be smaller than the applied potential, which may hamper the interaction between
the two

Therefore, EIS is advantageous over amperometry or voltammetry where high amplitude

potentials are applied which may damage the probe layer [39].
2.4.2 Cyclic Voltammetry (CV)

CV is the most popularly used technique used to acquire information governing the
electrochemical processes undergoing at the interface of electrode and electrolyte. Fig. 2.14
shows a typical CV curve in which the x-axis shows the potential applied as a function of time,
while the y-axis shows the resultant current. Since the applied potential is ramped with time, a
crucial parameter defined as scan rate (given in mV s?) is often mentioned in CV, which
indicates the speed at which potential changes with time [40]. At higher scan rates, a high peak
value of current is observed because the size of the diffusion layer decreases when applied
potential changes faster. When the potential is applied to the WE the current increases until the
oxidation potential of the analyte is reached (denoted by E,.), and the corresponding current is
called peak anodic current (denoted by ipa). After this, adiffusion layer is formed and the region
near the WE is devoid of ions that can be oxidized any further. Therefore the current starts
decreasing and potential is applied in the opposite polarity. With the reverse polarity, the
current starts increasing in the opposite direction until the reduction potential (denoted by E )

of the analyte is reached. The corresponding current is called peak anodic current. If the
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oxidation and reduction peaks are near replicas of each other, then the process is termed

electrochemically reversible [41, 42].

Current (mA)

| | | I | I | [ I | | |
4 -0. -0. 0 0.1 02 03 04 05 06 0.7
Potential (V)

Fig. 2.14: A typical cyclic voltammogram curve.

In our case, we have used CV to determine various electrochemical parameters like
electroactive surface area (Ac), heterogenous rate transfer constant (HET), etc by scan rate
dependent study. Also, the optimization studies for the fabrication of biosensors and

modification of electrodes at various steps of fabrication are done using CV.
2.4.3 Differential Pulse Voltammetry (DPV)

Like in CV, in DPV also, a potential is applied across the electrode and the resultant current
flowing between the WE and CE is measured. However, here in DPV, a staircase voltage is
applied to have a series of pulses having a fixed magnitude such that the baseline voltage is
continuously increasing. In a single pulse, the current is sampled twice, once at the beginning

of the pulse (point 1 in Fig. 2.15 (a)) and then at the end of the pulse (point 2 in Fig. 2.15 (a)).
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The difference between the two sampled currents is measured instrumentally and plotted
against applied voltage which results in a voltammogram. This results in a gaussian curve as
shown in Fig. 2.15 (b) and the peak current value is directly proportional to the concentration

of the target analyte in the case of biosensors.
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Fig. 2.15 (a): Input signal in DPV (b) Output voltammogram in DPV

DPV is advantageous over other voltammetry techniques because it is more sensitive
since the background charging current isminimized due to the differential measurement. Since
the sensitivity and resolution are improved due to its differential nature, therefore DPV is vastly

employed for the analysis of mixtures.
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Chapter 3
Electrochemical Study of Hydrothermally Synthesised MoS>

Layered Nanosheets

This work is centered around a one-step, facile and cost-effective synthesis of 2-dimensional
(2D) MoS; nanostructures via hydrothermal method using two reducing agents and their
electrochemical study. The detection of the hexagonal phase is done using X-ray diffraction
(XRD). Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)
confirm the formation of nanosheet-like structures. MoS; reduced using hydrazine hydrate
(HH) is found to have better electrochemical properties with heterogenous rate transfer
constant equal to 0.69 x 102 cm s? and electroactive surface area calculated as 51.38 mm?,
Raman spectra and TEM images explain the better electrochemical performance of MoS;
synthesized using HH. Also, itis observed that out of electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and differential pulse voltammetry (DPV), EIS turns out to be
the best technique for studying the electrochemical properties of layered materials. The
promising electrochemical performance of MoS; synthesized using HH enabled us to further

modify it for its suitability for biosensing applications.

This work is published as: Ritika Khatri and Nitin K. Puri. "Electrochemical
study of hydrothermally  synthesised  reduced MoS; layered

nanosheets.” Vacuum (Elsevier) 175 (2020): 109250.
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3.1 Introduction
2D materials like graphene, transition metal chalcogenides, hexagonal boron nitride, Mxenes,
etc are gaining huge popularity in the inter-disciplinary fields of nanoscience and materials
science which include physics, chemistry as well as biology. 2D nanomaterials include benefits
like low cost and high chemical stability. Amongst, these 2D nanomaterials MoS; has gained
wide popularity pertaining to its layered structure, abundance in nature as molybdenite, good
rate of electron transfer, dependency of band gap on no. of layers, the possibility of extraction
in the considerable amount [1], and its plentiful applications like supercapacitors [2], Na/Li-
ion batteries [3-5], Hydrogen Evolution Reaction (HER) [6], sensing [7], electronic devices [8,
9], etc. It also possesses fine mechanical strength, even better than steel [10]. MoS; in its bulk
form is a semiconductor with a bandgap of 1.2 eV, which widens up to 1.8 eV for monolayer
MoS,. Bulk MoS; however has a low transfer of ions/electrons because it is a stacking of a
large number of layers, which limits its conductivity [11]. Thus, an effective pathway to this is
going to the nanoscale, thus increasing the surface area and decreasing the total number of
layers to decrease the pathway for the diffusion of electrons. MoS; has characteristics similar to
graphene-like covalently bonded S-Mo-S sheets which have weak Vander Waal forces amongst
them and therefore have the tendency to be extracted in form of nanosheets like structures [12] .
MoS; can be synthesised using various methods, among which hydrothermal method is one of
the methods which gives large yield, is simple to perform, has low cost and gives an option of
controlling the morphology of synthesized structures. Also, water is used as a reaction solvent
making this method environmentally friendly as well [13, 14].

The electrochemical activity of MoS, determines its use in various applications, but
different properties of MoS, and different types of parameters are seen for different
applications. For instance, more no. of active sites will give a better HER and a low

overpotential and Tafel plot will determine if a material is good for HER or not [15], while
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pseudocapacitive behavior, charge-discharge rates, cycle stability will be seen for
supercapacitor [2]. Charge-discharge capacity, cycling stability, and specific capacity are seen
for Na/Li-ion batteries and the potential for Na/Li ions intercalation among layers of MoS; will
determine the performance of batteries [3-5]. But for sensing, more surface area should be
exposed with minimized interlayer spacing so that electron transfer is favored with a high value
of heterogeneous electron transfer (HET) rate constant [16].

MoS; nanostructures are heterogenous on their surface containing mono-/bi-/multi-
layered structures of different shapes and sizes. These shapes and sizes depend on different
preparation methods and conditions. For instance, flower-like MoS, nanostructures are shown
to exhibit a better performance as an anode material for Li-ion batteries in comparison to the
sphere MoS; nanostructures because flower-like MoS; nanostructures can have better structure
change during the conversion process while the dense structures of spheres impede charge
transfer. Ultrathin nanosheets in flower-like MoS; shorten the diffusion pathway for electrons
and Li*ions, which enhances its electrochemical performance [17]. Inanother work, Ramadoss
et al [18] synthesized mesoporous structures of MoS; for supercapacitor applications where
capacity is foundto increase due to porous morphology and large surface area of nanostructures
which reduces the pathway for ion diffusion which in turn enables fast electron transfer
between the working electrode and electrolyte. Chen et al [19] synthesized MoS;, nanosheets
and nanosheets based on hollow porous flat boxes and nanotubes for electrochemical hydrogen
evolution. MoS; flat boxes and nanotubes are found to exhibit better electrochemical
performance than MoS; nanosheets because of a greater number of S? units, and stable
arrangement of nanosheets which exposes a greater number of active sites rendering them low
overpotentials to reach 10 mA cm2. Kumar et al [20] reported the synthesis of MoS;
nanoclusters for electrochemical detection of 4 aminophenol (AP). The large surface area of

MoS; nanoclusters exhibits high electrocatalyticactivity towards 4-AP. MoS; nanoflakes (size
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> 1 um) for the fabrication of screen-printed electrochemical sensor for the detection of bovine
serum has been developed by Kukkar et al [21]. A simple sensor with a detection limit of 6 pg
mL* is made by utilizing the cyclic voltammetry (CV) technique. Wang et al [22] synthesized
three different morphologies of MoS, namely nanospheres, nanoribbons, and nanoparticles,
and studied their electrochemical performance for Li-ion Batteries. MoS, nanospheres are
found to exhibit the best electrochemical performance amongst all morphologies owing to the
large surface areawhich provides a large number of reaction sites, reduced diffusion length for
electronsand ions, and can accommodate structural changes. This gives a clear indication that
the morphology of synthesized MoS, nanostructures has a direct role to play in the
electrochemical performance for any application.

Therefore, for proceeding in our work, we synthesized MoS; using hydrazine hydrate
(HH) and citricacid (CA) as reducing agents to mediate the growth of MoS; nanostructure by
aiding the reduction of the oxidation state of Mo (VI) to Mo (IV). Due to excess ammonia
released during the hydrothermal synthesis of MoS2, NHs intercalated MoS; nanosheets are
formed leading to an increase in inter-layer spacing constituting the nanosheets [23, 24].
Without the use of reducing agents, samples obtained are not having a pure crystalline phase
of MoS,. It has also been reported that intercalated MoS; is not in the pure crystalline phase
[13, 24] which renders it low stability. Also, intercalated MoS; nanosheets increase the overall
distance between layers which will decrease the sensing response. We have also shown in our
study that the MoS; sample synthesized using CA as a reducing agent shows low
electrochemical performance because of an increase in the stacking height of layers. Therefore,
the reduction of ammonia intercalated MoS;, becomes very important such that the original
nanosheet-like structure is also retained. Min Li et al [13] and Mohsin Ali Raza Anjum et al
[24] have given an additional treatment in H; reducing atmosphere to hydrothermally

synthesized intercalated MoS; nanostructures, whereas we have reduced ammonia intercalated
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MoS; nanostructures chemically during the hydrothermal process only. However, HH and CA
lead to the growth of these nanosheets in different ways which directly affects the
electrochemical properties of these nanostructures and their performance for various

applications.

3.2  Experimental Details

3.2.1 Materials and Solutions

Ammonium Molybdate Tetrahydrate [(NH4)sM07024.4H,0, AMT] with 99.98% purity is
purchased from Sigma Aldrich. Thiourea is purchased from SRL Pvt Ltd. HH, potassium
bromide, sodium chloride, and potassium chloride are purchased from Thermo Fisher
Scientific. Concentrated hydrochloric acid is purchased from RFCL limited. All other
chemicals including acetonitrile, potassium hexacyanoferrate (Ill)/potassium ferricyanide
[KsFe(CN)s], potassium  hexacyanoferrate(ll) trihydrate/ potassium  ferrocyanide
[KaFe(CN)s.3H20], sodium dihydrogen phosphate dihydrate (NaH2PO4.2H,0, M.W. — 156.01
g mol?), di sodium hydrogen diphosphate dihydrate (Na;HPO,.2H,0) and ethanol are
purchased from Merck. All solutions in the experiments are prepared with ultrapure water
(Milli-Qwater) from a Millipore Milli-Q system (Bedford, MA, USA). All the materials are of

analytical grade and are used directly without further purification.

3.2.2 Preparation of MoS; Nanostructures

3.2.2.1 Preparation of MoS; without using reducing agents

0.08 M of AMT and 1.13 M of thiourea are dissolved in de-ionized (DI) water under continuous
stirring for 30 minutes. The resulting solution is then put in a 50 mL Teflon-lined stainless-
steel autoclave at a temperature of 230 °C for 24 hours. Then it is allowed to cool down to room

temperature. The finally obtained product is collected by centrifugation and washed several
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times using water and ethanol. The precipitates are then vacuum dried at 140 °C for 8 hours.
The reactions which occur during the above procedure are written as follows:

CH,N,S + 2H,0 - CO, T +2NH; T +H,S 1 (3.1)
(NH,)¢Mo,0,,.4H,0 + 28H,S + 8NH; —» 7(NH,),MoS, + 28H,0 (3.2)

This Sample is labeled as-prepared MoS, sample.

3.2.2.2 Preparation using HH as a reducing agent (MoS;HH)

0.08 M of AMT and 1.13 M of thiourea are dissolved in dI water under continuous stirring for
30 minutes. 2 mL HH is added to the above-prepared solution while stirring only. An acidic
pH of 5 is maintained using dilute HCL. The resulting solution is then put in a 50 mL Teflon-
lined stainless-steel autoclave at a temperature of 230 °C for 24 hours. Then it is allowed to
cool down to room temperature. The finally obtained product is collected by centrifugation and
washed several times using water and ethanol. The precipitates are then vacuum dried at 140

°C for 8 hours. The reactions which occur during the above procedure are written as follows:

CH, N,S + 2H,0 - CO, T +2NH; 1 +H,S 1 (3.3)
(NH,)¢M0;0,,.4H,0 + 28H,S + 8NH; — 7(NH,),MoS, + 28H,0 (3.4)
(NH,),MoS, + 2N,H, — MoS, + N, T +2(NH,),S (3.5)

The sample is labeled as MoS;HH.

3.2.2.3 Preparation using CA as a reducing agent (MoS,CA)

0.08 M of AMT and 1.13 M of thioureaare dissolved in DI water under continuous stirring for
30 minutes. 0.44 M of CA is added to the above solution while stirring only. The resulting
solution is then put in a 50 mL Teflon-lined stainless-steel autoclave at a temperature of 230
°C for 24 hours. Then it is allowed to cool down to room temperature. The finally obtained

product is collected by centrifugation and washed several times using water and ethanol. The
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precipitates are then vacuum dried at 140 °C for 8 hours. The reactions which occur during the

above procedure are written as follows:

CH, N,S + 2H,0 - CO, T +2NH; 1 +H,S 1 (3.6)
(NH,)¢M0;0,,.4H,0 + 28H,S + 8NH; » 7(NH,),MoS, + 28H,0 (3.7)
50, + 2N, + 2C4Hg0, + 2(NH,),Mo0S, — 2MoS, + 12C0, + 4(NH,),S (3.8)

This sample is labeled as MoS,CA.

Equation (3.1), (3.3), and (3.6) shows the sulfurated reaction, equation (3.2), (3.4),
and (3.7) shows the formation of an intermediate product (NH4)2MoS4 while equation (3.5)
and (3.8) shows the final reduction step of (NH4)2MoS4 which leads to the formation of MoS..
Both these steps that are sulfurization and reduction are important for the formation of single-
phase MoS; nanostructures without any presence of MoO, or MoOs intermediate phases [25]
and to remove intercalated NH3 ions between MoS; layers due to the production of excess
ammoniain equations (3.5) and (3.8), respectively [24]. The final reduction step does not take
place in the case of the as-prepared sample as no reducing agent is present to reduce
(NH4)2MoS, due to which pure MoS; phase cannot be obtained as shown XRD pattern in Fig.
3.2. G Nagaraju et al [25] have reported the formation of MoS; nano bundles using CA as a
reducing agent using a different sulfur source. However, temperature and time play a huge role

in controlling the morphology in the hydrothermal synthesis of MoS; nanostructures.

3.2.3 Preparation of MoS;-based electrode for electrochemical Studies
MoS; is known to have an excess of surface negative charge [26, 27], therefore stable films of
it can be made by applying an electric field to its stable colloidal suspension in between two

electrodes. The electrophoretic method of film deposition offers many advantages like
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smoothness, homogeneity, uniformity, and economic viability, therefore has been chosen for
film formation [28, 29].

MoS;HH and MoS,CA are separately dispersed in DI water, acetone, ethanol, and
acetonitrile with a concentration of 1 mg mL? and sonicated in an ultrasonic bath for 30
minutes at room temperature. The dispersion of solutions for both the samples is shown in Fig.
3.1. It is observed that in DI water and ethanol, particles of samples are not uniformly and
homogenously spread throughout the solution but rather get settled at the bottom. Films using
electrophoretic deposition (EPD) are made using dispersions in acetone and acetonitrile.
However, films for samples dispersed in acetone could not be uniformly formed, whereas films
could be easily formed for samples dispersed in acetonitrile, hence conditions are optimized

for dispersion of samples in acetonitrile.

(@) (b) © @ (@ ® (g )

Fig. 3.1: Dispersion solution of (a) MoS;HH in DI water (b) MoS,CA in DI water (c) MoS;HH
in acetone (d) MoS,CA inacetone (e) MoS;HH in ethanol (f) MoS,CA in ethanol (g) MoS;HH
in acetonitrile (h) MoS,CA in acetonitrile

Hence, MoS;HH and MoS,CA are separately dispersed in Acetonitrile with a

concentration of 1 mg mL™ and sonicated in an ultrasonic bath for 30 minutes at room
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temperature. This solution is then poured into a 2-electrode cell comprisinga copper (Cu) rod
at which the working electrode (WE) is clipped and a platinum (Pt) rod as the counter electrode
(CE). Indium tin oxide (ITO) coated glass slide of dimension 2.5 cm x 1 cm is used as a
conducting substrate for depositing films of MoS,. ITO is attached to WE and put in the
solution. Positive polarity is applied to WE and negative polarity is applied to CE. Under a
potential of 40 V, negatively charged MoS; particles move towards ITO, and filmsare formed
by the deposition of MoS; particles at the electrode-suspension interface. Films are deposited

inan area of 1 cm x 1 cm by EPD.

3.3 Results and Discussion

This section discusses the results of the characterization studies performed to confirm the
formation of MoS, nanostructures and the subsequent electrochemical properties that have
been investigated.

3.3.1 Characterization of samples and instrumentation

Various techniques have been utilized to characterize synthesized samples. X-ray diffraction
(XRD) patterns have been recorded using a Bruker D8 Advance facility with Cu K, radiation
of wavelength 1.514 A. Field emission scanning electron microscopy (FESEM) is done using
the TESCAN model LYRA 3 XMU and is used to examine the morphology of samples. Raman
spectraare measured using a WITec Raman spectrometer with an excitation wavelength of 532
nm. JEOL transmission electron microscope (TEM) is used to record morphological images.
Elemental analysis of synthesized samples is carried out using energy dispersive X-ray
fluorescence (EDXRF) technique, using Epsilon 5, PANalytical, and CHNS elemental analysis
using Vario Micro Cube Elemental Analysensysteme Germany. The electrochemical
measurements are done at room temperature by a Metrohm Autolab Potentiostat/Galvanostat

using Nova software. The conventional three-electrode electrochemical cell is used for
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electrochemical measurements using MoS,/ITO as the WE, platinum (Pt) wire as the CE, and
silver/silver chloride (Ag/AgCl) electrode (in 3 M KCL) as the reference electrode. PBS
solution (pH 7.0) containing 5 mM of [Fe (CN)s]®’* and 0.9% NaCl is used as a supporting

electrolyte.

3.3.2 Structural study of MoS; nanostructures using XRD

Fig. 3.2 shows XRD patterns of samples prepared without using any reducing agent (as-
prepared sample) and with reducing agents which are (MoS;HH) and (MoS,CA). Identified
peaks for MoS;HH and MoS,CA can be indexed to hexagonal MoS; (2H MoS;) with JCPDS
card no. 37-1492. A low intensity broadened (002) peak around 11° corresponds to low
crystallinity of the as-prepared sample and the Peaks (100) and (103) are also not
distinguishably visible. Also, the (110) peak is shifted slightly left in comparison to MoS
samples prepared using reducing agents. From here it can be concluded that this sample
prepared without using any reducing agents is not having a pure crystalline phase of MoS; and
hence further studies are not carried out on this sample. For the other two samples which are
prepared using reducing agents, the peaks are found to be broadened and have a weak intensity
which is due to a decrease in size as compared to bulk MoS,. 002 peak which corresponds to
periodicity along the c¢ direction is observed to be of less intensity and is broadened which
shows that the sample isin the nano range, however, its presence in both the samples (MoS;HH
and MoS;CA) indicates that MoS; formed is not monolayer, rather stacking of large no. of
layers [25, 30]. Also, the (002) peak which appears at 14.4° in the case of bulk MoS:is shifted
slightly towards the low angle side (13.57°) indicating an expansion towards the (001) direction
[31]. (002) peak arises because of interlayer Mo—Mo scatteringand it can be seen that sample
MoS;HH has a relatively strong and sharp (002) peak in comparison to MoS,CA, indicatinga

formation of well crystalline MoS;HH with ordered stacking along the c-axis [32].
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XRD data were analyzed using XPowder software for structure determination. The best
matching of peaks for both the samples was observed for hexagonal structure. Lattice
parameters a, b and c are found using XPowder software and their values are given as shown
in Table 3.1, concerning the JCPDS value. Crystallite size is calculated for both the samples
using the Debye-Scherrer formula given by equation 3.9 [33]

__ 097
- BcosO

(3.9)

Where t is the crystallite size (average crystallite diameter), A is the X-ray wavelength i.e.
1.54064 A, K is the shape factor (0.9), B is the line broadening at half the maximum intensity
(FWHM), 6=26/2, i.e. the Bragg Angle (in radian). The average crystallite size is found to be

2.69 nm and 2.73 nm for MoS;HH and MoS,CA samples respectively.
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Fig. 3.2: XRD patterns of as-prepared MoS;, MoS;HH, and MoS,CA
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Table 3.1: Lattice parameters of two samples calculated using X-Powder software

Lattice Parameters | JCPDS (37-1492) MoS;HH MoS,;CA
a 3.1612A 3.135A 3.111A
b 3.1612 A 3.135 A 3.111A
c 12.2985 A 12.998 A 13.654 A

Volume of unit cell 106.43 A3 110.63 A3 114.44 A3

3.3.3 Morphological investigations using FESEM
The morphology of MoS; nanostructures formed using two different reducing agents HH and

CA is shown in Fig. 3.3 a, b, and c and Fig. 3.3 d, e, and f respectively.

50(
00 nm 500 nm

Fig. 3.3: FESEM Image of MoS; nanostructures (a, b, c) MoS;HH (d, e, f) MoS,CA
At lower magnification [Fig. 3.3 (a) and 3.3 (d)] flowers constituting a huge no. of

nanopetals/nanosheets which are curled and stacked up together can be seen for both the
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samples. At higher magnifications [Fig. 3.3 (b), 3.3 (c), 3.3 (e) and 3.3 (f)], these nanosheets

are seen to be growing in all directions rendering an uneven surface morphology.

3.3.4 Qualitative analysis of the layered structure using Raman spectroscopy

Fig. 3.4 shows Raman spectra of MoS;HH and MoS,CA excited by a laser source having a
wavelength of 532 nm. The Raman Spectrum of MoS; has two main peaks: an in-plane (E*2g)
mode located around 383 cm™ and an out-of-plane mode (Aig) located around 407 cm™?

corresponding to 2H-phase.
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Fig. 3.4: Raman Spectra of MoS;HH and MoS,CA
The difference (A) between (E'zg) and (Aig) modes can be used to estimate the layer

number of MoS; nanosheets [34, 35]. This value A is around 18 cm™ for monolayer and
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approximately equal to 25 cm™ for multilayer MoS; [36, 37]. For MoS;HH, (E',g) mode lies
at 382.68 cm™,and (Aig) mode lies at 405.82 cm™ leading to wavenumber Separation (A) of
23.14 cm®, while for MoS,CA (E',g) mode lies at 385.25 cm™ and (A1g) mode lies at 410.96
cm? leading to wavenumber Separation (A) of 25.71 cm™. Also, the Raman frequencies (E';g)
and (Ayg) peaks vary repeatedly with the number of layers of MoS, nanosheets, whereas
intensities and widths of the peaks vary arbitrarily. Although the calculated A value shows the
non-existence of one layer (1L), two layers (2L), three layers (3L) or four layers (4L) but the
presence of stacked structures constituting more than four layers [38, 39]. With the increase in
the number of layers, atomic vibrations are suppressed by Van der Waals forces leading to a
higher force constant and blue shift of (A1g) mode [23]. Here, a blue shift in (Aig) mode of
MoS,CA confirms higher stacking height in comparison to MoS;HH which is evident from

TEM (Fig. 3.5) images as well.

3.3.5 Morphological investigations using TEM

TEM analysis is carried out by sonicating dispersions of both samples in ethanol and loading
asingle drop on the TEM copper grid. From the TEM images (Fig. 3.5) it can be observed that
layered nanosheets can be observed for both samples. However, for MoS;HH these sheets are
in tight contact with each other making the nanosheet film more stable, while for MoS,CA the
nanosheets are not tightly packed together. An increase in stacking height of MoS,CA is also
evident from the blue shift of A;g mode in the Raman spectrum. Both HH and CA act as a
reducing agents to reduce the oxidation state of Mo (VI) to Mo (IV), but besides this CA also
acts as a surfactant to grow nanosheets in a particular way. Such a kind of morphological
directionto nanostructures by CA has also been reported for MoO- nano discs [40]. In another
work, the effect of CA on the growth of ferric oxide was studied, where the size of nanoparticles

decreases with an increase in the concentration of CA [41]. This happens because the
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adsorption of surfactant molecules hinders the growth of Fe,Os nanoparticles. The same thing
is perhaps happening in our case where, CA molecules are attached to the layers of MoS;
nanostructures not allowing them to form tightly packed structures, as seen in TEM images.
Therefore, sheets obtained here for MoS,CA are of small lateral length, growing randomly and

increasing the overall stacking height of layers.

\~
N100 nm

A
-

Fig. 3.5: TEM image (a) MoS;HH at 100 nm (b) MoS,CA at 100 nm (c) MoS;HH at 20 nm

(d) MoS,CA at 20 nm

3.3.6 EDXRF
The purpose of this technique is to determine the Molybdenum (Mo) elemental composition of

samples. MoS;HH and MoS,CA samples are mixed with boric acid to form a pellet by applying
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a pressure of 5 tons for 10 seconds. The elemental composition of Mo is listed in Table 3.2 for

MoS,HH and MoS,CA.

3.3.7 CHNS

To identify the sulfur (S) content present in synthesized MoS; samples and the presence of
other impurity elements like carbon (C), hydrogen (H), and nitrogen (N), a CHNS analysis is
done. The elemental percentage for the above-stated elements is given in Table 3.2. It can be
seen that elemental N impurity in MoS;HH ismore in comparison to MoS,CA, while elemental
C impurity in MoS,CA is more than in MoS;HH, which indicates that HH is a source of more
N impurity in MoS;HH, while CA is the source of C impurity in MoS,CA. Total C, H, and N
contamination is 7.59% and 5.06% in MoS;HH and MoS,CA respectively.

Table 3.2: Elemental composition of MoS;HH and MoS,CA determined using EDXRF and

CHNS elemental analysis

Elemental Mo S C H N
Percentage | (from (from (from (from (from
EDXRF) CHNS) CHNS) CHNS) CHNS)
MoS;HH 64.41% 28.01% 1.35% 1.86% 4.38%
MoS,CA 61.30% 33.64% 3.14% 0.95% 0.97%

3.3.8 Electrochemical Studies

To examine the electrochemical properties of MoS;, samples prepared using two different
reducing agents, EIS, CV, and differential pulse voltammetry (DPV) are conducted. Electrodes
are made by deposition of prepared samples on ITO and are labeled as MoS,HH_ITO and
MoS,CA _ITO. For these studies mentioned above three-electrode cell is taken in which

prepared electrodes are employed as WE and their electrochemical studies are recorded. The
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electroactive surface area and the HET rate constant are the main factors that determine the

electrochemical performance and hence are found using these analytical techniques.

3.3.8.1 Electrochemical analysis using EIS and determination of HET rate constant

EIS is done in a frequency range of 10° Hz to 0.1 Hz at a set potential of 0.01 V. Semi-circular
diameter in the case of MoS;HH is smaller in comparison to that of MoS,CA giving an R
value of 150 Q and 456 Q respectively (Fig. 3.6). Larger resistance is offered to electrons in
the case of MoS,CA which may be due to the larger height and irregular orientation of
nanosheet arrays as observed in TEM images (Fig. 3.5) and confirmed from Raman spectraas
well. Whereas, MoS;HH has stacked nanosheets, therefore, decreasing the overall distance that
electron has to travel to reach conducting ITO substrate. HET constant (K,) can be calculated

using the equation 3.10 [16]

K,=—1 (3.10)
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Fig. 3.6: Nyquist plot of MoS;HH_ITO and MoS,;CA_ITO using EIS technique

Ph.D. Thesis (Ritika Khatri) 79



Chapter 3

Where, Risthe universal gas constant, T is room temperature (25 °C), n is the no. of electrons
transferred in the redox event, F is Faraday’s constant, and A is electroactive surface area (in
cm?), C is the bulk concentration of the analyte. From here we can calculate the value of K, for
MoS;HH as 0.69 x 10 cm s for A (51.38 mm?, as calculated using CV) and K, for MoS,CA

as 0.38 x 10 cm s for Ac (30.70 mm?, as calculated using CV).

3.3.8.2 Electrochemical analysis using CV and determination of the electroactive surface
area

CV studies are done in a potential window of -0.6 \V to 1.5 V at a scan rate of 50 mV s (Fig.
3.7). For MoS;HH value of peak current in the positive direction of voltage scan is found to be
546.17 pA at a potential of 0.693 V while the peak current in the negative direction of voltage
scan is -545.53 pA at a potential of -0.176 V. While for MoS,;CA same peak currents in two
directions of the potential scan are found to be a little lesser with a value of 504.15 YA at a
potential value 0.544 V and -523.5 YA at a potential of -0.119 V. Scan rate study for both the
samples is done using CV by varying the scan rate from 10 mV s* to 150 mV s (Fig. 3.8).
Fig. 3.9 shows the variation of peak anodic current (ip.) and peak cathodic current (ipc) with the
square root of scan rate which is a straight line showing that the process is diffusion-controlled
[42, 43]. By diffusion controlled we mean that the electron transfer takes place between
electrode and electrolyte solution and not by adsorption of analyte on the electrode surface. For
both the samples, the electron transfer process is found to be diffusion controlled and can be

fitted by the equations given as

I,q(MoS,HH) = 0.14137mA + l(0.05639mA X /%) X (\/Scan Rate mTV)l (3.11)

R?=0.99

I,c(MoS,HH) = —0.08271mA + l<—0.07165mA X /%) X (\/Scan RatemTV>l (3.12)
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R?2=0.99

Iyq(MoS,CA) = 0.14366mA + [<0.03369mA X ’%) X <\[Scan Rate%)l (3.13)

R?2=10.99

I,c(MoS,CA) = —0.07235mA + l<—0.07525mA X /miv) X (\[ScanRate mTVﬂ (3.14)

R?=0.99

Here, R is correlation coefficient

The peak current for a reversible couple is given by the Randles-Sevcik equation (3.15) [44]

(3.15)

ip = 0.446nF A,C |(*222)

RT
Where,

n is the no. of electrons transferred in the redox event, F is Faraday’s constant, A¢ is
electroactive surface area (in cm?), v is scan rate (in V s?), D, is diffusion coefficient of
oxidized analyte (in cm? s?), C is the bulk concentration of analyte, R is the universal gas
constant, T is room temperature (25 °C). By substituting the value of Faraday’s constant as

96485 C/mol, the value of T as 25 °C and R as 8.314 J K* mol™* equation (15) is reduced to

i, = 2.69 X10°n3/24,C,/D,v (3.16)

Now, by substituting the values of 2 from the slope of equations 3.11 and 3.13, the number
Vo

of electrons transferred (n =1 for Ferro/Ferri), D, (0.667 x 10° cm? s for ferrocyanide [45],
which is an oxidized analyte for our system), C (5 x 10® mol cm3®), the A of MoS;HH
electrode can be calculated as 51.38 mm?, while for MoS,CA it is 30.70 mm?. The value of
Ipa/lpc=1.001, for MoS;HH, which is very close to unity shows that the redox system is nearly

reversible, however, its value for MoS,CA is 0.96 which shows that system is semi-reversible.
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3.3.8.3 Electrochemical analysis using DPV

DPV studies are conducted in the same electrochemical cell with the same redox probes as

used in CV with a step potential of 0.005 V in a potential window of 0 V to 0.6 V with a scan

rate of 10 mV s (Fig. 3.10).
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Fig. 3.10: Differential pulse voltammograms of MoS;HH_ITO and MoS,CA_ITO
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For MoS;HH peak current value is 72.02 pA which is reached at a potential of 0.33 V,
while MoS,CA shows peak current at 63.78 WA reaching at a potential of 0.28 V. The results
are similarto that of CV, but in this case, it can be seen that the difference is more amplified,
the reason being in DPV we take a differential pulse which results in an enhanced response.

A higher current value (in CV and DPV) and lower resistance (EIS) for MoS;HH is
caused by increased effective surface area for HET, due to its highly dense, closely packed
nanosheet structure. The stacking height of layers is more in the case of MoS,CA as seen in
TEM images (Fig. 3.5) whose confirmation is given by the Raman spectrum as well. More
stacking height of layers increases the diffusion distance of electrons which in turn increases
the resistance value and decreases the current response as observed in EIS, DPV, and CV
respectively.

It can also be observed that the difference between signals for two samples is maximum
observable in EIS (67%) in comparisonto DPV (13%) and CV (8.33%) (shown in Table 3.3).
This can be attributed to the layered structure of MoS; and excess negative charge on the
surface of MoS, which repels the negative redox probe and hinders the electron transport
between the redox couple and electrode surface [23, 32]. Table 3.4 shows the values of various

electrochemical parameters obtained using EIS and CV.

Table 3.3: Percentage change between results of different electrochemical techniques

Rt (EIS) ip (CV) ip, (DPV)

MoS;HH_ITO 150 Q 546.17 HA 72.02 pA

MoS,;CA_ITO 456 Q 504.15 pA 63.78 A
Percentage Change 67% 8.33% 13%
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Table 3.4: Comparison of parameters calculated using, various electrochemical techniques

Electroactive Diffusion
HET constant Electrochemical
surface area | controlled
(Ko) reversibility
(Ae) process
ipalipe=1.001
MoS;HH_ITO | 0.69 x 10° cm s 51.38 mm? Yes
~Reversible
ipalipc=0.96
MoS,CA ITO | 0.38 x 103 cm s 30.70 mm? Yes
Semi reversible

3.4  Conclusion

MoS; nanostructures are synthesized using a simple, one-step hydrothermal method by
reducing MoS; using HH and CA. Sample reduced using HH is found to exhibit a higher
electroactive surface area (51.38 mm?) and HET constant (0.69 x 10 cm s) thus imparting
better electrochemical properties which can be utilized for electrochemical sensing applications
where an increase or decrease in currentor resistance value can confirm the attachment of gas
or biomolecules. Overall, diffusion distance is increased in the case of MoS; sample reduced
using CA which is due to stacking of layers confirmed by, the blue shiftin A;4 peak in Raman
spectraand visible morphology from TEM images which renders ita low electroactive surface
area (30.70 mm?) and low heterogeneous electron transfer constant (0.38 x 10 cm s?t). We
believe that MoS; synthesized using HH can be further explored for its applications in sensing
owing to its high electroactive surface area, good HET, and nanosheets-like structure
increasing the total surface area for the loading of bio or gas molecules. It can also be concluded

that EIS is a better technique for observing measurable differences in layered materials.
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Chapter 4
Electrochemical Study of reduced graphene oxide (rGO) Modified
MoS, Layered Nanosheets for Detection of Lung Cancer

Biomarker

This work presents an electrochemical biosensor for sensitive, specific, and rapid
detection of lung cancer biomarker, neuron-specific enolase (NSE) by utilization of rGO
modified MoS, multi-layered nanosheets as a matrix. Layered structures along with the
synergetic effect of MoS; and rGO allow easy grafting of two materials into one another. This
empowers the sensor to have a heterogeneous rate transfer constant of 1.29 x 102 cms* and
an electroactive surface area of 27.83 mm?. Electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) are used as dual modes for the detection of NSE and the sensor
exhibits a wide linear detection range. The sensor is found to be reproducible with a relative
standard deviation (RSD) of less than 5% along with an invariant response towards other
endogenous interfering species found in human serum. The investigations done in this study

will further help us to fabricate a device for rapid and early detection of lung cancer.

This work is published as: Ritika Khatri and Nitin K. Puri. ""Electrochemical
biosensor utilizing dual-mode output for detection of lung cancer biomarker
based on reduced graphene oxide-modified reduced-molybdenum disulfide
multi-layered nanosheets.” Journal of Materials Research (Springer) 37 (8),

(2022): 1451-1463.
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4.1 Introduction

Cancer poses a serious life threat to the human race [1]. Amongst, different types of cancers,
lung cancer is found to be the major cause of cancer mortality in men, while it is the second
major cause of cancer-related deaths in women with the first major cause being breast cancer
[1]. Smoking, use of tobacco, and air pollution are found to be some of the major reasons for
lung cancer and only 10% to 20% of people are found to survive after 5 years of diagnosis in
most countries [1]. To ensure effective and timely treatment and thus alleviate the contribution
of lung cancer towards a high rate of mortality across the world, early detection of this cancer
is critically important. Conventional techniques that are being used for the detection of cancer
i.e., computed tomography (CT), chest radiography, biopsy, and magnetic resonance imaging
(MRI) are accompanied by many disadvantages like limited availability, heavy machinery
involved, the skill required for their operations, high cost, etc., which make it very challenging
to use them in true essence for early and easy detection of lung cancer. Thus, alternative and
non-cumbersome strategies are required for early detection, to suppress the elevation of
cancerous cells in the body at the initial stage. Electrochemical immunosensors have steadily
gained ground in the last decade, all thanks to a large number of advantages which they proffer
like a fast response, real-time monitoring, the minimal requirement for pre-processing of the
sample, high sensitivity, low sample requirement, and high specificity to name a few [2, 3].
Since the over-expression of cancer protein biomarkers can be closely related to the
development or occurrence of cancer, therefore sensitive and specific detection of these
biomarkers at an early stage can reduce the mortality rate.

Neuron-specific enolase (NSE) is found to be expressed in high concentrations in
patients suffering from small cell lung cancer (SCLC), which makes it a highly specific and
sensitive biomarker [4, 5]. A concentration value greater than 12 ng mL? is found in serum

for the target biomarker (NSE) in the case of 69% of patients diagnosed with small cell lung

Ph.D. Thesis (Ritika Khatri) 90



Chapter 4

cancer (SCLC) [6]. SCLC has a poor prognosis in comparison to other types of lung cancer
which necessitates its specific detection at an early stage [5]. Since NSE is overexpressed in
serum in case of malignant proliferation of cells leading to SCLC [7] therefore, NSE can be
used for diagnosis, prognosis, progression of the disease, and follow-up of SCLC (treatment
efficacy) [8]. SCLC has two clinical stages namely limited-stage disease (LD) and another one
is extensive-stage disease (ED) [7]. The serum NSE level is raised to 13.8 ng ™-and 59 ng mL-
Lin LD and ED patients respectively [6]. Further, it can be used to check if a patient is
responding to cancer treatment or not [6]. Several appreciable reports are available for the
detection of NSE using electrochemical techniques. For instance, Han et al reported the use of
gold (Au) nanoparticles functionalized graphene-based biosensor for detecting NSE in the
range of 0.001 to 100 ngmL™ [4]. Yin et al utilized the synergistic effect of multi-walled carbon
nanotubes (MWCNTSs) with metal nanoparticles like Au and palladium (Pd) for realizing an
electrochemical biosensor in the linear detection range of 0.001 to 100 ng mL"* for NSE [9].
Zhang and co-workers employed another carbon-based nanomaterial that is reduced graphene
oxide (rGO) along with polyaniline (PANI) on a gold electrode for detection of NSE in a linear
range of 0.5 pg mL* to 100 ng mL* with an Ag incubation time of 40 minutes [10]. Wang et
al used polyresorcinol nanocomposite with Au and Platinum (Pt) for detecting NSE, with an
optimized incubation time of 50 minutes [11]. Fu and co-workers synthesized catalysts based
on Pt nanoflowers and obtained a pseudo-linear relationship between the log of NSE
concentrations and cyclic voltammetry (CV) currents [12]. However, the commercial
realization of these platforms is impeded by the high cost of metal nanoparticles like gold,
palladium, platinum etc, or usage of gold electrode for fabrication of biosensor, beating the
essence of making an electrochemical biosensor. This also shows that still, a considerable room

is available for the development of new biosensors and exploration of different nanomaterials
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and substrates to reduce the cost and simultaneously have great electrochemical parameters

with enriched activity for early detection of NSE.

MoS; is a widely explored material for various applications including biomarker -based
biosensing due to its layered structure, a high value of heterogeneous electron transfer (HET)
constant along with large electroactive surface area [13, 14]. However, the non-availability of
any pristine functional groups limits its capability to attach biomolecules onto it, therefore
causing unspecific interaction with analytes. The absence of any dangling bonds promotes
physisorption in place of chemisorption, which may be suited when fast response and recovery
are required. However covalent linkages are more suitable when biomolecules are immobilized
and tested in buffer saline solutions as discussed in chapter 1 [15, 16]. Thus, the use of MoS;
in its pristine form is hindered in biosensors. However, an enriched surface-to-volume ratio
and its synergistic effect with most of the materials including polymers, carbon nanomaterials,
metal nanoparticles, metal oxides, etc provide leeway in its surface modification and chemical
functionalization [14]. Hence, the incorporation of functional groups can provide reactive sites
for covalent linkage on biomolecules in turn enhancing the sensitivity and specificity. Reduced
graphene oxide (rGO) which has abundant functional groups like hydroxylate and carboxylate
can provide sites for covalent linkages of biomolecules, providing an alternative for the
functionalization of MoS; and harnessing the sensitivity and specificity of the device [17]. The
utilization of bare rGO as an electrode material is prohibited by the fact that the layers tend to
stick together and cause aggregation to reduce the free energy [18]. Both MoS; and rGO are
2D nanomaterials which impart them the capability to load more and more biomolecules onto
them owing to their high surface-to-volume ratio. Thus, a new gateway is provided to the
potential use of various nano-composites like MoS,-rGO for the detection of various protein
biomarkers. There are innumerable reports available on the utilization of rGO modified MoS>

based matrix as a sensing platform for the detection of many potential biomarkers, various
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organic as well as inorganic molecules [13, 19-21]. However, there is no such report available
on the employment of rGO modified MoS, multi-layered nanosheets-based matrix utilizing
dual modes for electrochemical detection of NSE.

Therefore, in this work, we explored for the first-time employment of rGO modified
MoS; multi-layered nanosheets-based matrix for electrochemical detection of NSE, a potential
lung cancer biomarker using dual modes. Scheme 4.1 shows layers of MoS; bridged by rGO
which provides immobilization sites to biomolecules and also acts as conducting channels.
Dual-mode output is realized by electrochemical impedance spectroscopy (EIS) and CV
electrochemical techniques, which are used to assess the performance of the bioelectrode. The
rGO/MoS;-based bioelectrode is found to demonstrate a good sensitivity, a wide linear range
of detection, a low incubation time for attachment of NSE, colossal reproducibility, and
stability as well as specificity against various other endogenous interferents found in human
serum. Since both the cut-off values for LD and ED lie well within the linear detection range

of the fabricated bioelectrode, therefore it can be useful for early detection as well as detection

of SCLC at advanced stages.

Scheme 4.1: Pictorial representation of layers of MoS; bridged by rGO
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4.2 Experimental Details

4.2.1 Materials and solutions

The monoclonal anti-NSE antibody, NSE, N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide
hydrochloride) (EDC), N-hydroxysuccinimide (NHS), bovine serum albumin (BSA), and
ammonium molybdate tetrahydrate [(NH4)sM07024.4H,Q] are the products bought from
Sigma-Aldrich. While thiourea (CH4N.S) is purchased from SRL. Some chemicals are
procured from Thermo Fisher Scientific like hydrazine hydrate (HH), sodium chloride, and
potassium Bromide. Concentrated hydrochloric acid is bought from RFCL limited. Other
chemicals include acetonitrile, potassium hexacyanoferrate (Il) trihydrate/ potassium
ferrocyanide [KsFe(CN)s.3H20], potassium hexacyanoferrate (I11)/ potassium ferri cyanide
[KsFe(CN)s], di sodium hydrogen diphosphate dihydrate (Na;HPO..2H;0), and sodium
dihydrogen phosphate dihydrate (NaH2PO4.2H,0) are all purchased from Merck. A millipore
milli-Q system (Bedford, MA, USA) is used to obtain milli-Q water for the preparation of the
solutions which are used for various experiments. Potassium permanganate (KMnO,) and
orthophosphoric acid (H3PO.) are purchased from Fisher Scientific. Tris hydrochloride (Tris-
HCI), magnesium sulfate (MgSO.), and potassium chloride (KCI) which serves as a buffer for
dilution of NSE are purchased from lobachemie and Thermo Fisher Scientific. The prepared

buffers are kept at 4 “C after preparation and brought to room temperature (RT) before usage.

4.2.2 In-situ preparation of rGO modified MoS, multi-layered nanosheets

Graphene oxide (GO) powder is prepared by improved Hummer’s method [22]. In brief,a 9:1
combination of H,SO, and H3PO;, is added to 1 g of graphitic flakes. After 15 minutes, 12 g of
KMnO; is added to the reaction mixture in small steps, and these reaction products are stirred
at 50 °C for 12 hours. After 12 hours the reaction is quenched, by adding ice and 2 mL of

hydrogen peroxide (H202). The suspension mixture is then washed with de-ionized (DI) water
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until its pH becomes 7. The obtained solid precipitate is filtered out and kept for drying in an
oven at 90 °C, overnight. Then, 40 mg of as-obtained dried powder of GO is dispersed in 20
mL of DI water and kept for ultrasonication for 1 hour. After 1 hour this dispersion is added to
the process of synthesis of MoS,, reported elsewhere [23]. Briefly, appropriate amounts of
ammonium molybdate tetrahydrate and thiourea are dissolved in DI water and 2 mL of HH is
added to this reaction mixture. A pH value of 5 is maintained using dilute HCI and then
dispersion of GO is added and this reaction mixture is left for stirring for 30 minutes. Then, the
reaction mixture is put in a hydrothermal autoclave and maintained at 230 °C for 24 hours.
Obtained black precipitates are washed using DI water and ethanol and are dried subsequently
in a vacuum oven. The reduction of GO to rGO occurs during reaction [24] due to the release
of H,S gas by thiourea and henceforth, rGO is introduced into the MoS; matrix in an in-situ
way. Also, the addition of HH aids the reduction of GO to rGO, along with the reduction of
(NH4)2Mo0S,4[25]. Scheme 4.2 shows the preparation steps of rGO modified MoS, (rGO/MoS)

multi-layered nanosheets in a pictorial way.

(NH,)Mo,0,,.4H,0 Other Reagents
(@ L Q (N;H, + HCD)

CH/N,S u—’ Water

GO Sheets

230 °C, Hydrothermal
24 hours Treatment

4

T mmon mm s o h s s mm s o s e s s s s =

: . _ S Dried and !
. Collected Sample K

Scheme 4.2: Pictorial representation of the hydrothermal synthesis of rGO modified MoS;

multi-layered nanosheets
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4.2.3 Preparation of electrochemical immuno-sensing platform for detection of lung
cancer biomarker

The electrochemical immuno-sensing platform is prepared by depositing rGO/MoS; on pre-
hydrolyzed indium tin oxide (ITO) coated glass substrates by electrophoretic deposition (EPD)
technique. Before deposition, a uniform dispersion (1 mg mL) of rGO/MoS; is prepared in
acetonitrile by ultrasonication. An assembly constituting platinum (Pt) as a counter electrode
(CE) and copper (Cu) as a connector to attach the working electrode (WE) is taken. ITO is
attached at Cu as our WE and these 2 electrodes are placed 1 cm apart in a glass cell. Prepared
dispersion is poured into the glass cell and films are formed on a geometrical areaof 1 x 1 cm?
by applying an optimized potential of 40 V for 120 seconds. The prepared filmsare left for air-

drying overnight.
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Scheme 4.3: Step-by-step preparation of BSA/anti-NSE/rGO/MoS,/ITO bioelectrode and
detection of NSE
The as-prepared rGO/MoS,/ITO electrode is loaded with an optimized concentration

(25 pg mL1) of anti-NSE antibodies. Before immobilization of antibodies, freshly prepared
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0.4 M EDC (coupling agent) and 0.1 M NHS (intermediate stabilizer) are aliquoted, which are
used for activating COOH groups on the rGO/MoS; matrix. Thereafter, 20 pL of antibodies of
NSE are uniformly spread onto rGO/MoS,/ITO electrode, which is then incubated in a humid
chamber for 5 hours. Following this period, the anti-NSE/rGO/MoS,/ITO electrode is washed
with plain PBS buffer (pH 7.4) to remove unbound anti-NSE antibodies. After this step, 10 pL
of BSA s attached for 1 hour, to prepare the final bioelectrode by masking any remaining
active sites. Prepared BSA/anti-NSE/rGO/MoS,/ITO bioelectrode is kept at 4 °C for future use.
Scheme 4.3 shows the step-by-step preparation of the bioelectrode. The covalent bonding
occurs by activation of the carboxyl group (-COOH) present on the matrix of rGO/MoS; by
EDC and NHS and the formation of a strong carbamide (CO-NH) bond with the amino (NH>)

group of anti-NSE antibody.

4.3 Results and Discussion

4.3.1 Characterization of Samples and Instrumentation

Various characterization tools are used to confirm the formation of samples as well as to
conduct biosensing studies. A Bruker D8 advance facility is used to record the X-ray diffraction
(XRD) pattern of samples. A WITec Raman spectrometer producing a wavelength of 532 nm
is used to record Raman spectra. Scanning electron microscopy (SEM) and elemental analysis
is done using Jeol Japan mode and Zeiss EVO 18. The Fourier transform infrared (FTIR)
spectroscopy measurements are done using Perkin Elmer spectrum two to identify the
functional groups present in samples. A Perkin EImer 4000 thermogravimetric analyzer is used
to study the thermal stability of prepared samples. WITec alpha 300 RA is used for atomic
force microscopy (AFM) to study various steps of fabrication of bioelectrode. A Metrohm
potentiostat/galvanostat (Multi Autolab M204) along with NOVA software is used for

recording all the electrochemical measurements.
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4.3.2 Results of characterization studies of the samples

4.3.2.1 Structural study of synthesized nanostructures using XRD

Fig. 4.1 shows the XRD pattern of synthesized graphene oxide (GO) and rGO/MoS,. XRD
pattern of GO shows a diffraction peak centered at 12.73° which confirms the successful
formation of GO by improved Hummer’s method [26]. The peak at 12.73° corresponds to a
spacing of 0.69 nm in between the layers, which is large in comparison to graphite and has an
interlayer spacing of 0.34 nm (20 =26.57°). An increase in interlayer spacing in GO indicates
the presence of oxygen-containing functional groups like ketonic and enolic groups [27, 28].
Using, the interlayer spacing and the crystallite size obtained from XRD data, the estimated
number of layers in GO is found to be ~7. The disappearance of the peak around 12.73° in

rGO/MoS; indicates the reduction of GO to rGO [29].
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Fig. 4.1: XRD pattern of GO and rGO modified MoS;
Peaks observed in the XRD pattern of rGO/MoS; at 13.91°, 33.27°, 39.62°, and 58.57°
are found to be matching with JCPDS card no. 37-1492 of MoS;. The absence of any additional

peaks indicates the incorporation of only rGO into MoS,, without any impurities being formed.
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A peak around 26.6° corresponding to rGO could not be observed, which indicates that rGO is
uniformly dispersed into layers of MoS; [30, 31] without altering the crystal structure of MoS;

[26].

4.3.2.2 Confirmation of layered structure using Raman spectroscopy

The Raman spectra of GO and rGO modified MoS; are shown in Fig. 4.2. Raman spectrum of
GO shows the D band at 1343.69 cm™ and the G band at 1583.12 cm™. The Ip/I value, which
corresponds to the ratio of the intensity of the D and G peaks, is calculated to be 0.99. The D
peak corresponds to the defect peak which arises due to intervalley scattering, or disorder,
while the G peaks arise from in-plane stretching of the C-C bonds present in graphitic structure
[30, 32]. Besides, the D and G bands, two overtones are also observed corresponding to 2D

and D+G peaks at 2697.25 cmand 2895.71 cm respectively.
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Fig. 4.2: Raman spectra of GO and rGO/MoS;
rGO/MoS; shows two peaks corresponding to El,q and Ay modes of MoS; at 380.77

cm™ and 405.97 cm respectively. The separation between E*,q and A1y modes can be used to
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identify the number of layers in MoS; [23]. A separation of 25.2 cm™ in our case pertains to
multi-layers of MoS; in rGO/MoS,. In addition to these peaks, the D and G bands
corresponding to rGO were also observed at 1348.92 cm™ and 1584.16 cm™. Also, the Ip/lc
value is found to be ~1.03 in rGO/MoSz. An increase in the value of Ip/lc for rtGO/MoS; in
comparisonto GO indicates the creation of new graphitic domainswhich are smallerinsize in
comparisonto those present in GO before reduction [33]. Also, an increase in Ip/lg value from

0.99 to 1.03 implies a successful reduction of GO in rGO/MoS; [34].

4.3.2.3 ldentification of functional groups using FTIR

The FTIR spectra of GO and rGO modified MoS; are shown in Fig. 4.3. Absorption peaks
which are seen in the case of GO are assigned to OH stretching (3436 cm™), C=0 carbonyl
(1705 cmt), aromatic C=C (1624 cm!), -C-O carbonyl (1366 cm), epoxy -C-O (1262 cm™),

-C-OH- (1235 cm™) and C-0 alkoxy (1098 cm™) [35, 36].
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Fig. 4.3: FTIR spectra of GO and rGO/MoS;
In the FTIR spectrum of rGO/MoS;, a peak corresponding to Mo-S vibrations is

observed at 619 cm® [37]. A decrease in the peak intensity of all the oxygen-containing
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functional groups as well as the disappearance of some groups like epoxy and alkoxy -C-O
indicates a successful reduction of GO into rGO [38, 39] in rGO/MoS,. Simultaneously the
presence of all the other functional groups also shows successful grafting of rGO into

multilayers of MoS; [40, 41].

4.3.2.4 Morphological study of modified nanostructures using SEM

Fig. 4.4 shows the morphology obtained for GO as well as rGO modified MoS..
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Fig. 4.4: (a) SEM image of GO and (b, c, d, &) SEM images of rGO modified MoS, multi-

layered nanosheets (f) Histogram of length distribution of rGO in rGO/MoS;
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Fig. 4.4(a) shows large, crinkled sheets pertaining to GO, with large lateral length and surface
area. At low magnification (Fig. 4.4(b) and 4.4(c)), nano units comprising layers of rGO, as
well as various irregularly shaped flowers of MoS,, can be observed. Further, at higher
magnifications (Fig. 4.4(d) and Fig. 4.4(e)) flowers of MoS, can be seen consisting of
numerous layers and nano rod-like structures of rGO are visible. rGO layers have a natural
tendency to scroll and curl up, because of the thermodynamic stability which accompanies
bending [42, 43]. The average length for rGO nanorods is calculated to be 1.66 pm by plotting
a histogram (Fig. 4.4(f)). This type of interconnected bridging network formed between rGO
and MoS; can provide conduction pathways for rapid transportation of electrons and can be
greatly beneficial for the formation of electrochemical sensors. The consonance of the multi-
layered nature of both GO and MoS; as affirmed by XRD and Raman, probably lead to the
unstinted grafting of rGO into the MoS; matrix. This also indicates the synergetic nature of

both materials.

4.3.2.5 Elemental analysis using EDX
Elemental analysis of GO and rGO/MoS; is done using EDX on different areas of the sample.

Fig. 4.5(a), 4.5(b), and 4.5(c) show some of the selected areas, and Table 4.1 shows the atomic

percentages of elements present in GO and rGO/MoS;.

Fig. 4.5: Selected area of (a) GO and (b, ¢) rGO modified MoS; multi-layered nanosheets for

elemental analysis using EDX
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EDX data shows the presence of carbon (C) and oxygen (O) in both GO and rGO/MoS;
along with molybdenum (Mo) and sulfur (S) contentin rGO/MoS.. The lower oxygen content
(20.60%) in rGO/MoS; in comparison to GO (31.68%) indicates the reduction of GO to rGO
[44].

Table 4.1: Atomic percentages for differentelements present in GO and rGO modified MoS;

multi-layered nanosheets

Element GO (Atomic %) rGO/MoS; (Atomic %)
C 66.95 45.40

0] 31.68 20.60

Mo - 16.585

S - 16.01

4.3.2.6 Thermal Analysis using TGA

Thermal stability of as-prepared samples is determined by TGA in presence of air with a
heating rate of 10 °C in the temperature range from 10 °C to 900 °C (shown in Fig. 4.6). The
thermal instability of GO is quite evident from Fig. 4.6 which shows a huge weight loss at 200
°C. This high weight loss could be due to the thermal decomposition of oxygen-containing
functional groups present in GO [33, 35]. On the other hand, it is observed that MoS, and
rGO/MoS; are found to have better thermal stabilities in comparison to GO. The TGA of MoS:
shows two steps of weight loss, (i) below 100 °C and (ii) between 300 °C to 550 °C, indicating
a weight loss of 46%. rGO/MoS; is found to exhibit weight loss in the range of 320 °C to 400
°C, after which the sample is found to be stable (with a weight loss of only 17%). Due to the
decrease in the number of oxygen-containing functional groups in rGO present in rGO/MoS;,

a sudden weight loss of around 200 °C is not observed; rather the modified matrix is rendered
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the highest thermal stability among all three samples. All three samples undergo a weight loss

below 100 °C due to the evaporation of adsorbed water molecules.
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Fig. 4.6: TGA curves of GO, MoS;, and rGO/MoS;

4.3.2.7 Analysis of various steps of preparation of bioelectrode using AFM

To assess the topography of the final bioelectrode, AFM images are recorded for various stages
of preparation of the bioelectrode. Fig. 4.7 shows the topographical image of (a)
rGO/MoS,/ITO (b) anti-NSE/rGO/MoS,/ITO and (c) BSA/anti-NSE/rGO/MoS,/ITO. The
topography varies from large clusters in Fig. 4.7(a) to small globules in Fig. 4.7(b) to larger
globules as observed in Fig. 4.7(c). The anti-NSE/rGO/MoS,/ITO electrode is found to have a
root mean square (RMS) roughness value of 0.80 nm, due to the smooth distribution of globular
antibodies onto rGO/MoS,/ITO, which itself has an RMS roughness value of 1.01 nm. The
BSA/anti-NSE/rGO/MoS,/ITO is found to have an RMS roughness value of 0.87 nm. An

increase in the value of RMS roughness of the bioelectrode in comparison to anti-NSE/
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rGO/MoS,/ITO could be ascribed to the attachment of BSA to block the non-specific binding
sites. The observable change in topography along with the RMS value of surface roughness

confirms the modification at each step of the preparation of the bioelectrode.

1029 nm () 691.7nm (b)

0 nm

0nm

Fig. 4.7: Topographical images taken using AFM of (a) rGO/MoS,/ITO (b) anti-

NSE/rGO/MoS,/ITO (c) BSA/anti-NSE/rGO/MoS,/ITO electrodes

4.3.3 Electrochemical studies

Investigation of the electrochemical performance of the as-prepared biosensor is done using
various electrochemical studies. All the EIS experiments are performed at a biasing potential
of 0.01 V and in the frequency range of 0.1 Hz to 100 kHz. The optimization of antibody
concentration, antigen incubation time, stability, and sensitivity study of bioelectrode is done
by CV in a potential bracket of -0.4 V to 1.2 VV at a 50 mV s scan rate. The EIS and CV studies
are done in 0.1 M phosphate buffer saline (PBS, pH 7.4) solution containing a 5 mM redox

probe [Fe(CN)g]3"*-.

4.3.3.1 Optimization of biosensing parameters
The concentration of antibodies to be attached to the rGO/MoS; matrix is optimized by varying
concentrations of anti-NSE antibodies from 10 to 100 pg mL™. CV studies [Fig. 4.8(a)] are

carried out and the peak current is found to decrease with the increase in concentration up to

Ph.D. Thesis (Ritika Khatri) 105



Chapter 4

25 ug mL?t. After 25 pg mL* a small increase in the value of current is observed for
concentrations 50 and 100 pg mL™. The minimum value of current for a concentration of 25
g mL? implies maximum attachment of antibodies, while for higher concentrations (50 and
100 pg mL1) an increase in current could be due to overcrowding of antibodies resulting in
lesser attachment to the surface. Thus, 25 ug mL is finalized for attachment of anti-NSE onto
the rGO/MoS,/ITO electrode. To optimize the time of incubation of NSE, 5 ng mL™ of NSE is
attached to the bioelectrode (BSA/Anti-NSE/rGO/MoS,/ITO). The incubationtime of NSE is
varied from 5 minutes to 30 minutes. The CV study is conducted and the peak current varies
with the variation of incubation time plotted in [Fig. 4.8(b)]. It can be seen that, with the
increase in time from 5 to 15 minutes, the current is found to be decreasing. However, after 15
minutes the current becomes nearly constant indicating that the maximum attachment of NSE
onto the BSA/Anti-NSE/rGO/MoS,/ITO has occurred. Henceforth, 15 minutes is finalized as

the time for incubation of NSE on the bioelectrode.
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Fig. 4.8: (a) Variation of CV peak current with the concentration of antibody attached on
rGO/MoS,/ITO electrode (b) Variation of peak current with the incubation time of antigen

NSE over BSA/Anti-NSE/rGO/MoS,/ITO.
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4.3.3.2 Electrochemical characterization and stability study of the modified electrode

EIS technique gives the Nyquist plot between the imaginary part versus the real part of the
impedance and the diameter of the semicircle thus obtained gives the value of charge transfer
resistance (Rc). To confirm the modification at various steps of preparation of the bioelectrode,
EIS measurements are done at each step and the attachment is readily probed by varying
Nyquist plots. Fig. 4.9(a) shows EIS curves of rGO/MoS,/ITO, anti-NSE/rGO/MoS,/ITO and
BSA/ANti-NSE/rGO/MoS,/ITO electrodes. The corresponding R values are found to be
211.69 Q, 12538 Q, and 147.75 Q for rGO/MoS,/ITO, anti-NSE/rGO/MoS,/ITO, and
BSA/anti-NSE/rGO/MoS,/ITO electrodes respectively. The variation in values of R at

different steps of modification confirms the attachment of moieties at the electrode surface.
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Fig. 4.9: (a) Electrochemical response of rGO/MoS,/ITO, anti-NSE/rGO/MoS,/ITO and
BSA/ANti-NSE/rGO/MoS2/ITO  electrodes, (b) Stability study of BSA/anti-
NSE/rGO/MoS,/ITO bioelectrode with 50 continuous CV cycles at scan rate 50 mV s* (c) Plot
of anodic peak current (ipa) with respect to CV cycles.

The Rt value is found to be lowest for the anti-NSE/rGO/MoS,/ITO electrode, which
may be due to the orientation of antibodies on the electrodes in such a way that the transfer of
electrons between the redox probe [Fe(CN)g]*7+ and the electrode is facilitated [45]. The value
of Rt for the BSA/anti-NSE/rGO/MoS,/ITO electrode increases when compared to that of the
anti-NSE/rGO/MoS,/ITO electrode because of the insulating nature of the BSA protein

molecule [46]. However the impedance offered to the flow of electronsis still balanced by the
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formation of an iron-binding complex between BSA and Fe present in the redox probe, which
leads to the formation of iron chelates facilitating the easy flow of electrons [47].
rGO/MoS,/ITO electrode is found to exhibit maximum resistance to the flow of electrons
which might be due to the presence of negatively charged carboxyl groups (COQO"), on the
rGO/MoS; matrix which repels the flow of electrons from the electrolyte to the electrode.
Demonstration of stability of the bioelectrode is done by scanning the BSA/anti-
NSE/rGO/MoS,/ITO electrode for 50 continuous CV cycles (Fig. 4.9(b)). 94% and 88% of the
initial current is still retained after the 5™ and 10" cycle respectively (Fig. 4.9(c)). Thus, the
bioelectrode demonstrates acceptable stability till the 10" cycle. This essentially unchanged
behavior of CV indicates that antibodies are stably immobilized onto the bioelectrode for 10
cycles. To acquire a better understanding of the electrochemical performance of the
bioelectrode, a scan rate-dependent study is conducted by varying the scan rate from 10 to 100
mV s (Fig. 4.10). The anodic peak current (ipa) is found to be varying linearly with the under
root scan rate, showing that the process is diffusion-controlled [48](Fig. 4.10, inset). The

equation of the linearly fitted curve is given by equation 4.1

, A ’ 4
lpa(BSA/anti—-NSE/rGO/MoS,/ITO) — 195.29 |.1A + 130.55 \[%/ X [|Scan ratemT (41)

R?=0.997
Various electrochemical parameters are also calculated like electroactive surface area (A¢), and
HET constant (Ko). The value of electroactive surface area (Ae) is calculated by using the slope
of equation 4.1 and Randles Sevcik equation (4.2) [23], [49]:

i, =2.69 X10°n3/24,C\/D,v (4.2)
here, iy is the peak current, n denotes the number of transferred electrons (which is equal to 1
for Ferro/Ferri), C denotes the concentration of redox-active species (5 mM), D, is the diffusion

coefficient (0.667 x 10° ¢cm?/s) [50] and v is the scan rate. Hence, the electroactive surface

Ph.D. Thesis (Ritika Khatri) 108



Chapter 4

area is determined to be 27.83 mm?2. Correspondingly, the HET constant (K,) is determined by

the equation (4.3) mentioned below [23]

Ky = 5o (4.3)

O n2F24.R;C
Where, F is Faraday’s constant (96,485 C/mol), R is the universal gas constant (8.314 J/K/mol)
and all the other parameters are the same as equation (3). And thus, using equation (4), the
value of K, is determined to be 1.29 x 103 cm s? for BSA/anti-NSE/rGO/MoS,/ITO

bioelectrode.
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Fig. 4.10: Scan rate dependent plot of BSA/anti-NSE/rGO/MoS,/ITO bioelectrode, inset
shows the variation of i,, of BSA/anti-NSE/rGO/MoS,/ITO bioelectrode with under root of

scan rate.
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Interestingly, the BSA/anti-NSE/rGO/MoS,/ITO bioelectrode is found to exhibit better
electrochemical parameters in comparison to various other electrochemical biosensors which
have been reported for detection of other biomarkers (Table 4.2). The superior behavior as
shown by our platform may be attributed to the synergistic nature and interconnected network
formed between MoS; and bridging rGO, which imparts more conduction pathways.

Table 4.2: Electrochemical parameters calculated for the prepared bioelectrode and its

comparison to other electrochemical sensors, reported in the literature,

Electroactive
Biomarker HET Constant
Platform Surface Area Reference
Detected (Ko, incm s?)
(Ae, in mm?)
EA/anti-
cTnl/APTES/WO;s;NRs/ cTnl - 4.47 x 10° [51]
ITO
BSA/anti-VD/Fe304-
Vitamin D3 3.8 1.55 x 10® [52]
PANNFs/ITO
BSA/anti-CYFRA-21-
CYFRA-21-1 2.58 3.77 x 1077 [53]
1/APTES/nYZR/ITO
BSA/anti-NSE/ Present
NSE 27.83 1.29 x 10°
rGO/MoS,/ITO Work

EA- ethanolamine, cTnl — cardiac troponin, APTES — (3-aminopropyl)triethoxysilane, WO3-
tungsten trioxide, NRs - nanorods, VD — Vitamin D, Fe3Os — iron oxide, PANnFs-
polyacrylonitrile nanofibers, nYZR — yttria-doped zirconia-reduced graphene oxide

nanocomposite
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4.3.3.3 Analytical performance of bioelectrode towards detection of NSE
The analytical performance of the prepared bioelectrode is recorded using EIS and CV
techniques. The concentration of NSE antigen is varied from 0.01 ng mL* to 200 ng mL™, as
shown in Fig. 4.11(a). Before the incubation of NSE, the bioelectrode is washed using plain
PBS (pH 7.4), to remove any unbound BSA on the surface of the bioelectrode. This s followed
by incubation of antigen onto the bioelectrode for an optimized time duration of 15 minutes.
This gives sufficient time to antigen for interaction with antibodies. The impedance is found to
be increasing with the increase in the concentration of the analyte. This occurs due to the
immuno-reaction between antibody and antigen, leading to the formation of an
immunocomplex. This leads to a decrease in the redox-active surface area and deaccelerates
the transfer of electrons from the redox probe [Fe(CN)g]*’* to the electrode surface. The
change in impedance can be directly correlated to the change in concentration of NSE.
Hence a calibration curve is plotted to determine the concentration of NSE antigen
(shown in Fig. 4.11(b)). The calibration curve is linearly fitted using the following equation

4.4 with the regression coefficient R? value equal to 0.96

QmL ,
R, =187.58Q + 3.80% X [Concentratlon of NSE (%)] (4.4)

The sensor is found to exhibit a linear variation in the range of 1- 200 ng mL™. The sensitivity
of the biosensor is determined using the slope of the calibration curve and it is found to be 3.80
Q ng* mL cm=. The lowest value which can be detected by using the EIS technique is 1 ng
mL*,

Further, an illustration of the reliability of the as-prepared bioelectrode is done by
studying its response to the variation of NSE concentration using the CV technique [Fig.
4.11(c)]. The bioelectrode displays a linear response in the range of 0.1 to 100 ng mL*, witha

sensitivity of 2.32 WA ng * mL cm2 with CV (Fig. 4.11(d)). The CV response calibration curve
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is linearly fitted using the following equation 4.5 with the regression coefficient R? value equal

to 0.97

. _ pAmL . ng

i (pA) = 636.67 pA + 2.32 v X [Concentratlon of NSE (E)] (4.5)
Oxygenated functional groups on rGO/MoS: assist the covalent immobilization of biological
entities onto the matrix. A large surface area along with the availability of oxygenated

functional groups empowers the bioelectrode to exhibit a wide detection range and manifesta

good sensitivity.
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Fig. 4.11 Response of BSA/anti-NSE/rGO/MoS,/ITO bioelectrode as a function of the
concentration of NSE (a) using EIS (c) using CV; Calibration plot BSA/anti-

NSE/rGO/MoS,/ITO bioelectrode (b) using EIS (d) using CV
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4.3.3.4 Reproducibility check of the bioelectrode

To check the reproducibility of the prepared BSA/anti-NSE/rGO/MoS,/ITO bioelectrode, EIS
and CV response is recorded for 4 electrodes prepared under similar conditions [Fig. 4.12]. All
4 bioelectrodes are tested for 10 ng mL™ of NSE antigen. The relative standard deviation (RSD)
value is found to be below 5%, which is in an acceptable range, indicating that the sensor is
reproducible. The covalent binding of biomolecules onto the bioelectrode attributes to the

reproducibility of the sensor.
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Fig. 4.12: Reproducibility check of BSA/anti-NSE/rGO/MoS,/ITO bioelectrode by preparing

4 different bioelectrodes under similar conditions using dual modes (a) EIS (b) CV

4.3.3.5 Specificity study of the bioelectrode

The specificity of the prepared bioelectrode, BSA/anti-NSE/rGO/MoS,/ITO is investigated
against different interferents which are also present in human serum, for instance (cTnl, 0.1 ng
mLt), Myoglobin (mB, 85 ng mL?), C-reactive protein (CRP, 10 pg mL™), Urea (0.1 mg mL"
1), Sodium Chloride (NaCl, 6.2 mg mL™) etc. The concentrations are taken in physiological
ranges of these interferents in the serum of a human being. The bar graph in Fig. 4.13 shows
the Rt and CV current values of BSA/anti-NSE/rGO/MoS,/ITO when incubated with different

interferents for 15 minutes. The negligible change in R and CV current of the bioelectrode
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with the interferents shows insignificant cross-linking between BSA/anti-NSE/rGO/MoS,/ITO
bioelectrode and interferents. Correspondingly, a huge difference in R (Fig. 4.13(a)) and CV
current (Fig. 4.13(b)) value for NSE shows the interaction between NSE and anti-NSE

antibodies, which shows the specificity of the bioelectrode towards NSE.
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Fig. 4.13: Specificity Study of BSA/Anti-NSE/rGO/MoS,/ITO bioelectrode against other

interferents present in human serum using dual modes (a) EIS (b) CV.
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Some previous reports along with the biosensing parameters are reported in Table 4.3. We

found that our bioelectrode detected NSE using 2 electrochemical techniques and is found to

exhibit less incubation time for attachment of NSE as well as a wide linear detection range in

comparison to other bioelectrodes reported in the literature.

Table 4.3: Some previous works reported in the literature for the detection of NSE.

Platform The technique | Time of Range of | Sensitivity Reference
used for Incubation linear
detection of NSE on detection
the as-
prepared
sensor
anti-NSE/Au- | CV 30 minutes 0.001 to|- [4]
Gra/NiHCFNP 100 ng/mL
s/AuNCs/GCE
BSA/anti- Square  wave | 50 minutes 0.001 to|7.22 HA | [9]
NSE/AuPd- voltammetry 100 ng/mL | (logio Cnse)™
MWCNT/ CS- | (SWV)
Fc/GCE
BSA/NSE- Differential 40 minutes 0.5 pg/mL | 91.40 HA | [10]
Ab/3DM pulse to 100 | pgtcm™
rGO/PANI/Au | voltammetry ng/mL
(DPV)
BSA/anti- SWv 50 minutes 0.01-100 | 14.37 MA | [11]
NSE/polyresor ng/mL (log Cnse)™®
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cinol-
Au/Pt/GCE
PtNF- CcVv - 0.05-150 | - [12]
pAb/NSE/mADb ng/mL
—-CD-GCE
BSA/anti- EISand CV | 15 minutes 1 to 200|3.80  ng* | Present
NSE/rGO/Mo ng mL*'|mL cm? | work
S,/ITO (EIS), 0.1 | (EIS), 2.32
to 100 | A ngt mL
ng/mL cm? (CV)
(CV)

Au- Gold, Gra- graphene, NiHCFNPs- nickel hexacyanoferrate nanoparticles, NCs —
nanocrystals, GCE — glassy carbon electrode, Pd — palladium, MWCNT — multiwalled carbon
nanotube, CS- Chitosan, Fc- Ferrocene, 3DM- three dimensionally microporous, rGO —
reduced graphene oxide, PANI — polyaniline, Pt — platinum, NF- nanoflowers, pAb- polyclonal
rabbit anti-NSE human antibody, mAb- monoclonal anti-human NSE antibody, CD-

cyclodextrin.

4.4 Conclusions

A sensitive, specific, fast, and economical biosensor is prepared by utilizing the synergistic
effect of MoS; and rGO for the detection of a potential lung cancer biomarker. Layered
structures of these 2D nanomaterials allow easy grafting of rGO into MoS.. Electrochemical
parameters like HET constant and electroactive surface area are determined to be 1.29 x 107

cm st and 27.83 mm? respectively. The superior performance of the prepared bioelectrode is
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owed to the bridged interconnected network between MoS; and rGO, which provides more
conduction pathways. A large surface area empowers the bioelectrode to exhibit a wide
detection range and demonstrate a good sensitivity. It is found that the availability of
oxygenated functional groups onto rGO/MoS: assists covalent immobilization of biological
moieties onto the matrix which makes it specific as well as reproducible. This study also
proposes the use of an rGO/MoS,-based matrix for the preparation of biosensors for the
detection of other biomarkers too by using their respective antibodies.
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Chapter 5
Electrochemical Study of Chitosan (CS) Modified MoS; Layered

Nanosheets for Detection of Lung Cancer Biomarker

This chapter discusses chitosan (CS) bio-functionalized MoS; which is prepared to
serve as a biosensing matrix, to address the issue of lack of stable immobilization of antibodies
on the biosensing matrix for repeated cycles of measurement. Electrochemical performance
of CS/MoS; matrix towards detection of neuron-specific enolase (NSE), a lung cancer
biomarker is also investigated. Unlike other complex matrices involving various steps of
modification, the matrix studied herein involves only 2 steps of modification without the use of
any label, amplifying its appeal for biosensing applications. The fabricated bioelectrode is
found to exhibit remarkable cyclic stability, with a sensitivity of 3.5 pA ng* mL cm?and a wide
linear detection range of 0.1 to 100 ng mL™. Also, the sensor is found to be fast, specific,
reproducible, regenerable for up to 4 cycles, and has a shelf life of 6 weeks. The stability study
of fabricated bioelectrode revealed that the cumulative effect of CS and MoS; ensures stable
immobilization of biomolecules on the bioelectrode for 50 cyclic voltammetry (CV) cycles. The
results of this study suggest that as proposed matrix will be promising in the fabrication of

devices for early monitoring of protein biomarkers.

This work is published as: Ritika Khatri and Nitin K. Puri. ""Electrochemical
studies of biofunctionalized MoS, matrix for highly stable immobilization of
antibodies and detection of lung cancer protein biomarker.” New Journal of

Chemistry (Royal Society of Chemistry) 46 (16) (2022): 7477-7489.
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5.1 Introduction

Electrochemical biosensors have gained momentum in the development of point-of-care
devices owing to the ease of miniaturization, requirement of small sample volumes, rapid
response, and low requirement for power [1, 2]. They use electron mediators to translate the
events of analyte binding into a detectable electrical signal. The preparation of an
electrochemical biosensor requires the fabrication of a suitable immobilization matrix that can
hold the bio-recognition elements efficiently and effectively [3]. Nanostructured materials have
been proven a good choice to fabricate the platform for loading biological molecules to detect
even very low levels of analytes [4]. However, the chosen material should be able to escalate
the charge transfer process without passivating the electrode surface to maintain its
performance along with increasing its effective surface area. For the fabrication of an
electrochemical biosensor, it is inevitably important to ensure that the bioactivity of the
immobilized biomolecule is not lost on the continuous application of potential on it and with

repeated interaction with redox media.

In recent times, molybdenum disulfide (MoS,) has gained great attention in
electrochemical applications (i.e., supercapacitors, lithium (Li)/sodium (Na) ion batteries,
hydrogen evolution reaction (HER), sensors, etc. [5]) as it possesses many intriguing properties
like layered structure, various routes for synthesis, ease of tailoring the morphology, large
surface to volume ratio, ease of dispersibility in aqueous solution, fast rate of heterogeneous
electron transfer (HET), the feasibility of surface functionalization and modification and
exceptional cyclic stability [5-9]. Owing to its hydrophobicity, MoS; can be utilized to fabricate
the immobilization platform because it provides a strong affinity for the adsorption of protein
on its surface [6]. Because of its layered structure and high surface/volume ratio, it enhances

the total surface area for the immobilization of biomolecules. Owing to all these fascinating
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properties of MoS,, it is used to fabricate the matrix for electrochemical biosensing. As
discussed in chapter 1, covalent binding is the most preferred method of immobilization of
biological elements on the immobilization matrix. Therefore, to anchor functional groups on
MoS; and impart biocompatibility to the matrix, Chitosan (CS) is used. CS is a non-toxic
biocompatible polymer, which is present in abundance, and has excellent film-forming and
stabilizing properties along with polycationic nature [10, 11]. It is rich in functional groups like
amino and hydroxyl, on its polysaccharide chain [12]. Thus, CS is blended with MoS; in the
presence of ionic liquid (IL) because of its high polarity [13]. Due to its polar nature, IL
provides a reaction atmosphere for MoS; and CS to interact with each other. The benefit of
compositing different materials is governed by the fact that both materials contribute to the

properties of the final blend [1].

In this chapter, the sensing behavior of bio-functionalized MoS; is examined by
choosing the protein biomarker neuron-specific enolase (NSE) as the target analyte. NSE is
considered to be a specific protein biomarker for the diagnosis of small cell lung cancer (SCLC)
and is found to be > 12 ng mL? in the case of 69% of patients diagnosed with SCLC [14].
Quite a few reports are available on the detection of NSE, using different matrices with
outstanding performances [15-18]. However, achieving a high signal response along with
maintaining the signal stability and the bioactivity of the platform, is still a significant challenge
[15]. For instance, Tang et al [16] developed PPy-PEDOT-Au-GCE as a substrate material for
stable immobilization of immune molecules along with the maintenance of their bioactivity for
detection of NSE. They found that their platform could provide a stable environment for
sensing till 30 CV cycles. Yu and co-workers designed an electrochemical immunosensor for
the detection of NSE based on graphene supported by hollow carbon balls [17]. A stable trend
for this immobilization matrix was found for 30 cycles of CV. Mo et al fabricated an

immunosensor for simultaneous detection of NSE and CYFRA21-1 and found the stability of
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the immunosensor for 15 CV cycles [18]. Thus, it has been observed that after a few cycles of
measurements the signal response tends to degrade. In this investigation, we explored the
CS/MoS; matrix for stable immobilization of anti-NSE antibodies and the detection of NSE
for the first time, to the best of our knowledge. The CS/MoS;-based matrix proved to be a
stable matrix, with nearly 94% of the initial signal response still retained after continuous
scanning for 50 CV cycles. The composite ensures the bioactivity of immobilized antibodies
is retained along with a stable cyclic current response.

The method of synthesis and fabrication of bioelectrode discussed in this work is
appealing because of its large yield, scalability, and simplicity without involving various steps
of modifications which ensures remarkable electrochemical performance and stability. There
are three major novel features of thiswork. First, a highly stable matrix is formed favorable for
immobilization of biomolecules during repeated cycles of measurement. Second, the platform
is functionalized for the attachment of biomolecules without any harsh chemical treatment.
Third, the large electroactive surface [55% of the geometric area (1 x 1 cm?)], makes it a
remarkable platform for electrochemical sensors. The sensor is found to be very fast,
reproducible, specific, stable, and regenerable, with a wide linear detection range and
remarkable shelf life. Considering the concentration of NSE found in the serum of SCLC
patients, the sensitivity and lowest limit which could be detected by our sensor, are expected

to meet the requirement of detection of NSE in clinical samples too.

5.2 Experimental Details

5.2.1 Chemicals and reagents used for synthesis, cleaning, and biosensing
The monoclonal anti-NSE antibody, NSE antigen, N-(3-Dimethylaminopropyl)-N’-ethyl
carbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), bovine serum albumin

(BSA), ammonium molybdate tetrahydrate (NH4)sM07024.4H,0, and acetic acid (CH;COOH)
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are purchased from Sigma-Aldrich. Thiourea (CH4N2S) is bought from SRL. Liquor ammonia
(NH4OH) and N, N-dimethylformamide (DMF) are bought from Fisher Scientific. CS is
purchased from HIMEDIA. 1-butyl-3-methyldiazolium hexafluorophosphate ([Csmim][PFe])
is procured from GLR innovations. Other Chemicals like hydrazine hydrate (N2H4), Sodium
chloride (NaCl), and potassium bromide (KBr) are procured from Thermo Fisher Scientific.
Hydrogen peroxide (H20-) is purchased from Qualigens. Concentrated hydrochloric acid (HCI)
is bought from RFCL limited. Chemicals including acetonitrile, potassium
hexacyanoferrate(ll) trihydrate/ potassium ferrocyanide [KsFe(CN)s.3H20], potassium
hexacyanoferrate (I11)/potassium ferricyanide [KsFe(CN)s], disodium hydrogen diphosphate
dihydrate (NazHPO4.2H,0), Sodium dihydrogen phosphate dihydrate (NaH2PO..2H;0), iso-
propyl alcohol (IPA) and ethanol are procured from Merck. A Millipore Milli-Q system
(Bedford, MA, USA) is used to obtain milli-Q water for the preparation of the solutions which
are used for various experiments. Tris hydrochloride (Tris-HCI), magnesium sulfate (MgSO.),
and potassium chloride (KCI) which serve as a buffer for dilution of NSE are purchased from
lobachemie (Tris- HCI) and Thermo Fisher Scientific (MgSO4 and KCI).

Before usage and storing the buffer solutions, all the glassware is autoclaved and cleaned using
70% isopropyl alcohol (IPA). All the agueous solutions are prepared in autoclaved de-ionized

(DI) water.

5.2.2 Synthesis of CS/Mo0S; nanostructures

MoS; nanostructures constituting a large number of layers are synthesized using our previously
reported work using hydrazine hydrate as a reducing agent [19], as discussed in chapter 3. To
synthesize CS/MoS,, an ionic liquid (IL) assisted mechanical grinding method is used. The
synthesis of CS/MoS; is done according to the method adopted by Zhang et al [20] with slight

modifications for scaling up the quantity of the finally obtained product. For this, 500 mg of
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the above synthesized MoS; powder is mixed with 200 mg of CS. The mixture is ground in an
agate mortar pestle for 20 minutes. Next, a gel is formed by dropping 1 mL of IL (1-butyl-3-
methyldiazolium hexafluorophosphate, [Csamim][PFs]) in the mortar pestle. This mixture of
MoS,, CS, and IL is further grounded for 60 minutes. Then the obtained product is washed
using acetone, acetic acid, and DMF to remove excess CS and IL. Then the obtained residue is
put in an oven at 100°C for 24 hours for desolvation. Thus, dried powder of CS/MoS; is

collected in an Eppendorf for further use.

5.2.3 Fabrication of bioelectrode

To fabricate the bioelectrode BSA/anti-NSE/CS/MoS,/ITO, aseries of steps are followed. First
of all, ITO cut in adimensionof 3 x 1 cm? are hydrolyzed using NH3:H,0,:HO in the ratio of
1:1:5at 80 C for 1 hour. The hydrolyzed ITO is cleaned using water and IPA. Next, films of
CS/MoS; are deposited on hydrolyzed ITO using electrophoretic deposition (EPD). For this
CS/MoS; is well dispersed in acetonitrile at a concentration of 1 mg mL™. This solution is
taken in an EPD cell containing a copper (Cu) wire and platinum (Pt) counter electrode (CE).
Hydrolyzed ITO isclipped at Cu as a working electrode (WE) and a potential of 30 V isapplied
for 120 seconds. CS/MoS; film is formed on a geometricarea of 1 x 1 cm?. The filmis left for
overnight air drying at room temperature. The thickness is measured at various points of the
CS/MoS,/ITO electrode and it is found to be varying in the range of 1.1 to 3 um indicating a
non-uniform surface. For the immobilization of anti-NSE on CS/MoS,/ITO, 0.4 M EDC (used
as a coupling agent), 0.1 M NHS (used as an intermediate stabilizer), and 25 pug mL™ anti-NSE
are aliquoted together in a ratio of 1:1:2. Then, 20 uL of this aliquoted solution is spread
uniformly on CS/MoS,/ITO electrode. The anti-NSE/CS/MoS,/ITO electrode is kept in a
humid chamber for 5 hours for proper attachment of anti-NSE on CS/MoS,/ITO. Then, the

anti-NSE/CS/MoS,/ITO is washed in PBS 7.4 to remove unbound antibodies from the
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electrode surface. To mask the non-specific binding sites on anti-NSE/CS/MoS,/ITO, 10 pL
of 0.1 mg mL? of BSA is dropped cast to make the final bioelectrode BSA/anti-
NSE/CS/MoS,/ITO. After 1 hour the bioelectrode is washed in PBS 7.4 to remove excess BSA
from the surface of the bioelectrode. The BSA/anti-NSE/CS/MoS,/ITO bioelectrode is finally
prepared and kept at 4 C when not in use. The illustration of the synthesis of the CS/MoS;
matrix and fabrication of BSA/anti-NSE/CS/MoS,/ITO bioelectrode for detection of NSE is

shown in Scheme 5.1.

Hydrothermal MoS, + Ch]tosan
Synthesis of MoS, M

230°C, 24 Hours La) ered MoS, IL Assisted Grmdmg \

. Anti-NSE
Immobilization of anti- 4
NSE using EDC-NHS CS/MoS,/ITO

30V, 2 Min

SEM image showing
CS/MoS, Matrix

Bioelectrode

BSA/anti-NSE/CS/MoSzllT() Electrochemical Detection of NSE
using Autolab Setup

Scheme 5.1: Schematic diagram illustrating the synthesis of CS/MoS; matrix and fabrication

of BSA/anti-NSE/CS/MoS,/ITO bioelectrode for detection of NSE.
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5.3 Results and Discussion

5.3.1 Characterization Equipment and Facilities

To record the X-ray diffraction (XRD) pattern of samples, a Bruker D8 Advance facility is
used. Raman spectrum for the samples is recorded at a wavelength of 532 nm using a WITec
Raman spectrometer. Scanning electron microscopy (SEM) is done using Jeol Japan mode.
The Fourier Transform Infrared (FTIR) spectroscopy measurements are done using Perkin
Elmer spectrum two. The thermal stability of samples is recorded using a Perkin Elmer 4000
thermogravimetric analyzer. To carry out the thickness measurement an Ambios XP-200 stylus
profiler is used. A Metrohm Potentiostat/Galvanostat Autolab along with NOVA software is

used for recording all the electrochemical measurements.

5.3.2 Characterization studies of synthesized nanostructures

5.3.2.1 Crystallographic study of CS/MoS; matrix using XRD
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Fig. 5.1: XRD pattern of CS, MoS;, and, CS/MoS;
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The primary confirmation of the formation of the CS/MoS; matrix and the study of its
crystallographic structure is done using XRD (Fig. 5.1). The XRD pattern obtained for
commercially purchased CS shows a broad diffraction peak around 20°, without the presence
of any additional impurity peaks. For comparison, the XRD of MoS; is also shown and both
MoS; and CS/MoS;, XRD patterns show the peaks corresponding to the planes (002), (100),
(103), (110) of 2H-MoS, (JCPDS card no. — 37-1492) [19]. Besides these peaks, a halo around

20° in the pattern of CS/MoS; confirms the formation of the composite of CS and MoS,.

5.3.2.2 Study of vibrational modes and qualitative information about layered structure
and functionalization using Raman spectroscopy

Fig. 5.2(a) shows the Raman spectra obtained for CS as well as CS/MoS; in the range of 250
cm™ to 3700 cm™. The appearance of the A;4 and E*,4 vibrational modes of MoS; in the Raman
spectrum of CS/MoS,, (shown in Fig. 5.2(a) and 5.2(b)) confirm the retention of the structure
of MoS; after the addition of CS. The A4 vibrational mode corresponding to monolayer MoS;
is found to be at 402.72 cm™* (Fig. 5.2(b)) [21]. However, the E',g mode is found to be red-
shifted to 375.39 cm™ leading to a wavenumber separation between two modes to 27.3 cm**
[Fig. 5.2(b)]. An increase in wavenumber separation in comparison to the MoS;HH sample
(23.24 cm™) as discussed in chapter 3, may be attributed to the stacking of layers of MoS, due
to the incorporation of CS in the structure of MoS,. Further, the characteristic peaks of CS are
observed at 893.14 cm, 1096 cm™, 1372.67 cm, and 2885.37 cm! corresponding to the C-H
bond of polysaccharide in CS, with OH peak at 3311.37 cm™and 3376.83 cm™ [Fig. 5.2(a)]
[22]. The confirmation of functionalization of MoS;, by CS can be drawn from the Raman
spectrum of CS/MoS; [Fig. 5.2(a)], which shows a peak at 1368.61 cm* corresponding to the

O0CH of the polysaccharide chain of CS. Further, a halo is observed in the range 2500 - 3260
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cm?, which could be due to the vCH, peak of CS. This study confirms the successful

incorporation of CS in between the layers of MoS;.
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Fig. 5.2: (a) Raman spectraof CS and CS/MoS; (b) Raman spectrum of CS/MoS in the range

250 to 500 cm™ showing A and E',g modes of MoS; in CS/MoS;

5.3.2.3 Thermogravimetric analysis using TGA of CS/MoS; matrix

Fig. 5.3 shows the thermal behavior of CS, MoS;, and CS/MoS; from 30 °C to 850 °C. An
initial weight loss at around 100 °C in all the samples could be attributed to moisture loss. The
weight loss for CS starts at 280 “C while CS/MoS; starts losing some weight around 220 °C,
which could be due to some leftovers from the process of synthesis of MoS; [23]. The weight
loss in the case of CS and CS/MoS; is more in the range of 280 °C to 500 °C, which can be
ascribed to the decomposition of carbon skeleton at such high temperatures [24]. After 500 °C,
57% and 32% weight of MoS, and CS/MoS; are retained respectively, while CS is completely
lost. Thus, the matrix CS/MoS; is found to have more thermal stability in comparisonto CS.
This study also implies that the incorporation of functional groups in MoS: reduces its thermal
stability at high temperatures. But, as long as application to biosensors is concerned, thisis not

worrisome because biological testings are always done at room temperatures or even lower
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temperatures. Further, the successful incorporation of CS in MoS; could be derived from TGA.
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Fig. 5.3: TGA curves of CS, MoS;, and CS/MoS;

5.3.2.4 Study of functional groups attached on CS/MoS; matrix using FTIR

The confirmation of successful functionalization of MoS; using CS is done using FTIR (Fig.
5.4).

Peaks observed in CS [Fig. 5.4(a)] at 1416 cm™, 1303 cm™ and 1089 cm correspond to CH;
bending, -NH stretching and C-O stretch of CS respectively [25]. The peak observed at 1561
cm?in CS is due to the bending vibration of -NH [23]. These peaks corresponding to -NH
stretching (1303 cm™) and -NH bending (1561 cm™) are missing in CS/MoS; [Fig. 5.4(b)].
The disappearance of these -NH peaks in the FTIR spectrum of CS/MoS; could be attributed
to the polycationic nature of CS which leads to the protonation of the amine group during
grindingin IL, which leads to electrostatic interaction between MoS; layers and CS [24]. Peaks

observed in CS at 1262 cm™ and 1162 cm™ correspond to C-N and C-O-C bonds in CS [26].
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The peak observed in the range 3440-3480 cm™ in both CS and CS/MoS; corresponds to the
hydroxyl group (OH) [24]. The peak observed in both CS and CS/MoS; at 1371 cm?
corresponds to wagging CHs [27]. Further, a peak corresponding to NH; is observed in both
CS and CS/MoS; at 895 cm™ [28] and 1625 cm™ [29], indicating functionalization of CS/MoS;

with the amino group. The peak observed at 618 cm™ corresponds to Mo-S vibration [30].

\/ CN/ |
(b) CHV:ISendlng /é 0-C
\_\ agging

% Transmittance

CH, Bending:l ' 1 Mo-S
Waggmg,CH i =i
OH Band . . ‘fH peak dwappears
i 1 2 2 2 2

1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 5.4: FTIR curves of (a) CS and (b) CS/MoS;

5.3.2.5 Study of surface morphology of CS/MoS; matrix using SEM

Fig. 5.5(a) shows nanostructures of MoS; of varying sizes. A larger magnification of these
nanostructures can be seen constituting a large number of layers of MoS: in Fig. 5.5(b). Fig.
5.5(c) shows a large continuous membrane of CS. The evidence of surface modification of

MoS; nanostructures by CS isgivenin Fig. 5.5(d), which shows that layers of MoS; are stacked
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together and encapsulated by CS membrane rendering a rough and uneven surface to the

composite.

Fig. 5.5: SEM micrographs of (a, b) MoS; (¢) CS (d) CS/MoS;

5.3.3 Electrochemical performance of bioelectrode prepared using CS/MoS;
matrix

5.3.3.1 Optimization of biosensing parameters

The concentration of anti-NSE to be attached to the CS/MoS,/ITO electrode is optimized by
attaching varying concentrations of anti-NSE using EDC-NHS chemistry. Fig. 5.6 (a) shows
the response of current along with the varying concentration of anti-NSE (5 pg mL?, 10 g
mL?, 25 ug mL?, 50 pg mL?, 100 pg mL1). The response is found to be decreasing initially

till 25 pg mL* of anti-NSE’s concentration, after which it becomes constant.
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Thus, 25 pg mL* is finalized as the concentration for attachment of anti-NSE throughout the
studies.

The maximum time required for immunoreaction to take place between NSE and anti-
NSE is found by incubation of BSA/anti-NSE/CS/MoS,/ITO bioelectrode with NSE for
varying times [Fig. 5.6(b)]. 20 pL of 5 ng mL* of NSE is incubated on bioelectrode and the
CV response is recorded by varying incubation times from 0, 5, 10, 15, 20, and 25 minutes.
Initially, the current decreases till 15 minutes of incubation time, after which the current
becomes nearly constant. Thus, the time required for immunoreaction to take place is found to

be 15 minutes and is used for all further studies.
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Fig. 5.6: (a) Current response with varying concentration of anti-NSE (b) Current response

with variation in incubation time of NSE on BSA/anti-NSE/CS/MoS,/ITO bioelectrode

5.3.3.2 Electrochemical study of the various steps of fabrication of bioelectrode

Various steps of modification of the bioelectrode are evaluated by recording the CV profiles at
each step, in PBS 7.4 at a scan rate of 50 mV s [Fig. 5.7(a)]. A distinct anodic and cathodic
current peak (ipa and ipc respectively) is observed in each step. The maximum value of ip, and
Ipc IS recorded to be 640.26 pA and -810.55 pA for anti-NSE/CS/MoS,/ITO electrode followed

by BSA/anti-NSE/CS/MoS,/ITO bioelectrode having the values as 579.35 pA and -762.63 pA.
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Further, the minimum current values of ip. and i, are found to be 436.71 pA and -579.53 pA
for CS/MoS,/ITO. The variationin peak current values at each step confirms the modification
of the electrode. The sequential modification at each step of fabrication of bioelectrode is also
confirmed by electrochemical impedance spectroscopy (EIS). EIS studies are done at a biasing
potential of 0.01 V in the frequency range of 0.1 Hz to 100 kHz. Fig. 5.7(b) shows the Nyquist
plots for (i) CS/MoS,/ITO, (i) anti-NSE/CS/MoS,/ITO and (iii) BSA/anti-
NSE/CS/MoS,/ITO. The results are found to complement CV results with a minimum value of
charge transfer resistance (Rct) observed as 161.78 Q for anti-NSE/CS/MoS,/ITO. This is
followed by an increase in R value to 245.40 Q for BSA/anti-NSE/CS/MoS,/ITO and the

maximum value of R is found to be 313.38 Q for CS/MoS,/ITO.
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Fig. 5.7: (a) CV curves of (i) CS/MoS,/ITO (ii) anti-NSE/CS/MoS,/ITO (iii) BSA/anti-
NSE/CS/MoS2/ITO (b) EIS curves of (i) CS/MoS,/ITO (ii) anti-NSE/CS/MoS2/ITO (iii)
BSA/anti-NSE/CS/MoS,/ITO. The inset shows the magnified Nyquist plots (in the range of 25
to 250 Q)

An increase in the value of i, and a decrease in the value of R is observed when anti-
NSE is immobilized on CS/MoS,/ITO. This happens because of the interaction between anti-
NSE and CS/MoS; and the spatial orientation of antibodies which provides conduction

pathways to the charge carriers on the interface [31, 32]. Further, a decrease in current and
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increase in R is found after attachment of BSA onto anti-NSE/CS/MoS,/ITO, due to masking
of non-specific sites for attachment, by this blocking agent.

Fig. 5.8(a) displays the CV response of the prepared bioelectrode BSA/anti-
NSE/CS/MoS,/ITO with varying scan rates. The CV profileis recorded in PBS solution of pH
7.4 having 50 mM of [Fe(CN)6]374. An increase inipa and ipc currents is observed for increasing
scan rates. Further, a linear variation of ip, and iy with v/Scan Rate (Fig. 5.8(b)) shows that
the process of reduction and oxidation of [Fe(CN)e]®”* at the bioelectrode is diffusion-
controlled [33, 34], which indicates that adsorbents when gets conjugated on the electrode will
inhibit the diffusion of [Fe(CN)]3”*". The linearly fitted plots as shown in Fig. 5.8(b) are given

by the following equations 5.1 and 5.2:
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Fig. 5.8: (a) Scan Rate Study of bioelectrode BSA/anti-NSE/CS/MoS,/ITO by varying scan
rate from 10 to 100 mV s and recording CV profiles (b) Variation of peak anodic current (i)

and peak cathodic current (ipc) with under root of scan rate
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The evaluation of electrochemical kinetics parameters of BSA/anti-NSE/CS/MoS,/ITO like
electroactive surface area (A¢), HET rate transfer constant (K,) is done as follows. The
electroactive surface area (A¢) is determined using the Randles Sevcik equation [19, 35]

i, = 2.69 X10°n3/24,C\/D v (5.3)
Where i, is peak anodic current as obtained in CV profile of the electrode (in A), n is the
number of electrons transferred during redox reaction (n=1, for ferro/ferri), A is electroactive
surface area, C is the concentration of redox probe (C =5 mM=5 mol cm?), D, is the diffusion

coefficient (D, = 0.667x 10° cm? s [19, 35]), v is scan rate. The unit of the constant

C

. romtepot etween lpa ANA UV /2 19. o. the value of the
——[36]. From the plot b ira and v /2 [Fig. 5.8(b)] the value of th

2.69 x 10°is

slope is obtained as 60.21 pA /% (from equation 5.1). By substituting all the above values

in equation 5.3 the electroactive surface area is determined to be 0.55 cm? for BSA/anti-
NSE/CS/MoS,/ITO. A high value of electroactive surface area allows the sensor to
accommodate large concentrations of analyte, in turn increasing the linear detection range of
the device.

The value of electron transfer constant (ko) is determined using Nicholson’s Equation [35],
which is given as

rRT 1

)z (5.4)

Y=k ;)—;)E(nnmou
Where,

D, and Dk are the diffusion coefficient of oxidized and reduced electroactive species, which is
approximately equal to 1 for symmetrical redox reaction, a is the transfer coefficient, R is the
universal gas constant (8.314 JK*mol?), F is the Faraday constant (96485 C mol™), v is scan

rate (50 mV s*), remaining parameters are same as equation 5.3 and P is a dimensionless

kinetic parameter which can be calculated using AE, [35] as follows
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—0.6288+0.0021XAE
Y= P (5.5)

1-0.017XAEp

Using, equations 5.4 and 5.5, the value of k, is calculated to be -4.05 x 10 cm s for BSA/anti-

NSE/CS/MoS,/ITO.

5.3.3.3 Stability study of prepared bioelectrode

The prepared bioelectrode BSA/anti-NSE/CS/MoS,/ITO is checked for the stability of
immobilized antibodies on the continuous application of potential and repeated interaction with
redox media ([Fe(CN)s]*’+) by carrying out CV for 50 consecutive cycles. The scans are done
at a scan rate of 50 mV s* in the potential window of -0.4 V to 1.2 V in [Fe(CN)g]*’*. An
essentially unchanged value of anodic and cathodic peak current is observed as shown in Fig.
5.9(a). 95% and 93.66% of initial ipa are retained, after 15 and 50 CV cycles respectively while
99.45% of initial iy is retained after 50 CV cycles as shown in Fig. 5.9(b). Retention of a high
percentage of initial current even after 50 CV cycles demonstrate that the prepared bioelectrode
has high stability. CS in CS/MoS; imparts biocompatibility to the matrix, which helps the
biomolecules to remain stably immobilized, after interaction with the redox media in

continuous cycles of CV.
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Fig. 5.9 (a) Consecutive scans of bioelectrode (BSA/anti-NSE/CS/MoS,/ITO) for 50 CV

cycles (b) Variation of peak anodic (ipa) and peak cathodic current (ipc) with no. of CV cycles.
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5.3.3.4 Electrochemical performance of bioelectrode (BSA/anti-NSE/CS/MoS,/ITO) and
control electrode (CS/MoS,/ITO) towards detection of NSE

Electrochemical detection of NSE is done by incubating the BSA/anti-NSE/CS/MoS,/ITO
bioelectrode by varying concentrations of NSE from 0.1 ng mL™ to 200 ng mL™. The response
is recorded using CV at a scan rate of 50 mV s, The current response is found to be inversely
proportional to the concentration of NSE, which is a result of specific binding between NSE
and anti-NSE. This specific binding results in the formation of an immunocomplex that
impedes the diffusion of [Fe(CN)s]3’*. Fig. 5.10(a) shows the variation in CV response of
BSA/anti-NSE/CS/MoS,/ITO bioelectrode when incubated with varying concentrations of
NSE from 0.1 ng mL* to 200 ng mL™. Fig. 5.10(b) shows the variation of i, with the
concentration of NSE from 0.1 ng mL™ to 100 ng mL™. The variation is found to be linearly

decreasing and can be fitted using the following equation (5.6) with R? equal to 0.94.

pA
- _ ng i ng
y= —1.84 X [Concentratlon of NSE (mL)] + 675.37 nA (5.6)

The sensitivity of the bioelectrode can be calculated from here to be 3.35 p4 ng* mL cm by
dividing the slope of the calibration curve by the electroactive surface area calculated for
BSA/anti-NSE/CS/MoS,/ITO [37]. The lowest concentration which could be detected for NSE
from the prepared bioelectrode is 0.1 ng mL™.

Fig. 5.10(c) shows the response of the control electrode (CS/MoS,/ITO) towards
varying concentrations of NSE from 0.1 ng mL* to 100 ng mL™. The response is recorded
similarly as done for BSA/anti-NSE/CS/MoS,/ITO. An invariant response towards NSE by the
control electrode shows that response of the bioelectrode (BSA/anti-NSE/CS/MoS,/ITO) is
due to specific interaction between NSE and anti-NSE. This interaction leads to the formation
of immunocomplex leading to a decrease in the peak current of bioelectrode with increasing

concentration of NSE. Thus, this study concludes that CS/MoS,/ITO cannot interact with NSE
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on its own without the conjugation of anti-NSE, (the biological element as discussed in chapter

1) onto its surface.
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Fig. 5.10: (a) Electrochemical detection of NSE studied using CV with variation in
concentration of NSE from 0.1 ng mL*? to 200 ng mL? in PBS 7.4 containing 50 mM
[Fe(CN)s]*'* (b) Calibration plot between CV peak current and concentration of NSE (c)
Response of control electrode (CS/MoS,/ITO) towards varying concentrations of NSE from

0.1to0 100 ng mL™

5.3.3.5 Investigation of reproducibility and specificity of prepared bioelectrode towards
NSE

To assess the reproducibility of prepared bioelectrode BSA/anti-NSE/CS/MoS,/ITO, 5
different bioelectrodes are prepared under the same conditionsand following asimilar protocol.
The response of these bioelectrodes is checked for 10 ng mL™* of NSE. The bioelectrodes
exhibit an acceptable relative standard deviation (RSD) of 3.10% [Fig. 5.11(a)], indicating the
protocol mentioned in section 5.2.3 gives reproducible bioelectrodes.

To examine the specificity of the prepared bioelectrode BSA/anti-NSE/CS/MoS,/ITO towards
NSE, various other commonly present interferents in human serum, like C-reactive protein
(CRP, 10 pg mL™), Myoglobin (mB, 85 ng mL™), Cardiac Troponin I (cTnl, 0.1 ng mL™),

Urea (0.1 mg mL™), Sodium Chloride (NaCl, 6.2 mg mL1), are taken. For recording the CV
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response, 20 pL of each of these interferents are incubated onto the bioelectrode for 15 minutes.
The bioelectrode shows an RSD value in the range of 0.27% to 0.94% for other interferents
whereas a relatively higher value of RSD equal to 7.8% is found for NSE, showing the
specificity of bioelectrode towards NSE. Fig. 5.11(b) displays the bar graph depicting the
response of prepared bioelectrode towards various other interferents in human serum including
NSE (10 ng mL™). Further, to examine the performance of bioelectrode towards the detection
of NSE, when all the other common interferents are also present simultaneously, a simple
control experiment is performed using the CV technique. Fig. 5.11(c) shows the performance
of bioelectrode when all the other interferents like CRP (10 pg mL*), mB (85 ng mL™?), cTnl
(0.1 ng mL?), Urea (0.1 mg mL?), NaCl (6.2 mg mL™) are present in their physiological
concentrations at the same time without NSE (0 ng mL™, control) and along with NSE (10 ng
mL1). It is observed that the bioelectrode displays an RSD value of 0.33% in the case of control
measurement which increases to 6.06% when NSE is also present along with all the other
interferents. The results indicate excellent specificity of BSA/anti-NSE/CS/MoS,/ITO towards
NSE. The immobilization of anti-NSE antibodies onto the bioelectrode confers it to the

requisite specificity.
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Fig. 5.11: (a) Reproducibility study of 5 different bioelectrodes prepared under similar
conditions (b) Specificity study of bioelectrode towards various interferents commonly present
in human serum (c) Specificity study of bioelectrode towards NSE in the simultaneous presence

of various other interferents.
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5.3.3.6 Shelf life and regeneration study of prepared bioelectrode

The shelf life of BSA/anti-NSE/CS/MoS,/ITO bioelectrode is done by incubating it with 10 ng
mL* of NSE for 15 minutesat a regular interval of 7 days. The bioelectrode is found to retain
more than 80% of its initial response till the 6™ week [Fig. 5.12(a)]. While the response reduces
to 70% in the 7" week. Thus, the bioelectrode displays a shelf life of up to 6 weeks.

To check the regeneration ability of the bioelectrode, 0.1M of glycine HCI buffer of pH 2.5 is
prepared. The bioelectrode is first tested for 10 ng mL™? of NSE and the CV response is
recorded. Then the bioelectrode is washed in glycine HCI buffer solution followed by washing
in PBS 7.4 buffer solution and then, it is tested for 10 ng mL™* of NSE. The bioelectrode is
tested for 4 cycles and is found to retain more than 90% of its initial response till the 4t cycle

[Fig. 5.12(b)].
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Fig. 5.12: (a) Shelf-life study of fabricated bioelectrode (b) Regeneration study of prepared

bioelectrode

Table 5.1 represents the comparison of the platform proposed in this work with other platforms
reported for the detection of NSE. The proposed bioelectrode is found to exhibit better

performance in comparison to other bioelectrodes, especially in terms of the response time of

Ph.D. Thesis (Ritika Khatri) 142



Chapter 5

the bioelectrode (incubation time of NSE). Other parameters like linear detection range, shelf

life, and regenerability are also found to be appreciably good.

Table 5.1: Comparison of the analytical performance of bioelectrode proposed in this study

with other bioelectrodes reported earlier for detection of NSE.

Platform Linear Shelf Incubation | Regenerable | Reference
Detection Life (in| Time of
Range days) NSE  (in
minutes)
Au/PANI/3D- 0.5pgmL?® |30 40 Yes [3]
rGO/Ab to 10 ng (5 cycles)
mL?
PPD-GR- 1 to 1000 ng | 30 60 - [38]
AuUNPs/Ab/SPE mL?
GCE/Ab/Ag/AuNPs- | 0.1to 2000 | - 40 - [39]
rGO/AP-anti-IgG ng mL?
BSA/anti- 10 pgmL?t |30 50 - [40]
NSE/Polyresorcinol- | to 100 ng
Au/Pt/GCE mL?
Au-MoS,/MOF 1pgmL*tto |30 40 - [41]
100 ng mL?
Fc-g-Au@Pd— 15 - - [42]
0.0001 to 50
P(BBY) and
ng mL?
rGO/Thi/AuPt NAs
Ph.D. Thesis (Ritika Khatri) 143




Chapter 5

BSA/anti- 0.1 to 42 15 Yes This work

NSE/CS/MoS,/ITO | 100 ng mL” (4 Cycles)

1

PANI- Polyaniline, rGO- reduced graphene oxide, SPE: Screen printed electrode, PPD: poly
pphenylenediamine, GR- Graphene, Au — Gold, NP- nanoparticle, Ab- antibody, GCE-Glassy
carbon electrode, AP-alkaline phosphatase, Ag- antigen, Fc-g — ferrocene grafted, Au- gold,

BBY- Bismarck Brown Y, Thi- Thionine, Pt- Platinum, NAs — Nanoassemblies

5.4 Conclusions

In this chapter, we have discussed CS bio-functionalized MoS;, a simple matrix based on 2
step modification process, and tested its electrochemical performance towards the detection of
NSE. Compositing MoS, with CS provides a strategic approach to prepare a highly stable
matrix favorable for immobilization of biomolecules with retention of their bioactivity along
with maintenance of signal response. Also, CS provides functional groups to MoS; to anchor
sites for the attachment of biomolecules on the matrix. Further, the bioelectrode fabricated
using CS/MoS; matrix exhibits a sensitivity of 3.35 pA ng? mL c¢cm? and a wide linear
detection range of 0.1 to 100 ng mL™. The bioelectrode is found to be specific, reproducible,
regenerable for up to 4 cycles, and has a shelf life of 6 weeks. The sensor has an electroactive
surface area of 0.55cm? and the HET rate has a magnitude of 4.05 x 10 cm s*. Excellent
electrochemical performance toward detection of NSE can be attributed to:

1) the cumulative effect of MoS; and CS imparts stability and biocompatibility to the matrix,
2) the introduction of functional groups which lead to the covalent attachment between

antibodies and the matrix without the use of any harsh chemicals and,
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3) the electroactive surface area is 55% of the geometric area.
The proposed platform can further be explored for the analytical detection of various other

protein biomarkers using various electrochemical techniques.
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Chapter 6

Summary, Conclusions, and Future Scope of Work

This chapter summarizes the outcomes of the research work carried out to fulfil the
objectives of the thesis. It highlights, in brief, the dependency of electrochemical performance
on the morphology of MoS; nanostructures followed by their modification for their utility in
biosensors. Then, the chapter gives a brief overview of the electrochemical performance of
fabricated biosensors toward a lung cancer biomarker, neuron-specific enolase (NSE), by
modifying MoS; nanostructures using reduced graphene oxide (rGO) and chitosan (CS). The
chapter also gives a comparison of the electrochemical performance of our bioelectrode with
some other platforms. It is found that our bioelectrodes outperform the other bioelectrodes in
terms of electroactive surface area and heterogeneous electron transfer rate constant. It also
emphasizes the importance of the orientation direction of antibodies on the immobilization
matrix and thus explains a superior electrochemical performance of CS/MoS;, than the
rGO/MoS,-based matrix for the detection of NSE. The chapter concludes by illuminating some

prospects of this research work.
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6.1 Summary of research work

The main objective of our thesis work was to synthesize and modify 2D nanomaterials for
sensing applications. For this purpose, MoS: is chosen as one of the 2D nanomaterials owing
to its plentiful intriguing properties and its extraordinary performance in various
electrochemical applications. Further, MoS, nanostructures are modified using reduced
graphene oxide (rGO) and chitosan (CS) to anchor functional groups on them for the
fabrication of biosensors. The performance of the biosensors is testified for the detection of a
lung cancer biomarker. Both the developed platforms exhibiteda wide linear detection range,
good sensitivity, reproducibility as well as specificity. Our work indicates that surface
chemistry plays a crucial role in determining the performance of the biosensor in terms of all
the parameters. This unequivocally foretells that tailoring the surface chemistry can be
investigated to enhance the sensor performance. The scientific motivation, methodologies
adopted and the research work carried out to achieve the objectives of the thesis have been

discussed in detail in chapters 1 to 5 and are briefly recapitulated as follows:

> Chapter 1 presents unequalled properties possessed by 2D nanomaterials followed by
the versatility of MoS; due to which it is chosen for our work. This is followed by a discussion
about biosensors, their important components, and their various types. Out of the three main
components of biosensors, the antibody is fixed as a biological element, and electrochemical
is fixed as the transducing mechanism leaving our main focus on the fabrication of a highly
efficient immobilization matrix. An extensive literature is done on the utilization of MoS;
nanostructures for their utility in various biosensors to circumstantiate their suitability for the
fabrication of immobilization matrix. The chapter culminates with a brief discussion about a
lung cancer biomarker as the target analyte for examining the performance of fabricated

biosensors along with the motivation to pursue this research work.

Ph.D. Thesis (Ritika Khatri) 150



Chapter 6

> Chapter 2 unravels the methods used for synthesis and modifications of MoS;
nanostructures, along with the EPD technique used for film fabrication. Further, various
characterization techniques used to study structural (XRD) and morphological (SEM, FESEM,
TEM) characteristics, functional groups, and layered structure (FTIR and Raman spectroscopy)
are presented with their working principle and construction. Techniques used for elemental
analysis (EDAX, EDXRF, and CHNS) are also talked about. TGA used for thermal analysis is
also described with working principle and block diagram. AFM used for topographical
analysis, and the surface profilometer used for thickness measurement of films are also
elucidated. EIS, CV, and DPV techniques used for testing the electrochemical performance of

MoS; and modified nanostructures are explained with the basics.

> Chapter 3 encapsulates the extensive use of MoS; nanostructures for various
electrochemical applications like supercapacitors, Li-ion batteries, hydrogen evolution
reactions, sensors, etc. Based on literature it is found that the morphology of these
nanostructures plays a huge role in determining the performance of the electrode. Therefore,
two varied morphologies of MoS; nanostructures are synthesized using a facile and eco-
friendly hydrothermal method using two different reducing agents (HH and CA) and
characterized using a vast multitude of techniques like XRD, FESEM, TEM, and Raman
spectroscopy, EDXRF, and CHNS. Further, they are characterized by their electrochemical
performance. The MoS, sample synthesized using HH is found to exhibit better
electrochemical performance than the sample synthesized using CA. The value of the
electrochemical parameters like electroactive surface area (A:) and heterogeneous electron
transfer (HET) rate constant are found to be 51.38 mm? and 0.69 x 10 cm s* for MoS,;HH

and 30.70 mm? and 0.38 x 10° cm s* for MoS,CA respectively. Owing to a better
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electrochemical performance of the MoS;HH sample, it is utilized further for biosensing

applications by required modification.

> Chapter 4 discusses the modification of the synthesized MoS, nanostructures
(MoSzHH) using rGO to anchor carboxylate (-COOH) functional groups on the matrix and
their electrochemical performance toward the detection of lung cancer biomarker NSE. rGO is
chosen since it has abundant functional groups like carboxylate and hydroxylates, and also
being a 2D layered material, it can synergistically graft into MoS; layers. The bioelectrode
(BSA/anti-NSE/rGO/MoS,/ITO) fabricated by rGO modified MoS; is found to have an
electroactive surface area of 27.83 mm?, a HET value equal to 1.29 x 10 c¢cm s*. More
conduction pathways are provided by a bridged interconnected network between rGO and
MoS; layers which imparts the matrix a good electrochemical performance. Further, it displays
a sensitivity of 2.32 pA ng? mL cm?, a linear detection range of 0.1 to 100 ng mL™,
reproducibility with a relative standard deviation of less than 5% with an invariant response
towards other endogenous interferents present in human serum. The bioelectrode is found to

be stable for immobilization of antibodies till 10 CV cycles.

» Chapter 5 describes the modification of synthesized MoS, nanostructures (MoS;HH)
using a biocompatible polymer CS, to enhance the biocompatibility of the matrix along with
anchoring amino (-NH.) functional groups on it. CS is chosen for modification since it has
abundant amino groups, has excellent film forming and stabilizing characteristics. The as-
fabricated bioelectrode (BSA/anti-NSE/CS/MoS,/ITO) is tested for its electrochemical
performance by again choosing NSE as the target analyte and it is found to have an
electroactive surface area of 55 mm?, with a HET value of 4.05 x 10 cm s, a sensitivity of

3.35 pA ng? mL cm?, with a linear detection range of 0.1 to 200 ng mL™*. Also, the
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bioelectrode is found to be reproducible, specific, and regenerable (4 cycles) and has a shelf
life of 6 weeks. It is also found that the bioelectrode can stably hold the antibodies without

considerable loss in signal response for 50 CV cycles.

6.2 Conclusions and major takeaways from the research work

> The results of the conducted studies suggest that these matrices could further be
explored for the fabrication of devices for early monitoring of various other diseases too using
the same strategy.

> It is also observed that CS/MoS,-based immobilization matrix manifests a better
performance than the rGO/MoS;,-based matrix. The reason for an amplified performance
shown by CS/MoS; matrix can be elucidated by understanding the attachment of antibodies to
the immobilization matrix.

The orientation of immobilization of antibodies plays a direct role in determining the
stability, along with other biosensing and electrochemical parameters of the matrix [1]. We
could achieve covalent attachment of antibodies in both the matrices, however, the direction of
attachment of Ab is different in both cases. In rGO/MoS;, since the matrix has abundant COOH
functional groups therefore the antibodies bind from their NH- side to form the amide bond.
But, as seen in Fig. 1.4 (chapter 1), the covalent attachment with the NH group of Ab will also
lead to partial blocking of antigen (Ag)-binding sites which in turn impacts the overall
performance of the biosensor. Whereas in CS/MoS; the amino group is abundant, therefore
the antibodies bind from the Fc region having the COOH group. Since the sites for attachment
of target Ag are freely available in this case, therefore this orientation of attachment of Ab is
favored.

Therefore, CS proffers three benefits: 1) its excellent film forming and stabilizing

characteristics ensure a stable matrix, 2) attachment of amino group favors the orientation of
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antibodies for maximum attachment of Ag, 3) due to favorable attachment of Ab, shelf life and

regeneration of the matrix could be possible. This points out that the merits possessed by

CS/MoS; matrix deserve further exploration for the development of various other biosensors

to detect different biomarkers.

> Table 6.1 shows that both the bioelectrodes prepared in our work outperform some of

the previously reported bioelectrodes in terms of electrochemical parameters like electroactive

surface area and HET rate constant.

Table 6.1: Comparison table of electrochemical parameters of our bioelectrodes with

previously reported electrochemical bioelectrodes.

Biomarker
Bioelectrode Ac (inmm?) | K, (cms?) | References
Detected

EA/anti-

cTnl - 4.47 x 10° [2]
cTnl/APTES/WOsNRs/ITO
BSA/anti-

Vitamin D 3.8 155x10%  [[3]
VD/Fe304/PANNfS/ITO
BSA/anti-CYFRA21-

CYFRA 21-1 | 2.58 3.77x107 | [4]
1/APTES/nYZR/ITO
Anti-

EPCAM - 2.135x 107 | [5]
EPCAM/MoS,@rGO/ITO

Ph.D. Thesis (Ritika Khatri) 154



Chapter 6

BSA/anti- Present
NSE 27.83 1.29 x 103
NSE/rGO/MoS,/ITO work
BSA/anti- Present
NSE 55 4.04 x 10
NSE/CS/MoS,/ITO work

EA- ethanolamine, cTnl — cardiac troponin, APTES — (3-aminopropyl)triethoxysilane, WO3-
tungsten trioxide, NRs - nanorods, VD — Vitamin D, Fe3;O, — iron oxide, PANnFs-
polyacrylonitrile nanofibers, nYZR - yttria-doped zirconia-reduced graphene oxide
nanocomposite, TiO,- titanium dioxide, EPCAM — epithelial cell adhesion molecules.

> Both the matrices are found to be specific because specificity is conferred by antibodies.
While good reproducibility is observed in both cases because covalent attachment between the

matrix and antibodies is occurring in both cases.
6.3 Prospects of this work

The work carried out in this thesis is an effort to explore the characteristic features of 2D
nanomaterials for biosensing applications. Therefore, it opens up wide avenues for a

foreseeable future like,

> Paper-based sensors can also be fabricated in the future since they are eco-friendly,

disposable, flexible, wearable, and cost-effective [6, 7].

> Efforts can be made to have even better sensitivity and shelf-life of proposed platforms.
> Testing these platforms for various other biomarkers.
> Some other 2D nanomaterials can also be employed like Mxenes (Ti2Cs), borophene,

etc for the fabrication of the immobilization matrix.

Ph.D. Thesis (Ritika Khatri) 155



Chapter 6

> MoS; nanostructures can be modified in various other ways using polymers like
polyaniline (PANI), and poly (3,4-ethylenedioxythiophene) and tested for their performance
for biosensing applications.

> Disposable electrodes can be made for biomedical waste management.

> Advancements are still required to ensure the portability of the system to develop point-
of-care devices which are possible by miniaturization of the potentiostat.

> It is well-known fact that monolayers of 2D nanomaterials can be prepared, and have
properties different fromthe bulk. However true miniaturization and monolayers-based devices
are possible only with a large-scale synthesis of monolayers. Therefore, a foreseeable future is

possible only with a method for a high yield of monolayers.
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ARTICLE INFO ABSTRACT

Keywords: In this work, we report one-step, facile and cost-effective synthesis of 2-dimensional (2D) reduced MoS; (r-MoS5)

tMoS; nanostructures via hydrothermal method using two reducing agents. The detection of hexagonal phase, esti-

Reducing agents N mation of lattice parameters and crystallite size is done using X-ray diffraction and Williamson-Hall plots are

EleCtmphore_nc dePO,Smon drawn to estimate strain produced in the sample. Field emission scanning electron microscopy (FESEM) and

Electrochemical studies .. . X . . .
transmission electron microscopy (TEM) confirms the formation of nanosheet like structures. MoS; reduced using
hydrazine hydrate is found to have better electrochemical properties with heterogenous rate transfer constant
equal to 5.03 x 10~* cm/s and electroactive surface area calculated as 7.05 x 10~* cm~2 Raman spectra, TEM
images and W-H plots explains the better electrochemical performance of rMoS, synthesised using hydrazine
hydrate. Also, it is observed that out of electrochemical impedance spectroscopy (EIS), cyclic voltammetry and
differential pulse voltammetry, EIS turns out to be best technique for studying electrochemical properties of
layered materials. This work provides theoretical guidance to use chemically synthesised rMoS; as a matrix for
electrochemical sensing applications where an increase or decrease in current/resistance value gives confirma-
tion of attachment of bio/gas molecules and determination of parameters like heterogenous rate transfer con-
stant can indicate sensitivity towards a particular analyte.

1. Introduction

2D materials like graphene, transition metal chalcogenides, hexag-
onal boron nitride, Mxenes etc are gaining huge popularity in the inter-
disciplinary fields of nanoscience and material science which includes
physics, chemistry as well as biology. 2D nanomaterials include benefits
like low cost and high chemical stability. Amongst, these 2D nano-
materials MoS, has gained wide popularity pertaining to its layered
structure, abundance in nature as molybdenite, good rate of electron
transfer, dependency of band gap on no. of layers, possibility of
extraction in considerable amount [1] and its plentiful applications like
supercapacitors [2], Na/Li- ion batteries [3-5], Hydrogen Evolution
Reaction (HER) [6], sensing [7], electronic devices [8,9] etc. It also
possesses fine mechanical strength, even better than steel [10]. MoS; in
its bulk form is a semiconductor with bandgap 1.2 eV, which widens up
to 1.8 eV for monolayer MoS;. Bulk MoS; however has low transfer of
ions/electrons because it is stacking of large number of layers, which
limits its conductivity [11]. Thus, an effective pathway to this is going to
nanoscale, thus increasing the surface area and decreasing the total

* Corresponding author.
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number of layers to decrease the pathway for diffusion. MoS; has
characteristics similar to graphene like covalently bonded S-Mo-S
sheets which have weak Van Der Waals forces amongst them and
therefore have the tendency to be extracted in form of nanosheets like
structures [12]. MoS; can be synthesised using various methods, among
which hydrothermal method is one of the methods which gives large
yield, is simple to perform, has low cost and gives an option of con-
trolling morphology of synthesised structures. Also, water is used as
reaction solvent making this method environmentally friendly as well
[13,14].

Electrochemical activity of MoS; determines its use in various ap-
plications, but different properties of MoS, and different types of pa-
rameters are seen for different applications, for instance more no. of
active sites will give a better HER and a low overpotential and Tafel plot
will determine if a material is good for HER or not [6], while pseudo-
capacitive behaviour, charge-discharge rates, cycle stability will be seen
for supercapacitor [2]. Charge-discharge capacity, cycling stability and
specific capacity is seen for Na/Li ion batteries and potential for Na/Li
ions intercalation among layers of MoS, will determine performance of
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batteries [3-5]. But for sensing, more surface area should be exposed
with minimised interlayer spacing so that electron transfer is favoured
with good value of heterogenous rate transfer constant [15].

MoS; nanostructures are heterogenous on their surface containing
mono-/bi-/multi-layered structures of different shapes and sizes. These
shapes and sizes depend upon different preparation methods and con-
ditions. For instance, flower like MoS, nanostructures (mean diameter
500 nm) are shown to exhibit a better performance as an anode material
for Li-ion batteries in comparison to sphere like MoSy nanostructures
(5-10 pm) because, flower like MoS; nanostructures can have better
structure change during the conversion process. In the electrochemical
impedance spectroscopy (EIS) measurements flower like MoS; has a
smaller value of charge transfer resistance R¢; than MoS; spheres, owing
to the dense structures of spheres. Ultrathin nanosheets in flower like
MoS, shortens the diffusion pathway for electrons and Li* ions, which
enhances its electrochemical performance [16]. In another work, Ram-
adoss et al. [17] have synthesised mesoporous structures of MoS, for
supercapacitor applications where capacity is found to increase due to
porous morphology and large surface area of nanostructures which re-
duces the pathway for ion diffusion which in turn enables fast electron
transfer between working electrode and electrolyte. Chen et al. [18]
have synthesised MoS; nanosheets and nanosheets based hollow porous
flat boxes and nanotubes (outside diameter 200-500 nm and thickness
50-70 nm) for electrochemical hydrogen evolution. MoS; flat boxes and
nanotubes are found to exhibit better electrochemical performance than
MoS; nanosheets because of a greater number of S2~ units, stable
arrangement of nanosheets which exposes a greater number of active
sites rendering them low overpotentials to reach 10 mA cm~2. Kumar
et al. [19] have reported synthesis of MoS, nanoclusters for electro-
chemical detection of 4 aminophenol (AP). Large surface area of MoS;
nanoclusters exhibits high electrocatalytic activity towards 4-AP. MoS,
nanoflakes (size > 1 pm) for fabrication of screen-printed electro-
chemical sensor for detection of bovine serum has been developed by
Kukkar et al. [20]. A simple sensor with detection limit of 6 pg mL ™ is
made by utilising cyclic voltammetry technique. Wang et al. [21] syn-
thesised three different morphologies of MoS; namely nanospheres
(diameter 600-900 nm), nanoribbons (width 200-300 nm and length up
to several micrometres) and nanoparticles (600 nm) and studied their
electrochemical performance for Li-ion Batteries. MoS; nanospheres are
found to exhibit best electrochemical performance amongst all mor-
phologies owing to large surface area which provides large number of
reaction sites, reduced diffusion length for electrons and ions and can
accommodate structural changes.

In our work, Hydrazine hydrate and citric acid are used as reducing
agents to mediate the growth of MoSy nanostructure by aiding the
reduction of oxidation state of Mo (VI) to Mo (IV). Due to excess of
ammonia released during the hydrothermal synthesis of MoS,, NHs
intercalated MoSy nanosheets are formed leading to an increase in inter-
layer spacing constituting the nanosheets [22,23]. When we don’t use
reducing agents, samples obtained are not having pure crystalline phase
of MoSy. It has also been reported that intercalated MoS; is not of pure
crystalline phase [13,23] which renders it a low stability. Also, inter-
calated MoS; nanosheets increases overall distance between layers
which will decrease the sensing response. We have also shown in our
study that MoS; sample synthesised using citric acid as a reducing agent
shows low electrochemical performance because of increase in stacking
height of layers. Therefore, reduction of ammonia intercalated MoSy
becomes very important such that the original nanosheet like structure
is also retained. Min Li et al. [13] and Mohsin Ali Raza Anjum et al. [23]
have given an additional treatment in Hj reducing atmosphere to hy-
drothermally synthesised intercalated MoS; nano structures, whereas
we have reduced ammonia intercalated MoS, nanostructures chemically
during hydrothermal process only. However, hydrazine hydrate and
citric acid leads to growth of these nanosheets in different ways which
directly affects electrochemical properties of these nanostructures and
their performance for various applications. Even though there are
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numerous reports of hydrothermal synthesis of MoS, and its electro-
chemical activity [2-7], but very less emphasis has been given on syn-
thesis of chemically reduced MoS; and electrochemical study of
electro-phoretically grown films. Therefore, this work discusses elec-
trochemical properties of reduced MoS; for its prospective application in
the field of electrochemical sensing.

2. Experimental details
2.1. Materials and solutions

Ammonium Molybdate Tetrahydrate (NH4)sMo7024-4H20 with
99.98% purity is purchased from Sigma Aldrich. Thiourea is purchased
from SRL Pvt Ltd. Hydrazine hydrate, potassium bromide, sodium
chloride and potassium chloride are purchased from Thermo Fisher
Scientific. Concentrated hydro chloric acid is purchased from RFCL
limited and acetone is purchased from Rankem. All other chemicals
including acetonitrile, potassium hexacyanoferrate (III)/potassium
ferricyanide (KsFe(CN)g), potassium hexacyano ferrate(Il) trihydrate/
potassium ferrocyanide (K4Fe(CN)g-3H20), sodium di hydrogen phos-
phate dihydrate (NaH;PO4-2H20, MW - 156.01 g/mol), di sodium
hydrogen diphosphate dihydrate (NagHPO4-2H20) and ethanol are
purchased from Merck. All the above-mentioned chemicals are used
without further purification. All solutions in the experiments are pre-
pared with ultrapure water (Milli-Q water, 18.2 MQ cm) from a Milli-
pore Milli-Q system (Bedford, MA, USA). All the materials are of
analytical grade and are used directly without further purification.

2.2. Preparation of MoS2 nanostructures

2.2.1. Preparation of MoS; without using reducing agents

0.08 M of ammonium molybdate tetrahydrate and 1.13 M of thiourea
are dissolved in de-ionised water under continuous stirring for 30 min.
The resulting solution is then put in a 50 mL Teflon-lined stainless-steel
autoclave at a temperature of 230 °C for 24 h. Then it is allowed to cool
down to room temperature. The finally obtained product is collected by
centrifugation and washed several times using water and ethanol. The
precipitates are then vacuum dried at 140 °C for 8 h. The reactions
which occur during above procedure are written as follows:

CH; N,S+2H,0—-CO,1 + 2NH31 + H,S1 (1a)

(NH,) M07054 4H,0 + 28H,S + 8NH;—7(NH,),MoS, + 28H,0 (2a)

This Sample is labelled as-prepared sample.

2.2.2. Preparation using Hydrazine Hydrate as a reducing agent (MoS>HH)

0.08 M of ammonium molybdate tetrahydrate and 1.13 M of thiourea
are dissolved in de-ionised water under continuous stirring for 30 min 2
mL hydrazine hydrate is added into above prepared solution while
stirring only. An acidic pH of 5 is maintained using dilute HCL. The
resulting solution is then put in a 50 mL Teflon-lined stainless-steel
autoclave at a temperature of 230 °C for 24 h. Then it is allowed to cool
down to room temperature. The finally obtained product is collected by
centrifugation and washed several times using water and ethanol. The
precipitates are then vacuum dried at 140 °C for 8 h. The reactions
which occur during above procedure are written as follows:

CH4 N,S+2H,0—-CO,1 + 2NH51 + H,ST 3)
(NH,)(M07044.4H,0 + 28H,S + 8NH;—7(NH,),MoS, + 28H,0 &)
(NH4)2MOS4 + 2N2H4 —>M052 + N2T + 2(NH4)ZS (5)

The sample is labelled as MoS;HH.

2.2.3. Preparation using citric acid as a reducing agent (MoS2CA)
0.08 M of ammonium molybdate tetrahydrate and 1.13 M of thiourea
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are dissolved in de-ionised water under continuous stirring for 30 min
0.44 M of citric acid is added into above solution while stirring only. The
resulting solution is then put in a 50 mL Teflon-lined stainless-steel
autoclave at a temperature of 230 °C for 24 h. Then it is allowed to cool
down to room temperature. The finally obtained product is collected by
centrifugation and washed several times using water and ethanol. The
precipitates are then vacuum dried at 140 °C for 8 h. The reactions
which occur during above procedure are written as follows:

(NH4)6M07024.4H20 + 28H2S + 8NH3—>7(NH4)2M0S4 + 281‘120 (7)

50, + 2N, + 2CsHyO; + 2(NH,),M0S; —2MoS, + 12C0, + 4(NH,),S
(8)

This sample is labelled as MoS,CA. Eqns 1a, 3, 6 shows the sulfureted
reaction, Eqns 2a, 4 and 7 shows the formation of an intermediate
product (NH4)oMoS,s while equations (5) and (8) shows the final
reduction step of (NH4)2MoS4 which leads to formation of MoS,. Both
these steps that is sulfurization and reduction are important for forma-
tion of single phase MoS; nanostructures without any presence of MoO»
or MoOs intermediate phases [24] and to remove intercalated NH3 ions
between MoS; layers due to production of excess ammonia in equations
(1) and (4), respectively [23]. Final reduction step does not take place in
case of as-prepared sample as no reducing agent is present to reduce
(NH4)2MoS4 due to which pure MoS; phase cannot be obtained as shown
in Fig. 2. G Nagaraju et al. [24] have reported the formation of MoS;
Nano bundles citric acid as a reducing agent using a different sulphur
source. However, temperature and time play a huge role in controlling
the morphology in hydrothermal synthesis of MoS; nanostructures.

2.3. Preparation of MoSz based electrode for electrochemical studies

MoS; is known to have an excess of surface negative charge [25,26],
therefore stable films of it can be made by applying an electric field to its
stable colloidal suspension in between two electrodes. Electrophoretic
method of film deposition offers many advantages like smoothness,
homogeneity, uniformity and economic viability, therefore has been
chosen for film formation [27,28].

MoS;HH and MoS,CA are separately dispersed in de-ionised (DI)
water, acetone, ethanol and acetonitrile with a concentration of 1 mg/
mL and sonicated in an ultrasonic bath for 30 min at room temperature.
The dispersion solutions for both the samples are shown in Fig. 1 It is
observed that in DI water and ethanol particles of samples are not
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uniformly and homogenously spread throughout the solution rather got
settled at bottom. Films using electrophoretic deposition (EPD) are made
using dispersions in acetone and acetonitrile. However, films for samples
dispersed in acetone couldn’t be uniformly formed, whereas films could
be easily formed for samples dispersed in acetonitrile, hence conditions
are optimised for dispersion of samples in acetonitrile.

Hence, MoS,HH and MoS,CA are separately dispersed in Acetonitrile
with a concentration of 1 mg/mL and sonicated in an ultrasonic bath for
30 min at room temperature. This solution is then poured in a 2-elec-
trode cell comprising of a Copper (Cu) working electrode (WE) and
Platinum (Pt) as counter electrode (CE). Indium tin oxide (ITO) coated
glass slide of dimension 2.5 cm x 1 cm is used as a conducting substrate
for depositing film of MoSs. ITO is attached to WE and put in the solu-
tion. Positive polarity is applied to WE and negative polarity is applied
to CE. Under a potential of 40 V, negatively charged MoS, particles
move towards ITO and films are formed by deposition of MoS; particles
at the electrode-suspension interface. Films are deposited in an area of 1
cm x 1 cm by electrophoretic deposition.

3. Results and discussion
3.1. Characterisation

Various different techniques have been utilised to characterise as

s-Prepared Sample
P A
02
(?l ) — MoS,HH
Z \ (100)
5 i Y (103)
( - (100) — MoS,CA
(163) (1i10)
e LT
iy 1 1 i 1 i § 1
10 20 30 40 50 60 70 80

20 (Degrees)

Fig. 2. XRD of as-prepared MoS,, MoS,;HH and MoS,CA.

Fig. 1. Dispersion solution of (a) MoS;HH in DI water (b) MoS,CA in DI water (c) MoS,HH in acetone (d) MoS,CA in acetone (e) MoS;HH in ethanol (f) MoS,CA in

ethanol (g) MoS,;HH in acetonitrile (h) MoS,CA in acetonitrile.
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synthesised samples. X — Ray diffraction spectra has been recorded using
a Bruker D8 Advance facility with Cu K, radiation of wavelength 1.514
A. Field emission scanning electron microscopy (FESEM) is done using
TESCAN model LYRA 3 XMU and is used to examine the morphology of
samples. Raman spectra is measured using WITec Raman spectrometer
with an excitation wavelength of 532 nm. Fourier transform infrared
spectroscopy (FT-IR) is performed using PerkinElmer FT-IR spectrom-
eter. JEOL transmission electron microscope is used to record TEM im-
ages. Elemental analysis of synthesised samples is carried out using
energy dispersive X-ray fluorescence (EDXRF) technique, using Epsilon
5, PANalytical and CHNS elemental analysis using Vario Micro Cube
Elemental Analysensysteme Germany. The electrochemical measure-
ments are done at room temperature by a Metrohm Autolab Potentio-
stat/Galvanostat using Nova software. The conventional three electrode
electrochemical cell is used for electrochemical measurements using
MoSy/ITO as the working electrode, platinum (Pt) wire as the counter
electrode, and silver/silver chloride (Ag/AgCl) electrode (in 3 M KCL) as
the reference electrode. PBS solution (pH 7.0) containing 5 mM of [Fe
(CND61®7# and 0.9% NaCl is used as a supporting electrolyte.

3.1.1. XRD

Fig. 2 shows XRD patterns of samples prepared without using
reducing agents (as-prepared sample) and with reducing agents which
are (MoSoHH) and (MoS3CA). Identified peaks for MoSoHH and MoS;CA
can be indexed to hexagonal MoS, (2H MoS,) with JCPDS card no. 37-
1492. A low intensity broadened (002) peak around 11° corresponds to
low crystallinity of as-prepared sample and the Peaks (100) and (103)
are also not distinguishably visible. Also, the (110) peak is shifted
slightly left in comparison to MoS; samples prepared using reducing
agents. From here it can be concluded that this sample prepared without
using any reducing agents is not having pure crystalline phase of MoSz
and hence further studies are not carried out on this sample. For the
other two samples which are prepared using reducing agents, the peaks
are found to be broadened and have weak intensity which is due to
decrease in size as compared to bulk MoS,. (002) peak which corre-
sponds to periodicity along c direction is observed to be of less intensity
and is broadened which shows that sample is in nano range, however its
presence in both the samples (MoS;HH and MoS,;CA) indicates that
MoS; formed is not monolayer, rather stacking of large no. of layers [24,
29]. Also, the (002) peak which appears at 14.4° in case of bulk MoS; is
shifted slightly towards low angle side (13.57°) indicates an expansion
towards (001) direction [30]. (002) peak arises because of interlayer
Mo-Mo scattering and it can be seen that sample MoSyHH has a rela-
tively strong and sharp (002) peak in comparison to MoS,CA, indicating
a formation of well crystalline MoS;HH with ordered stacking along the
c-axis [31]. XRD data is analysed using XPowder software for structure
determination. Best matching of peaks for both the samples is observed
for hexagonal structure. Lattice parameters a, b and c are found using
XPowder software and their values are given as shown in Table 1, with
reference to JCPDS value. Crystallite size is calculated for both the
samples using Debye-Scherrer formula [32].

t=0.91/(pcosH)

where t is the crystallite size (average crystallite diameter), A is the X-ray
wavelength i.e. 1.54064 A, K is the shape factor (0.9), p is the line
broadening at half the maximum intensity (FWHM), © = 26/2, i.e. the
Bragg Angle (in radian). The average crystallite size and micro strain ¢ is

Table 1

Lattice parameters of two samples calculated using X-Powder software.
Lattice Parameters JCPDS (37-1492) MoS,HH MoS,CA
a 3.1612 A 3.135A 3.111 A
b 3.1612 A 3.135 A 31114
c 12.2985 A 12.998 A 13.654 A
Volume of unit cell 106.43 A® 110.63 A® 114.44 A®
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also calculated using Williamson- Hall (W-H) plots using the relation
[33].

kA
PcosO = 4esinf + D

Where, § is full width at the half maxima (in radian), k is the shape
factor, A is wavelength of the incident X-rays (CuK,, A = 1.54064 A).
Fig. 3 shows linearly fitted W-H Plots and their values are given in
Table 2. All the peaks (002), (100), (103) and (110) are considered for
both the samples. Inverse of y-intercept gives the crystallite size and the
slope is a measure of micro strain in the sample, whose values are given
in Table 2. Average crystallite size using Debye Scherrer equation is
calculated with an experimental error of +£0.218 nm, while from W-H
plots the crystallite size is calculated with an experimental error of
+5.664 nm. Also, it can be seen that strain in sample MoS,CA is greater
than MoS;HH which could be possibly due to more stacking of layers in
MoS,CA which is further confirmed from Raman spectra (Fig. 6) and
TEM images (Fig. 7) as well.

3.1.2. FESEM

Fig. 4 shows the morphological structures of MoS; nanostructures
formed using 2 different reducing agents. Fig. 4 a, b and c shows
morphology obtained for MoS;HH while Fig. 4 d, e and f shows the
nanostructures obtained for MoS;CA. At higher scales (Fig. 4a and d)
flowers constituting a huge no. of nanopetals/nanosheets which are
curled and stacked up together can be seen for both the samples. At small
scales (Fig. 4b, 4c, 4e and 4f), these nanosheets are seen to be growing in
all directions rendering an uneven surface morphology.

3.1.3. FTIR

Fig. 5 shows the FTIR spectra of MoSoHH and MoS;CA. The weak
peak around 470 cm~! can be attributed to Mo-S vibrations [34]. The
absorption band at 1633 cm™! and 1637 cm ™ in case of MoS;HH and
MoS,CA respectively corresponds to Mo-O vibrations. Strong absorp-
tion peak which is observed at 3450 cm ™! can be attributed to stretching
vibrations of O-H bonds [35]. Peak at 950 ¢cm ™! correponds to the S-S
bond. More intensity of transmittance peak in FTIR results for MoS2CA
clearly indicates more that more no. of O-H bonds is present than in
MoS,HH. These O-H bonds correspond to water molecules adsorbed on
to the samples during synthesis process. Hydrazine hydrate is compar-
atively a stronger reducing agent than citric acid which removes more
water molecules in comparison and decreases the total number of hy-
droxyl functional group (O-H) from the synthesised sample as evident
from FTIR spectra. Another possible reason for more intensity of O-H
peak could be O-H bonds itself present in citric acid (Chemical formula -
CeHgO7). In order to determine the hydroxide (OH) content present in
both the samples, FTIR spectral study has been used. The Beer-Lambert
law relates the attenuation of light to the properties of the material
through which it is travelling. The Beer-Lambert law in terms of trans-
mission intensities is given as follows [36]:

TO
ecd = 1g — 1b
cd=lgz (1b)
Where, ¢ is molar absorption coefficient in M lem™!, ¢ is molar con-
centration in M, d is optical path length in cm, Tg is the highest trans-
mission intensity, while T, is the transmission intensity of OH bond. To

determine the OH content present in the samples, absorption coefficient
aop is calculated [37] which is given by following expression

o =—" (2b)

d is taken to be thickness of potassium bromide (KBr) pellet prepared of
sample for FTIR, which is 1 mm for both MoS,HH and MoS;CA. Using
Eqn 2b, the calculated value of OH content in MoS;HH is 2.73 em ™! and
for MoS,CA it is 3.55 cm™!. From the spectra also it is observed that
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Fig. 3. W-H plots of (a) MoS,HH and (b) MoS,CA.

Table 2
Crystallite size calculated using Scherer formula and W-H plots and strain
estimation for two samples.

Sample Average Crystallite size Crystallite size from  Strain from
from Scherrer Formula W-H Plots W-H Plots

MoS,HH  2.69 nm 1.42 nm —0.00301

MoS;CA  2.73 nm 1.15 nm —0.02618

MoS>CA has more OH content which is shown by its value of absorption
coefficient also.

3.1.4. Raman Spectra

Fig. 6 shows Raman spectra of MoS,HH and MoS;CA excited by a
laser source having wavelength of 532 nm. The Raman Spectrum of
MoS; has two main peaks: an in plane (Elzg) mode located around 383
cm ™! and an out of plane mode (A;g) located around 407 em™! corre-
sponding to 2H-phase. The in-plane mode corresponds to the sulphur
atoms vibrating in one direction and the molybdenum atoms in other,
while out of plane mode corresponds to the sulphur atoms vibrating out
of plane. The difference (A) between (Elzg) and (A1g) modes can be used
to estimate the layer number of MoS, nanosheet [38,39]. This value A is

around 18 cm™! for monolayer and approximately equal to 25 cm™! for
multilayer MoS; [40,41]. For MoSoHH, (Elzg) mode lies at 382.68 cm™!
and (A;g) mode lies at 405.82 em ™! leading to wavenumber Separation
(A) of 23.14 em ™, while for MoS,CA (E'2,) mode lies at 385.25 cm ™!
and (A;g) mode lies at 410.96 em ! leading to wavenumber Separation
(A) of 25.71 em L Also, the Raman frequencies (Elzg) and (A1g) peaks
vary repeatedly with the number of layers of MoS, nanosheets, whereas
intensities and widths of the peaks vary arbitrarily. Although the
calculated A value shows the non-existence of one layer (1L), two layers
(2L), three layers (3L) or four layers (4L) but the presence of stacked
structures constituting more than four layers [42,43]. With the increase
in number of layers, atomic vibrations are supressed by Vander Waals
forces leading to a higher force constant and blue shift of (A;g) mode
[22]. Here, a blue shift in (A;g) mode of MoS>CA confirms higher
stacking height in comparison to MoS;HH which is evident from XRD
pattern and TEM (Fig. 7) images as well.

3.1.5. TEM

TEM analysis is carried out by sonicating dispersions of both samples
in ethanol and loading a single drop on TEM copper grid. From the TEM
images (Fig. 7) it can be observed that layered nanosheets can be
observed for both the samples. However, for MoS;HH these sheets are in

500
00 nm : 500 nm

Fig. 4. FESEM Image of MoS, nanostructures (a, b, ¢) MoS,HH (d, e, f) MoS,CA.
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Fig. 6. Raman spectra of MoS,HH and MoS,CA.

tight contact with each other making the nanosheet film more stable,
while for MoS,CA the nanosheets are not tightly packed together. In-
crease in stacking height of MoS,CA is also evident from blue shift of A;¢
mode in Raman spectra. Both hydrazine hydrate and citric acid acts as
reducing agent to reduce the oxidation state of Mo (VI) to Mo (IV), but
besides this citric acid also acts as a surfactant to grow nanosheets in a
particular way. Such kind of morphological direction to nanostructures
by citric acid has also been reported for MoO, nano discs [44]. In
another work, the effect of citric acid on the growth of ferric oxide was
studied, where the size of nanoparticles decreases with increase in
concentration of citric acid [45]. This happens, because adsorption of
surfactant molecules hinders the growth of Fe;O3 nanoparticles. Same
thing is perhaps happening in our case where, citric acid molecules are
attached on to the layers of MoS, nanostructures not allowing them to
form tightly packed structures, as seen in TEM images. Therefore, sheets
obtained here for MoS,CA are of small lateral length, growing randomly

and increasing the overall stacking length of layers.

3.1.6. EDXRF

The purpose of this technique is to determine the Molybdenum (Mo)
elemental composition of samples. MoSosHH and MoS,CA samples are
mixed with boric acid to form a pellet by applying a pressure of 5 tons for
10 s. The elemental composition of Mo is listed in Table 3 for MoS,HH
and MoS,CA.

3.1.7. CHNS

To identify the sulphur (S) content present in synthesised MoS,
samples and presence of other impurity elements like carbon (C),
hydrogen (H) and nitrogen (N), CHNS analysis is done. The elemental
percentage for above stated elements is given in Table 3. It can be seen
that elemental N impurity in MoS;HH is more in comparison to MoS,CA,
while elemental C impurity in MoS,CA is more than in MoS;HH, which
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Fig. 8. Electron impedance spectroscopy of MoS;HH_ITO and MoS;CA _ITO.

clearly indicates that hydrazine hydrate is a source of more N impurity
in MoS,HH, while citric acid is source of C impurity in MoS,CA. Total C,
H, N contamination is 7.59% and 5.06% in MoS;HH and MoS,CA
respectively.

3.2. Electrochemical studies

In order to see electrochemical properties of MoS; samples prepared
using 2 different reducing agents, electrochemical impedance spectros-
copy, cyclic voltammetry and differential pulse voltammetry are con-
ducted. Electrodes are made by deposition of prepared samples on ITO
and are labelled as MoSoHH_ITO and MoS;CA_ITO. For these studies
mentioned above 3-electrode cell is taken in which prepared electrodes
are employed as working electrode and their electrochemical studies are

Table 3
Elemental composition of MoS2HH and MoS2CA determined using EDXRF and
CHNS elemental analysis.

Elemental Percentage Mo S C H N

64.41%
61.30%

28.01% 1.35% 1.86% 4.38%
33.64% 3.14% 0.95% 0.97%

MoS,HH
MoS,CA
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Table 4
Percentage change between results of different electrochemical techniques.
Rt (EIS) ip (CV) i, (DPV)
MoS,HH_ITO 150 @ 546.17 pA 72.02 pA
MoS,CA_ITO 456 Q 504.15 pA 63.78 pA
Percentage Change 67% 8.33% 13%
Table 5
Comparison of parameters calculated using, used electrochemical techniques.
Heterogenous Electroactive Diffusion Electro
Rate Transfer Surface Area Controlled chemical
Constant (K,) Process Reversibility
MoS;HHITO  5.03 x 10°* 7.05 x 10°* Yes ipa/ipe =
cm/s em™2 1.001
~Reversible
MoS,CAITO  1.79 x 10°* 6.51 x 10°* Yes ipa/ipc = 0.96
cm/s em~2 Semi

reversible

recorded. The electroactive surface area and the heterogenous rate
transfer constant are the main factors which determine the electro-
chemical performance and hence are found using these analytical
techniques.

3.2.1. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is done in a frequency
range of 10° Hz-0.1 Hz at a set potential of 0.01 V (Fig. 8). Semi-circular
diameter in case of MoS,HH is smaller in comparison to that of MoS;CA
giving a R value of 150 Q and 456 Q respectively. Larger resistance is
offered to electrons in case of MoS;CA which may be due to the larger
height and irregular orientation of nanosheet arrays as observed in TEM
images (Fig. 7) and confirmed from Raman spectra and XRD pattern as
well. Whereas, MoS,HH has stacked nanosheets therefore decreasing the
overall distance that electron has to travel to reach conducting ITO
substrate. Software simulated fitting of obtained impedance spectra is
done using Randles circuit as shown in Fig. 9 given by Rs (Cq[RetW1)
having Warburg impedance in series with charge transfer resistance
with this total series component parallel to double layer capacitance
(Cq1) which is in series with solution resistance Rg. It is observed that
good fit for impedance spectra of both the samples can be obtained with
x? value given by 0.99908 and 0.99692 for MoS;HH and MoS,CA
respectively. Heterogenous electron transfer constant (K,) can be
calculated using the following equation [15].

Ko = 7RT
n?F22AR.C

Where, R is universal gas constant, T is room temperature (25 °C), n is
the no. of electrons transferred in redox event, F is Faraday’s constant, A
is electroactive surface area (in cmz), C is bulk concentration of analyte.
From here we can calculate value of K, for MoSyHH as 5.03 x 10~* cm/s
for electroactive area (7.05 x 10~* cm™2, as calculated using cyclic
voltammetry) and K, for MoS,;CA as 1.79 x 10~ cm/s for electroactive
area (6.51 x 10~* cm™2, as calculated using cyclic voltammetry).

3.2.2. Cyclic voltammetry (CV)

Cyclic voltammetry studies are done in a potential window of — 0.6
Vto 1.5V at a scan rate of 50 mV/s (Fig. 10). For MoS,HH value of peak
current in positive direction of voltage scan is found to be 546.17 pA at a
potential of 0.693 V while the peak current in negative direction of
voltage scan is —545.53 pA at a potential of —0.176 V. While for MoS2CA
same peak currents in two directions of potential scan are found to be a
little lesser with a value of 504.15 pA at a potential value 0.544 V and
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Fig. 9. Randle’s circuit (a) MoS,HH_ITO (b) M0oS,CA_ITO.
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Fig. 10. Cyclic voltammetry of MoS,HH_ITO and MoS,CA_ITO.

—523.5 pA at a potential of —0.119 V. Scan rate study for both the
samples is done using cyclic voltammetry in the potential window of —
0.5 Vto 1.2 V at a scan rate of 10 mV/s to 150 mV/s (Fig. 11). Fig. 12
shows the variation of peak anodic current (i ,) and peak cathodic
current (i,c) with square root of scan rate which is a straight line
showing that the process is diffusion-controlled [46,47]. By diffusion
controlled we mean that the electron transfer takes place between
electrode and electrolyte solution and not by adsorption of analyte on
electrode surface. For both the samples, electron transfer process is
found to be diffusion controlled and can be fitted by the equations (11,
12, 13 and 14);

1o(MoS,HH) =0.14137mA

(0.05639mA X, /i) X<1 [ Scan Ratemv>:| an
mV K

+

04 |-

0.0

Current(mA)

0.8 0.4 0.0 0.4 0.8 1.2
Potential(V)

R%=0.99

L(MoS,HH) = — 0.08271mA

(—0.07165”,,4 x\/_L—) X(Wﬂ 12)
mV 5

I,.(MoS,CA) =0.14366mA

/ 13
<0‘03369mA X = ) X ( Scan Rate m—v ) :| (13)
mV K

Le(MoS,CA) = —0.07235mA
14
( —0.07525mA X, /i> X(, [Scan Razemvﬂ 19
mV K
R? = 0.99.

Here, R is correlation coefficient.
The peak current for a reversible couple is given by Randles-Sevcik
equation [48].

+

R?=0.99

+

R%? =0.99

+

nk vDo) 1s)

ip=0.446nFAC ( RT

Where, n is the no. of electrons transferred in redox event is Faraday’s
constant, A is electrode surface area (in cmz), vis scan rate (in V/s), Do is
diffusion coefficient of oxidised analyte (in cmz/s), C is bulk concen-
tration of analyte, R is universal gas constant, T is room temperature (25
°C). By substituting the value of Faraday’s constant as 96485 C/mol,
value of T as 25 °C and R as 8.314 J/K/mol equation (15) is reduced to
equation (16).

i, =2.69 X10°n*?AC+\/D,v (16)

Now, by substituting the values of iy, number of electrons transferred
(n = 1 for ferro/ferri), D, (0.667 x 10~° cm?/s for ferrocyanide [49],
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Fig. 11. Scan Rate study of (a) MoS,HH_ITO and (b) MoS,CA_ITO at scan rate varying from 10 mV/s - 150 mV/s.
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Fig. 13. Differential pulse voltammetry of MoS,;HH_ITO and MoS,CA_ITO.

which is oxidised analyte for our system), C (5 x 103 mol cm 2) and v
(50 mV/s), the electroactive surface area of MoS,;HH electrode can be
calculated as 7.05 x 10~* cm~2, while for MoS»CA it is 6.51 x 10~*
cm 2

The value of i,,/ip = 1.001, for MoSHH, which is very close to unity
showing that the redox system is nearly reversible, however its value for
MoS,CA is 0.96 which shows that system is semi-reversible.

3.2.3. Differential pulse voltammetry (DPV)

DPV studies are conducted in same electrochemical cell with same
redox probes as used in CV with a step potential of 0.005 V in a potential
window of 0 Vto 0.6 V with a scan rate of 10 mV/s (Fig. 13). For
MoSoHH peak current value is 72.02 pA which is reached at a potential
of 0.33 V, while MoS,CA shows peak current at 63.78 pA reaching at a

potential of 0.28 V.

The results are similar to that of cyclic voltammetry, but in this case,
it can be seen that the difference is more amplified, reason being in DPV
we take a differential pulse which results in an enhanced response.

Significant improvement in current value and resistance value for
MoS,HH is caused by increased effective surface area for heterogeneous
electron transfer (HET), due to its high density, closely packed nano-
sheet surface. More, stacking height of layers is seen in case of MoS;CA
in TEM images (Fig. 7) whose confirmation is given by Raman spectra
and XRD pattern as well. More stacking height of layers increases the
diffusion distance of electrons which in turn increases the resistance
value and decreases the current response as observed in EIS, DPV and CV
respectively.

It can also be clearly observed from Table 4 that the difference
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between signals for two samples is maximum observable in EIS (67%) in
comparison to DPV (13%) and CV (8.33%). This can be attributed to the
layered structure of MoS; and excess negative charge on surface of MoS;
which repels the negative redox probe which hinders the electron
transport between redox couple and electrode surface [22,31].Table 5
shows the comparison of various parameters calculated using different
electrochemical techniques.

4. Conclusion

rMoS, nanostructures are synthesised using a simple, one-step hy-
drothermal method by reducing MoS; using hydrazine hydrate and citric
acid. Sample reduced using hydrazine hydrate is found to exhibit a
higher electroactive surface area (7.05 x 1074 cm’z) and heterogeneous
electron transfer constant (5.03 x 10~* cm/s) thus imparting it better
electrochemical properties which can be utilised for electrochemical
sensing applications where an increase or decrease in current or resis-
tance value can confirm the attachment of gas or biomolecules. Overall,
diffusion distance is increased in case of MoSy sample reduced using
citric acid which is due to stacking of layers confirmed by increase in
crystallite strain estimated using W-H plots from XRD data, Blue shift in
Ajg peak in Raman spectra and visible morphology from TEM images
which renders it a low electroactive surface area (6.51 x 10~*cm~2) and
low heterogeneous electron transfer constant (1.79 x 1074 cm/s). We
believe that MoS; reduced using hydrazine hydrate can be further
explored for its applications in sensing owing to its high surface area,
good heterogeneous electron transfer constant and nanosheets like
structure increasing the total surface area for loading of bio or gas
molecules. It can also be concluded that EIS is a better technique for
observing measurable difference for layered materials.
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Here, we present an electrochemical biosensor for sensitive, specific, and rapid detection of lung cancer
biomarker, neuron-specific enolase by utilization of rGO-modified r-MoS, multi-layered nanosheets

as a matrix. Layered structures along with the synergetic effect of r-MoS, and rGO allow easy grafting

of two materials into one another. This empowers the sensor to have a heterogeneous rate transfer
constant of 1.29 x 1073 cm/s and an electroactive surface area of 27.83 mm?. Electrochemical impedance
spectroscopy and cyclic voltammetry are used as dual modes for the detection of NSE, and the sensor
exhibits a wide linear detection range. The sensor is found to be reproducible with a relative standard
deviation of less than 5% along with an invariant response towards other endogenous interfering species
found in human serum. The investigations done in this study will further help us to fabricate a device for

rapid and early detection of lung cancer.

Cancer poses a serious life threat to the human race [1]. Among
different types of cancers, lung cancer is found to be the major
cause of cancer mortality in men, while it is the second major
cause of cancer-related deaths in women with the first major
cause being breast cancer [1]. Smoking, use of tobacco, and air
pollution are found to be some of the major reasons for lung
cancer, and only 10 to 20% of people are found to survive after
5 years of diagnosis in most of the countries [1]. To ensure effec-
tive and timely treatment and, thus, to alleviate the contribution
of lung cancer towards a high rate of mortality across the world,
early detection of this cancer is critically important. Conven-
tional techniques that are being used for the detection of can-
cer, i.e., computed tomography (CT), chest radiography, biopsy,
and magnetic resonance imaging (MRI) are accompanied by
many disadvantages like limited availability, heavy machinery
involved, the skill required for their operations, high cost, etc.,
which make it very challenging to use them in true essence for
early and easy detection of lung cancer. Thus, an alternative and
non-cumbersome strategy is required for early detection, to sup-

press the elevation of cancerous cells in the body at the initial
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stage. Electrochemical immunosensors have steadily gained
ground in the last decade, all thanks to a large number of advan-
tages which they profter like a fast response, real-time monitor-
ing, the minimal requirement for pre-processing of the sample,
high sensitivity, low sample requirement, and high specificity to
name a few [2, 3]. Since the over-expression of cancer protein
biomarkers can be closely related to the development or occur-
rence of cancer, therefore, sensitive and specific detection of
these biomarkers at an early stage can reduce the mortality rate.

Neuron-specific enolase (NSE) is found to be expressed in
high concentration in patients suffering from small cell lung
cancer (SCLC), which makes it a highly specific and sensitive
biomarker [4, 5]. A concentration value greater than 12 ng/mL
is found in serum for the target biomarker (NSE) in the case of
69% of patients diagnosed with small cell lung cancer (SCLC)
[6]. SCLC has a poor prognosis in comparison to other types of
lung cancer which necessitates its specific detection at an early
stage [5]. Since NSE is overexpressed in serum in case of malig-
nant proliferation of cells leading to SCLC [7], therefore, NSE
can be used for diagnosis, prognosis, progression of the disease,
and follow-up of SCLC (treatment efficacy) [8]. SCLC has two
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clinical stages namely limited-stage disease (LD), and another
one is an extensive-stage disease (ED) [7]. The serum NSE level
is raised to 13.8 ng/mL and 59 ng/mL in LD and ED patients,
respectively [6]. Further, it can be used to check if a patient is
responding to cancer treatment or not [6]. Several appreciable
reports are available for the detection of NSE using electrochem-
ical techniques. For instance, Han et al. reported the use of gold
(Au) nanoparticles-functionalized graphene-based biosensor for
detecting NSE in the range 0.001 to 100 ng/mL [4]. Yin et al.
utilized the synergistic effect of multi-walled carbon nanotubes
(MWCNTs) with metal nanoparticles like Au and palladium
(Pd) for realizing an electrochemical biosensor in the linear
detection range of 0.001 to 100 ng/mL for NSE [9]. Zhang and
co-workers employed another carbon-based nanomaterial that is
reduced graphene oxide along with polyaniline (PANT) on a gold
electrode for detection of NSE in a linear range of 0.5 pg/mL to
100 ng/mL with an Ag incubation time of 40 min [10]. Wang
et al. used polyresorcinol nanocomposite with Au and Platinum
(Pt) for detecting NSE, with an optimized incubation time of 50
min [11]. Fu and co-workers synthesized catalysts based on Pt
nanoflowers and obtained a pseudo-linear relationship between
the log of NSE concentrations and cyclic voltammetry currents
[12]. However, the commercial realization of these platforms is
impeded by the high cost of metal nanoparticles like gold, pal-
ladium, platinum, etc., or usage of gold electrode for fabrication
of biosensor, beating the essence of making an electrochemi-
cal biosensor. These previous reports along with the biosensing
parameters are reported in Table S1 (see Supplementary File).
We found that our bioelectrode detected NSE using 2 electro-
chemical techniques and is found to exhibit less incubation time
for attachment of NSE as well as a wide linear detection range
in comparison to other bioelectrodes reported in the literature.
Table S1 also shows that still, a considerable room is available for
the development of new biosensors and exploration of different
nanomaterials and substrates to reduce the cost and simulta-
neously have great electrochemical parameters with enriched
activity for early detection of NSE.

MoS, is a widely explored material for various applications
including biomarker-based biosensing due to its layered struc-
ture, a high value of heterogeneous rate transfer constant along
with large electroactive surface area [13, 14]. However, the non-
availability of any pristine functional groups limits its capabil-
ity to attach biomolecules onto it, therefore, causing unspecific
interaction with analytes. The absence of any dangling bonds
promotes physisorption in place of chemisorption, which may
be suited when fast response and recovery are required. How-
ever covalent linkages are more suitable when biomolecules are
immobilized and tested in buffer saline solutions [15, 16]. Thus,
the use of MoS, in its pristine form is hindered in biosensors.

However, an enriched surface-to-volume ratio and its synergistic
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effect with most of the materials including polymers, carbon
nanomaterials, metal nanoparticles, metal oxides, etc. provide
leeway in its surface modification and chemical functionaliza-
tion [14]. Hence, the incorporation of functional groups can
provide reactive sites for covalent linkage with biomolecules
in turn enhancing the sensitivity and specificity. Reduced
graphene oxide (rGO) which has abundant functional groups
like hydroxylate and carboxylate can provide sites for covalent
linkages of biomolecules, providing an alternative for function-
alization of MoS, and harnessing the sensitivity and specific-
ity of device [17]. The utilization of bare rGO as an electrode
material is prohibited by the fact that the layers tend to stick
together and cause aggregation to reduce the free energy [18].
Both MoS, and rGO are 2D nanomaterials which impart them
the capability to load more and more biomolecules onto them
owing to their high surface-to-volume ratio. Thus, a new gate-
way is provided to the potential use of various nano-composites
like MoS,-rGO for the detection of various protein biomark-
ers. There are innumerable reports available on utilization of
rGO-modified MoS,-based matrix as a sensing platform for
detection of many potential biomarkers, various organic as well
as inorganic molecules [13, 19-21]. However, there is no such
report available on the employment of rGO-modified r-MoS,
multi-layered nanosheets-based matrix utilizing dual modes for
electrochemical detection of NSE.

r-MoS, corresponds to reduced-MoS,, which indicates that
MoS, nanostructures formed are of pure crystalline phase with-
out any intercalated ammonia between MoS, nanosheets. Due to
excess ammonia released during the synthesis process, ammonia
intercalates MoS, nanosheets and renders them low stability and
low crystallinity [22-25]. Therefore, r-MoS,-rGO shows better
performance than MoS,-rGO or MoS,-GO, because of decreased
spacing in between the layers, of MoS, due to removal of inter-
calated ammonia facilitating the fast transfer of electrons [22].
Here, r-MoS, is used as a supporting matrix to hold the biomol-
ecules and facilitate the smooth transfer of electrons between
the electrolyte and electrode, while rGO provides the functional
groups for covalent attachment of biomolecules on the surface
of the supporting matrix. A few reports are available on the uti-
lization of r-MoS, or r-MoS,-rGO for various electrochemical
applications, and the devices have been found to display better
performance in the case of r-MoS, or r-MoS,-rGO [23, 26-29].

Therefore, in this work, we explored for the first-
time employment of rGO-modified r-MoS, multi-layered
nanosheets-based matrix for electrochemical detection of NSE,
a potential lung cancer biomarker. Scheme S1 (see supplemen-
tary file) shows layers of r-MoS, bridged by rGO which provides
immobilization sites to biomolecules and also acts as conduct-
ing channels. Dual-mode output is realized by electrochemical

impedance spectroscopy (EIS) and cyclic voltammetry (CV)
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electrochemical techniques, which are used to assess the per-
formance of the bioelectrode. The r-MoS,-rGO-based bioelec-
trode is found to demonstrate a good sensitivity, a wide linear
range of detection, a low incubation time for attachment of NSE,
colossal reproducibility, stability, as well as specificity against
various other endogenous interferents found in human serum.
Since both the cut-off values for LD and ED lie well within the
linear detection range of the fabricated bioelectrode, therefore,
it can be useful for early detection as well as detection of SCLC
at advanced stages.

Characterization

Structural study using X-ray diffraction (XRD)

Figure 1 shows the XRD pattern of synthesized graphene
oxide (GO) and r-MoS,-rGO. GO shows a diffraction peak
centered at 12.73° which confirms the successful formation
of graphene oxide by modified Hummer’s method [30]. The
peak at 12.73° corresponds to a spacing of 0.69 nm in between
the layers, which is large in comparison to graphite, which has
an interlayer spacing of 0.34 nm (260=26.57°). An increase in
interlayer spacing in GO indicates the presence of oxygen-
containing functional groups like ketonic and enolic groups
[31, 32]. Using the interlayer spacing and the crystallite size
obtained from XRD data, the estimated number of layers in
GO is found to be ~ 7. The disappearance of the peak around
12.73° in r-MoS,-rGO indicates the reduction of GO to rGO
[33]. Peaks observed in Fig. 1(b) at 13.91°, 33.27°, 39.62°, and
58.57° are found to be matching with JCPDS Card No. 37-1492
of MoS,. The absence of any additional peaks indicates the
incorporation of only rGO into r-MoS,, without any impuri-
ties being formed. A peak around 26.6° corresponding to rGO

could not be observed, which indicates that rGO is uniformly
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Figure 1: XRD spectra of (a) GO and (b) rtGO-modified r-MoS,.
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dispersed into layers of r-MoS, [34, 35] without altering the
crystal structure of r-MoS§, [30].

Confirmation of layered structure using Raman spectroscopy

Figure 2 shows the Raman spectra of GO and rGO-modified
r-MoS,. Raman spectrum of GO shows the D band at 1343.69
cm™! and the G band at 1583.12 cm™. The Ip,/I; value, which
corresponds to the ratio of the intensity of the D and G peaks,
is calculated to be 0.99. The D peak corresponds to defect peak
which arises due to intervalley scattering, or disorder, while the
G peaks arise from in-plane stretching of the C-C bonds pre-
sent in graphitic structure [34, 36]. Besides the D and G bands,
two overtones are also observed corresponding to 2D and D +G
peaks at 2697.25 and 2895.71 cm ™!, respectively. r-MoS,-rGO
shows two peaks corresponding to Elzg and A}, modes of MoS,
at 380.77 and 405.97 cm ™, respectively. The separation between
El2g and A}, modes can be used to identify the number of layers
in MoS, [22]. A separation of 25.2 cm™! in our case pertains to
multilayers of r-MoS, in r-MoS,-rGO. In addition to these peaks,
the D and G bands corresponding to rGO are also observed at
1348.92 cm™! and 1584.16 cm™". Also, the Ip/I; value is found
to be ~1.03 in r-MoS,-rGO. An increase in value of Ij,/I; for
r-MoS,-rGO in comparison to GO indicates the creation of new
graphitic domains which are smaller in size in comparison to
those present in GO before reduction [37]. Also, an increase in
Ip/1; value from 0.99 to 1.03 implies a successful reduction of
GO in r-MoS,-rGO [38].

Identification of functional groups using Fourier transform
infrared spectroscopy (FTIR)

The FTIR spectra of GO and rGO-modified r-MoS, are shown in
Fig. 3. Absorption peaks which are seen in case of GO are assigned
to OH stretching (3436 cm™), C=0 carbonyl (1705 cm™), aromatic
C=C (1624 cm™), -C-O carbonyl (1366 cm™), epoxy ~-C-O (1262
cm 1), -C-OH- (1235 cm™), and C-O alkoxy (1098 cm™) [39,
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Figure2: Raman spectra of (a) GO and (b) rtGO-modified r-MoS,.
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Figure3: FTIR spectra of (a) GO and (b) rGO-modified r-MoS,.

40]. In the FTIR spectrum of r-MoS,-rGO, a peak corresponding to
Mo-S vibrations is observed at 619 cm™ [41]. A decrease in the peak
intensity of all the oxygen-containing functional groups as well as
the disappearance of some groups like epoxy and alkoxy -C-O indi-
cates a successful reduction of GO into rGO [42, 43] in r-MoS,-rGO.
Simultaneously the presence of all the other functional groups also
shows successful grafting of rGO into multilayers of --MoS, [44, 45].

Morphological study using scanning electron microscopy
(SEM)

Figure 4 shows the morphology obtained for GO as well as rGO-
modified r-MoS,. Figure 4(a) shows large, crinkled sheets per-
taining to GO, with large lateral length and surface area. At low
magnification [Fig. 4(b) and (c)], nano-units comprising layers
of rGO, as well as various irregularly shaped flowers of MoS,,
can be observed. Further, at higher magnifications [Fig. 4(d) and
(e)], flowers of MoS, can be seen consisting of numerous layers
and nano rod-like structures of rGO are also visible. rGO layers
have a natural tendency to scroll and curl up, because of the
thermodynamic stability which accompanies bending [46, 47].
The average length for rGO nanorods is calculated to be 1.66 um
by plotting a histogram [Fig. 4(f)]. This type of interconnected
bridging network formed between rGO and r-Mo$, can provide
conduction pathways for rapid transportation of electrons and
can be greatly beneficial for the formation of electrochemical
sensors. The consonance of the multi-layered nature of both GO
and r-MoS, as affirmed by XRD and Raman, probably leads to
unstinted grafting of rGO into the r-MoS, matrix. This also indi-
cates the synergetic nature of both materials.

Elemental analysis using energy dispersive X-ray analysis (EDX)

Elemental analysis of GO and r-MoS,-rGO nanocomposite is
done using EDX on different areas of the sample. Figure S1(a),
S1(b), and S1(c) shows some of the selected areas, and Table S2

shows the atomic percentages of elements present in GO and
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r-MoS,-rGO. EDX data show the presence of Carbon (C) and
Oxygen (O) in both GO and r-MoS,-rGO along with Molyb-
denum (Mo) and Sulfur (S) content in r-MoS,-rGO. The lower
oxygen content (20.60%) in nanocomposite in comparison to
GO (31.68%) indicates the reduction of GO to rGO [48].

Thermal analysis using thermogravimetric analysis (TGA)

Thermal stability of the as-prepared samples is determined by
TGA in the presence of air with a heating rate of 10 °C in the
temperature range from 10 to 900 °C (shown in Fig. 5). The ther-
mal instability of GO is quite evident from Fig. 5(a) which shows
a huge weight loss at 200 °C. This high weight loss could be due
to the thermal decomposition of oxygen-containing functional
groups present in GO [37, 39]. On the other hand, it is observed
that r-MoS, and r-MoS,-rGO are found to have better thermal
stabilities in comparison to GO. The TGA of r-MoS, shows two
steps of weight loss: (i) below 100 °C and (ii) between 300 to
550 °C, indicating a weight loss of 46%. r-MoS,-rGO is found
to exhibit weight loss in the range 320 to 400 °C, after which the
sample is found to be stable (with a weight loss of only 17%).
Due to the decrease in the number of oxygen-containing func-
tional groups in rGO present in r-MoS,-rGO, a sudden weight
loss around 200 °C is not observed; rather the modified matrix is
rendered the highest thermal stability among all three samples.
All three samples undergo a weight loss below 100 °C due to the

evaporation of adsorbed water molecules.

Analysis of various steps of preparation of bioelectrode using
atomic force microscopy (AFM)

To assess the topography of the final bioelectrode, AFM images
are recorded for various stages of preparation of bioelectrode.
Figure 6 shows the topographical image of (a) r-MoS,-rGO/ITO,
(b) anti-NSE/r-MoS,-rGO/ITO, and (c) BSA/Anti-NSE/r-MoS,-
rGO/ITO. The topography varies from large clusters in Fig. 6(a)
to small globules in Fig. 6(b) to larger globules as observed in
Fig. 6(c). The anti-NSE /r-MoS,-rGO/ITO electrode is found to
have a root-mean-square (rms) roughness value of 0.80 nm, due
to the smooth distribution of globular antibodies onto r-MoS,-
rGO/ITO, which itself has an rms roughness value of 1.01 nm.
The BSA/Anti-NSE/r-MoS,-rGO/ITO is found to have an rms
roughness value of 0.87 nm. An increase in the value of rms
roughness of the bioelectrode in comparison to anti-NSE/r-
MoS,-rGO/ITO could be ascribed to attachment of BSA to block
the non-specific binding sites. The observable change in topog-
raphy along with the rms value of surface roughness confirms
the modification at each step of preparation of bioelectrode.

Electrochemical studies

Investigation of the electrochemical performance of the as-

prepared biosensor is done using various electrochemical

www.mrs.org/jmr

2022

Journal of Materials Research



Y I o

0.5 pm

MoS,
IS ¥ »

15 2.0
Length (um)

Figure4: (a) SEM image of GO and (b, ¢, d, e) SEM images of rGO-modified r-MoS, multi-layered nanosheets (f) Histogram of length distribution of rGO

in r-MoS,-rGO.

studies. All the EIS experiments are performed at a biasing
potential of 0.01 V and in the frequency range of 0.1 Hz to
100 kHz. The optimization of antibody concentration, antigen
incubation time, stability, and sensitivity study of bioelectrode
are done by CV in a potential bracket of —0.4 Vto 1.2 V ata
50 mV/s scan rate. The EIS and CV studies are done in 0.1 M
phosphate buffer saline (PBS, pH 7.4) solution containing 5
mM redox probe [Fe(CN)6]3_/4_.

© The Author(s), under exclusive licence to The Materials Research Society 2022

Optimization of biosensing parameters

The concentration of antibodies to be attached to the r-MoS,-
rGO matrix is optimized by varying concentrations of anti-
NSE antibodies from 10 to 100 pug/mL. CV studies (Fig. S2) are
carried out, and the peak current is found to decrease with the
increase in concentration up to 25 pg/mkL. After 25 ug/mL, a
small increase in the value of current is observed for concen-
trations 50 and 100 pg/mL. The minimum value of current for
a concentration of 25 pug/mL implies maximum attachment of
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Figure 5: TGA curves of (a) GO (b) r-MoS, (c) rGO-modified r-MoS,.

antibodies, while for higher concentrations (50 and 100 pg/
mL), an increase in current could be due to overcrowding of
antibodies resulting in lesser attachment to the surface. Thus,
25 pg/mL is finalized for attachment of anti-NSE onto the
r-MoS,-rGO/ITO electrode.

To optimize the time of incubation of NSE, 5 ng/mL of NSE
is attached to the bioelectrode (BSA/Anti-NSE/r-MoS,-rGO/

1029nm (a) 691.7nm (b)

0
0 nm nm

ITO). The incubation time of NSE is varied from 5 to 30 min.
The CV study is conducted, and the peak current varying with
the variation of incubation time is plotted in Fig. S3. It can
be seen that, with the increase in time from 5 to 15 min, the
current is found to be decreasing. However, after 15 min, the
current becomes nearly constant indicating that the maximum
attachment of NSE onto the BSA/Anti-NSE/r-MoS,-rGO/ITO
has occurred. Henceforth, 15 min is finalized as the time for
incubation of NSE on the bioelectrode.

Electrochemical characterization and stability study
of modified electrode

EIS technique gives the Nyquist plot between the imaginary
part and the real part of the impedance, and the diameter of
the semicircle, thus, obtained gives the value of charge trans-
fer resistance (R.,). To confirm the modification at various
steps of preparation of the bioelectrode, EIS measurements
are done at each step and the attachment is readily probed
by varying Nyquist plots. Figure 7(a) shows EIS curves of
r-MoS,-rGO/ITO, anti-NSE/r-MoS,-rGO/ITO, and BSA/
Anti-NSE/r-MoS,-rGO/ITO electrodes. The corresponding
R, values are found to be 211.69 Q, 125.38 ), and 147.75 Q
for r-MoS,-rGO/ITO, anti-NSE/r-MoS,-rGO/ITO, and BSA/
Anti-NSE/r-MoS,-rGO/ITO electrodes, respectively. The

Figure 6: Topographical images taken using AFM of (a) r-MoS,-rGO/ITO (b) anti-NSE/r-MoS,-rGO/ITO and (c) BSA/Anti-NSE/r-MoS,-rGO/ITO electrodes.
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Figure 7: (a) Electrochemical response of r-MoS,-rGO/ITO, anti-NSE/r-MoS,-rGO/ITO and BSA/Anti-NSE/r-MoS,-rGO/ITO electrodes, (b) Stability study of
BSA/Anti-NSE/r-MoS,-rGO/ITO bioelectrode with 50 continuous CV cycles at scan rate 50 mV/s (c) Plot of anodic peak current (ipa) with respect to CV

cycles.
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variation in values of R, at different steps of modification
confirms the attachment of moieties at the electrode surface.
The R, value is found to be lowest for the Anti-NSE/r-MoS,-
rGO/ITO electrode, which may be due to the orientation of
antibodies on the electrodes in such a way that the transfer
of electrons between the redox probe [Fe(CN)6]3_/4' and the
electrode is facilitated [49]. The value of R, for BSA/Anti-
NSE/r-MoS,-rGO/ITO electrode increases when compared
to that of Anti-NSE/r-MoS,-rGO/ITO electrode because of
the insulating nature of BSA protein molecule [50]. However,
the impedance offered to the flow of electrons is still balanced
by the formation of an iron-binding complex between BSA
and Fe present in redox probe, which leads to the forma-
tion of iron-chelates facilitating easy flow of electrons [51].
r-MoS,-rGO_ITO electrode is found to exhibit maximum
resistance to the flow of electrons which might be due to the
presence of negatively charged carboxyl groups (COO7), on
the r-MoS,-rGO matrix which repels the flow of electrons

from the electrolyte to the electrode. The inset of Fig. 7(a)

anti-NSE/r-MoS,-rGO/ITO, and BSA/Anti-NSE/r-MoS,-rGO/
ITO electrodes, and corresponding values of o are obtained to
be 0.71, 0.65, and 0.66, respectively. A departure in the value of
a from 1 shows that the behavior of the prepared electrodes can
be attributed to surface heterogeneity and not to the double-
layer capacitance.

Demonstration of stability of the bioelectrode is done by
scanning the BSA/Anti-NSE/r-MoS,-rGO/ITO electrode for 50
continuous CV cycles [Fig. 7(b)]. 94% and 88% of the initial
current are still retained after the 5th and 10th cycle, respec-
tively [Fig. 7(c)]. Thus, the bioelectrode demonstrates acceptable
stability till the 10th cycle. This essentially unchanged behavior
of CV indicates that antibodies are stably immobilized onto the
bioelectrode for 10 cycles. To acquire a better understanding of
the electrochemical performance of the bioelectrode, a scan-
rate-dependent study is conducted by varying the scan rate from
10 to 100 mV/s (Fig. S5). The anodic peak current (ipa) is found
to be varying linearly with the under root scan rate, showing
that the process is diffusion-controlled [54] (Fig. S5, inset). The
equation of the linearly fitted curve is given by (2)

. A mV
Ipa(BSA/Anti—NSE/MoS; —rGO/ITO) = 195.29/},14 + 3055\/77 X Scan rateT 5 (2)
myv

S

shows the equivalent circuit used to fit the obtained experi-
mental data. Owing to the heterogeneous nature of electrode
surface, (R,(Q[RW,])) is used as the equivalent circuit and
constant phase element (CPE) denoted by Q is used in place
of double-layer capacitance (Cy) [52]. R, denotes the solution
resistance, which is not affected by the interfacial kinetics.
The electron transfer resistance R, Warburg impedance W,,
and CPE depend upon interfacial kinetics between the work-
ing electrode and electrolyte. Table S3 reports the values of
fitted parameters.

Further, elucidation of using the CPE in place of Cy; is given
by understanding the formulation of CPE. The representation of
CPE is done as follows [53].

1
Zcpg = W, (1)

where Zcpg is CPE impedance, Q is a modeling parameter, j is
the imaginary number (j=+/—1), @ is the angular frequency (in
Hz), and « is a parameter having a value in between 0 and 1. For
a=1, CPE behaves as a capacitor, and for =0 and a=— 1, CPE
behaves as a resistor and inductor, respectively [52]. The value
of a can be obtained by the slope of plot between the imaginary
part of impedance and frequency on a logarithmic scale [52].
Figure S4 shows the plot between the imaginary part of imped-

ance and frequency on a logarithmic scale for r-MoS,-rGO/ITO,

©The Author(s), under exclusive licence to The Materials Research Society 2022

R?=0.997.

Various electrochemical parameters are also calculated like
electroactive surface area (A,) and heterogeneous electron trans-
fer constant (K,). The value of electroactive surface area (A,)
is calculated by using the slope of Eq. (2) and Randles Sevcik
equation [22, 55]:

ip = 2.69 x 10°1*/2AcC«/Dyv, (3)

where i, is the peak current, n denotes the number of trans-
ferred electrons (which is equal to 1 for Ferro/Ferri), C denotes
the concentration of redox-active species (5 mM), D, is diffu-
sion coefficient (0.667 x 10~ cm?/s) [56], and v is the scan rate.
Hence, the electroactive surface area is determined to be 27.83
mm?. Correspondingly, K, is determined by the equation men-

tioned as follows [22]:

RT

n2F2A.RC’ )

Ko =
where F is Faraday’s constant (96,485 C/mol), R is the universal
gas constant (8.314 J/K/mol), and all the other parameters are
the same as Eq. (3). And thus, using Eq. (4), the value of K
is determined to be 1.29 x 10~ cm/s for BSA/Anti-NSE/MoS,-
rGO/ITO bioelectrode.

Interestingly, the BSA/Anti-NSE/r-MoS,-rGO/ITO bioel-
ectrode is found to exhibit better electrochemical parameters

in comparison to various other electrochemical biosensors
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TABLE 1: Electrochemical parameters calculated for the prepared bioelectrode and its comparison to other electrochemical sensors, reported in the

literature.

Electroactive surface Heterogenous electron transfer
Platform Biomarker detected area (A, in mm?) constant (K, in cm/s) References
EA/anti-cTnl/APTES/WO;NRs/ITO cTnl - 447x107 [57]
BSA/anti-VD/Fe;0,-PANNFs/ITO Vitamin Dj 3.8 1.55x107° (58]
BSA/anti-CYFRA-21-1/APTES/nYZR/ITO CYFRA-21-1 2.58 3.77x107 [59]
BSA/Anti-NSE/r-MoS,-rGO/ITO NSE 27.83 1.29%1073 Present work

which have been reported for detection of other biomarkers
(Table 1). The superior behavior as shown by our platform may
be attributed to the synergistic nature and interconnected net-
work formed between r-MoS, and bridging rGO, which imparts

more conduction pathways.

Analytical performance of biosensor towards detection of NSE

The analytical performance of the prepared biosensor is recorded
using EIS and CV techniques. Concentration of NSE antigen is
varied from 0.01 to 200 ng/mL, as shown in Fig. 8(a). Before
the incubation of NSE, the bioelectrode is washed using plain
pBS (pH 7.4), to remove any unbound BSA on the surface of
the bioelectrode. This is followed by incubation of antigen onto
the bioelectrode for an optimized time duration of 15 min. This
gives sufficient time to antigen for interaction with antibodies.
The impedance is found to be increasing with the increase in the
concentration of the analyte. This occurs due to the immuno-
reaction between antibody and antigen, leading to the formation
of an immunocomplex. This leads to a decrease in the redox-
active surface area and deaccelerates the transfer of electrons
from the redox probe [Fe(CN)¢]** to the electrode surface.
The change in impedance can be directly correlated to the change
in concentration of NSE. Hence, a calibration curve is plotted to
determine the concentration of NSE antigen [shown in Fig. 8(b)].
The calibration curve is linearly fitted using the following equa-

tion with the regression coefficient R? value equal to 0.96:

QmL

ng

Re; = 187.58Q2 4 3.80
(5)

The sensor is found to exhibit a linear variation in the range
of 1-200 ng/mL. The sensitivity of the biosensor is determined
using the slope of the calibration curve, and it is found to be
3.80 Q ng™' mL cm™2. The lowest value which can be detected
by using the EIS technique is 1 ng/mL.

Further, an illustration of the reliability of the as-prepared bio-
electrode is done by studying its response with the variation of NSE
concentration using the CV technique [Fig. 8(c)]. The bioelectrode
displays a linear response in the range of 0.1 to 100 ng/mL, with
a sensitivity of 2.32 pA ng™! mL cm ™2 with CV [Fig. 8(d)]. The

©The Author(s), under exclusive licence to The Materials Research Society 2022

X (concentration of NSE(—) ) .
mL

CV response calibration curve is linearly fitted using the follow-

ing equation with the regression coefficient R? value equal to 0.97:

HAmL ng

X (concentration of NSE ( o~ ) ) .
(6)

Oxygenated functional groups on r-MoS,-rGO assist the

i(WA) = 636.67LA + 2.32

covalent immobilization of biological entities onto the matrix.
A large surface area along with the availability of oxygenated
functional groups empowers the bioelectrode to exhibit a wide

detection range and manifest a good sensitivity.

Reproducibility check of the bioelectrode

To check the reproducibility of the prepared BSA/Anti-NSE/
r-MoS,-rGO/ITO bioelectrode, EIS and CV response are
recorded for four electrodes prepared under similar conditions
(Fig. S6). All four bioelectrodes are tested for 10 ng/mL of NSE
antigen. The relative standard deviation (RSD) value is found
to be below 5%, which is in an acceptable range, indicating that
the sensor is reproducible. The covalent binding of biomol-
ecules onto the bioelectrode attributes to the reproducibility

of the sensor.

Specificity study of the bioelectrode

The specificity of the prepared bioelectrode, BSA/Anti-NSE/r-
MoS,-rGO/ITO is investigated against different interferents
which are also present in human serum, for instance, Car-
diac Troponin I (cTnI, 0.1 ng/mL), Myoglobin (mB, 85 ng/
mL), C-reactive protein (CRP, 10 ug/mL), Urea (0.1 mg/mL),
Sodium Chloride (NaCl, 6.2 mg/mL), etc. The concentrations
are taken in physiological ranges of these interferents in the
serum of a human being. The bar graph in Fig. S7 shows the
R and CV current values of BSA/Anti-NSE/r-MoS,-rGO/ITO
when incubated with different interferents for 15 min. The neg-
ligible change in R, and CV current of the bioelectrode with
the interferents shows insignificant cross-linking between BSA/
Anti-NSE/r-MoS,-rGO/ITO bioelectrode and interferents. Cor-
respondingly, a huge difference in R, [Fig. S7(a)] and CV cur-
rent [Fig. S7(b)] value for NSE shows the interaction between
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Figure 8: (a) EIS response of BSA/Anti-NSE/r-MoS,-rGO/ITO bioelectrode as a function of concentration of NSE, (b) Calibration plot between R  and
concentration of NSE, (c) CV response of BSA/Anti-NSE/r-MoS,-rGO/ITO bioelectrode as a function of concentration of NSE, (d) Calibration plot

between CV current and concentration of NSE.

NSE and anti-NSE antibodies, which shows the specificity of the
bioelectrode towards NSE.

A sensitive, specific, fast, and economical biosensor is prepared
by utilizing the synergistic effect of r-MoS, and rGO for the
detection of a potential lung cancer biomarker. Layered struc-
tures of these 2D nanomaterials allow easy grafting of rGO
into r-MoS,. Electrochemical parameters like heterogenous
rate transfer constant and electroactive surface area are deter-
mined to be 1.29x 107> cm/s and 27.83 mm?, respectively. The
superior performance of the prepared bioelectrode is owed to
the bridged interconnected network between r-MoS, and rGO,
which provides more conduction pathways. A large surface area
empowers the bioelectrode to exhibit a wide detection range
and demonstrate a good sensitivity. It is found that the avail-

ability of oxygenated functional groups onto r-MoS,-rGO assists

©The Author(s), under exclusive licence to The Materials Research Society 2022

covalent immobilization of biological moieties onto the matrix
which makes it specific as well as reproducible. This study also
proposes the use of r-MoS,-rGO based matrix for the prepara-
tion of biosensors for detection of other biomarkers too by using
their respective antibodies.

Experimental details (synthesis and characterization)

Materials and solutions

The monoclonal anti-NSE antibody, Neuron-specific enolase
(NSE), N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide
hydrochloride) (EDC), N-Hydroxysuccinimide (NHS), Bovine
Serum Albumin (BSA), Ammonium Molybdate Tetrahydrate
(NH,)¢Mo,0,,-4H,0 are the products bought from Sigma-
Aldrich. While Thiourea (CH,4N,S) is purchased from SRL.
Some Chemicals are procured from Thermo Fisher Scientific
like Hydrazine Hydrate, Sodium Chloride, and Potassium Bro-
mide. Concentrated Hydro Chloric Acid is bought from RFCL
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limited. Other chemicals including Acetonitrile, Potassium
Hexacyano Ferrate(II) Trihydrate/Potassium Ferrocyanide
(K Fe(CN)¢3H,0), Potassium Hexacyano Ferrate (III)/Potas-
sium Ferri Cyanide (K;Fe(CN)j), di Sodium Hydrogen diphos-
phate dihydrate (Na,HPO,-2H,0), and Sodium di Hydrogen
Phosphate dihydrate (NaH,PO,-2H,0) are all purchased from
Merck. A Millipore Milli-Q system (Bedford, MA, USA) is used
to obtain Milli-Q water for the preparation of the solutions
which are used for various experiments. Potassium Perman-
ganate (KMnO,) and Orthophosphoric Acid (H;PO,) are pur-
chased from Fisher Scientific. Tris Hydrochloride (Tris—HCl),
Magnesium Sulfate (MgSO,), and Potassium Chloride (KCI)
which serves as a buffer for dilution of NSE are purchased from
lobachemie and Thermo Fisher Scientific.

The prepared buffers are kept at 4 °C after preparation and

brought to room temperature (RT) before usage.

Characterization of samples and instrumentation

Various characterization tools are used to confirm the forma-
tion of samples. A Bruker D8 Advance facility is used to record
the XRD pattern of samples. A WITec Raman spectrometer
producing a wavelength of 532 nm is used to record Raman
spectra. SEM and elemental analysis are done using Jeol Japan
mode and Zeiss EVO 18. The FTIR spectroscopy measure-
ments are done using Perkin Elmer spectrum two. A Perkin
Elmer 4000 thermogravimetric analyzer is used to study the
thermal stability of prepared samples. WITec alpha 300 RA is
used for AFM. A Metrohm Potentiostat/Galvanostat (Multi
Autolab M204) along with NOVA software is used for record-

ing all the electrochemical measurements.

In situ preparation of rGO-modified r-MoS,
multi-layered nanosheets

GO powder is prepared by improved Hummer’s method [60].
In brief, a 9:1 combination of H,SO, and H,PO, isaddedto 1 g
of graphitic flakes. After, 15 min, 12 g of KMnO, is added to the
reaction mixture in small steps, and these reaction products are
stirred at 50 °C for 12 h. After 12 h the reaction is quenched, by
adding ice and 2 mL of H,O,. The suspension mixture is then
washed with de-ionized (dI) water until its pH becomes 7. The
obtained solid precipitate is filtered out and kept for drying in
an oven at 90 °C, overnight. Then, 40 mg of the as-obtained
dried powder of GO is dispersed in 20 mL of dI water and kept
for ultrasonication for 1 h. After 1 h, this dispersion is added
into the process of synthesis of r-MoS,, reported elsewhere
[22]. Briefly, appropriate amounts of ammonium molybdate
tetrahydrate and thiourea are dissolved in dI water, and 2 mL
of hydrazine hydrate is added to this reaction mixture. A pH

value of 5 is maintained using dilute HCI and then dispersion

©The Author(s), under exclusive licence to The Materials Research Society 2022

of GO is added and this reaction mixture is left for stirring for
30 min. Then, the reaction mixture is put in a hydrothermal
autoclave and maintained at 230 °C for 24 h. Obtained black
precipitates are washed using dI water and ethanol and are dried
subsequently in a vacuum oven. The reduction of GO to rGO
occurs during reaction [61] due to the release of H,S gas by
thiourea, and henceforth, rGO is introduced into the r-MoS§,
matrix in an in-situ way. Also, the addition of hydrazine hydrate
aids the reduction of GO to rGO, along with the reduction of
(NH,),MoS, [62]. Scheme S2 (see Supplementary File) shows
the preparation steps of rGO-modified r-MoS2 multi-layered

nanosheets in a pictorial way.

Preparation of electrochemical immuno-sensing
platform for detection of lung cancer biomarker

The electrochemical immuno-sensing platform is prepared by
depositing r-MoS,-rGO on pre-hydrolyzed indium Tin Oxide
(ITO) coated glass substrates by electrophoretic deposition
(EPD) technique. Before deposition, a uniform dispersion (1
mg/mL) of r-MoS,-rGO is prepared in acetonitrile by ultra-
sonication. An assembly constituting of Platinum (Pt) as an
auxiliary electrode and Copper (Cu) as a connector to attach
the working electrode (WE) is taken. ITO is attached at Cu as
our WE, and these 2 electrodes are placed 1 cm apart in a glass
cell. Prepared dispersion is poured in the glass cell, and films
are formed on a geometrical area of 1 x 1 cm? by applying an
optimized potential of 40 V for 120 s. The prepared films are
left for air-drying overnight. The as-prepared r-MoS,-rGO/
ITO electrode is loaded with an optimized concentration (25
pug/mL) of anti-NSE antibodies. Before immobilization of
antibodies, freshly prepared 0.4 M EDC (coupling agent) and
0.1 M NHS (intermediate stabilizer) are aliquoted, which are
used for activating COOH groups on the r-MoS,-rGO matrix.
Thereafter, 20 pL of antibodies of NSE are uniformly spread
onto r-MoS,-rGO/ITO electrode, which is then incubated in
a humid chamber for 5 h. Following this period, the anti-
NSE/r-MoS,-rGO/ITO electrode is washed with plain PBS
buffer (pH 7.4) to remove unbound anti-NSE antibodies.
After this step, 10 pL of BSA is attached for 1 h, to prepare
the final bioelectrode by masking any remaining active sites.
Prepared BSA/anti-NSE/r-MoS,-rGO/ITO bioelectrode is
kept at 4 °C for future use. Scheme 1 shows the step-by-step
preparation of bioelectrode. The covalent bonding occurs by
activation of the carboxyl group (-COOH) present on the
matrix of r-MoS,-rGO by EDC and NHS and formation of
strong carbamide (CO-NH) bond with amino (NH,) group
of anti-NSE antibody.
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To address the issue of the lack of stable immobilization of antibodies on the biosensing matrix for repeated
cycles of measurement, MoS, biofunctionalized with chitosan (CS) is prepared to serve as a biosensing
matrix. The electrochemical performance of the CS/MoS, matrix towards the detection of neuron-specific
enolase (NSE), a lung cancer biomarker, is also investigated. Unlike other complex matrices involving various
steps of modification, the matrix studied herein involves only 2 steps of modification without the use of any
label, amplifying its appeal for biosensing applications. The fabricated immunoelectrode is found to exhibit
remarkable cyclic stability, with a sensitivity of 3.35 pA r1§f1 mL cm~2 and a wide linear detection range of
0.1-100 ng mL™%. Also, the sensor is found to be fast, specific, reproducible, regenerable up to 4 cycles, and
has a shelf life of 6 weeks. The stability study of our fabricated immunoelectrode revealed that the cumula-
tive effect of CS and MoS, ensures the stable immobilization of biomolecules on the immunoelectrode
for 50 cyclic voltammetry (CV) cycles. The results of this study suggest that the proposed matrix will be
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1. Introduction

Electrochemical biosensors have gained momentum in the
development of point-of-care devices owing to their ease of
miniaturization, the requirement of small sample volumes,
their rapid response, and low requirement for power."”” They
use electron mediators to translate the events of analyte binding
into a detectable electrical signal. The preparation of an electro-
chemical biosensor requires the fabrication of a suitable immobi-
lization matrix that can hold the bio-recognition elements
efficiently and effectively.® Nanostructured materials have been
proved as a good choice to fabricate the platform for loading
biological molecules for the detection of even very low levels
of analyte.” However, the chosen material should be able to
escalate the charge-transfer process without passivating the
electrode surface to maintain its performance along with
increasing its effective surface area. For the fabrication of an
electrochemical biosensor, it is therefore important to ensure
that the bioactivity of the immobilized biomolecule is not lost
through the continuous application of potential to it and
repeated interaction with redox media.

In recent times, molybdenum disulfide (MoS,) has gained great
attention in electrochemical applications (i.e., supercapacitors,
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promising in the fabrication of devices for early monitoring of protein biomarkers.

lithium (Li)/sodium (Na) ion batteries, the hydrogen evolution
reaction (HER), sensors, etc.’) as it possesses many intriguing
properties, such as a layered structure, various synthesis routes,
ease of tailoring the morphology, a large surface-to-volume
ratio, ease of dispersibility in aqueous solution, a fast hetero-
geneous electron-transfer (HET) rate, feasibility of surface
functionalization and modification, and exceptional cyclic
stability.>™ Owing to its hydrophobicity, MoS, can be utilized
to fabricate the immobilization platform because it provides a
strong affinity for the adsorption of protein on its surface.®
Because of its layered structure and high surface/volume ratio,
it enhances the total surface area for the immobilization of
biomolecules. Owing to all these fascinating properties, MoS, is
used to fabricate the matrix for electrochemical biosensing.
Furthermore, to anchor functional groups on MoS, and impart
biocompatibility to the matrix, chitosan (CS) is used. CS is a
non-toxic biocompatible polymer, which is present in abun-
dance, has excellent film-forming and stabilizing properties
along with a polycationic nature.’®*" It is rich in functional-
ities, like amino and hydroxyl groups, on its polysaccharide
chain.'® Thus, CS is blended with MoS, in the presence of an
ionic liquid (IL) because of its high polarity.’* Due to its polar
nature, the IL provides a reaction atmosphere for MoS, and CS
to interact with each other. The benefit of combining different
materials is governed by the fact that both materials contribute
to the properties of the final blend."
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In this work, the sensing behavior of biofunctionalized MoS,
is examined by choosing the protein biomarker neuron-specific
enolase (NSE) as the target analyte. NSE is considered to be a
specific protein biomarker for the diagnosis of small cell lung
cancer (SCLC) and is found to be present >9 ng mL ™" in the case
of 70% of patients diagnosed with SCLC."* Quite a few reports are
available on the detection of NSE, using different matrices with
outstanding performances."”™® However, achieving a high signal
response along with maintaining the signal stability and the
bioactivity of the platform remains a significant challenge."® For
instance, Tang et al.'® developed the PPy-PEDOT-Au GCE as a
substrate material for the stable immobilization of immune
molecules along with the maintenance of their bioactivity for the
detection of NSE. They found that their platform could provide a
stable environment for sensing up to 30 CV cycles. Yu and co-
workers designed an electrochemical immunosensor for the detec-
tion of NSE based on graphene supported by hollow carbon
balls.”” A stable trend for this immobilization matrix was found
for 30 cycles of CV. Mo et al. fabricated an immunosensor for the
simultaneous detection of NSE and CYFRA21-1 and confirmed the
stability of the immunosensor for up to 15 CV cycles.'® Thus, it has
been observed that after a few cycles of measurement the signal
response tends to degrade. In this investigation, we explored
CS/MoS, matrix for the stable immobilization of anti-NSE anti-
bodies and the detection of NSE for the first time, to the best of
our knowledge. The CS/MoS,-based matrix proved to be stable,
with nearly 94% of the initial signal response still retained after
continuous scanning for 50 CV cycles. The bioactivity of the
immobilized antibodies is ensured by the biocompatible CS, while
a stable cyclic current response is maintained by the MoS,.

The method for the synthesis and fabrication of the immuno-
electrode discussed in this work is appealing because of its high
yield, scalability, and simplicity, ie., without involving various
modification steps, which ensures its remarkable electrochemical
performance and stability. There are three major novel features of
our work. First, a highly stable matrix is formed that is favorable
for the immobilization of biomolecules during repeated cycles of
measurement. Secondly, the platform is functionalized for the
attachment of biomolecules without any harsh chemical treat-
ment. Third, the large electroactive surface [55% of the geometric
area (1 x 1 em?)] makes it a remarkable platform for electro-
chemical sensing. Our sensor is found to be very fast, reproduci-
ble, specific, stable, regenerable, with a wide linear detection
range and a remarkable shelf life. Considering the concentration
of NSE found in the serum of SCLC patients, the sensitivity and
lowest limit that can be detected using our sensor, our immuno-
electrode is also expected to meet the requirements of the detec-
tion of NSE in clinical samples.

2. Experimental details

2.1 Chemicals and reagents used for synthesis, cleaning, and
biosensing

The monoclonal anti-NSE antibody, neuron-specific enolase (NSE)
antigen, N-(3-dimethylaminopropyl)-N"-ethyl carbodiimide
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hydrochloride (EDC), N-hydroxysuccinimide (NHS), bovine serum
albumin (BSA), ammonium molybdate tetrahydrate (NH,)sMo-.
0,4-4H,0, and acetic acid (CH;COOH) were purchased from
Sigma-Aldrich. Thiourea (CH4N,S) was bought from SRL.
Liquor ammonia (NH,OH) and N,N-dimethylformamide (DMF)
were bought from Fisher Scientific. Chitosan was purchased
from HIMEDIA. 1-Butyl-3-methyldiazolium hexafluorophosphate
([C4smim][PF¢]) was procured from GLR innovations. Other
chemicals, like hydrazine hydrate (N,H,), sodium chloride
(NaCl), and potassium bromide (KBr), were procured from
Thermo Fisher Scientific. Hydrogen peroxide (H,0,) was pur-
chased from Qualigens. Concentrated hydrochloric acid (HCI)
was bought from RFCL limited. Chemicals including aceto-
nitrile, potassium hexacyanoferrate(u) trihydrate/potassium fer-
rocyanide (K Fe(CN)s-3H,0), potassium hexacyanoferrate(ur)/
potassium ferricyanide (K3Fe(CN)s), disodium hydrogen dipho-
sphate dihydrate (Na,HPO,-2H,0), sodium dihydrogen phos-
phate dihydrate (NaH,PO,-2H,0), iso-propyl alcohol (IPA) and
ethanol were procured from Merck. A Millipore Milli-Q system
(Bedford, MA, USA) was used to obtain Milli-Q water for
the preparation of the solutions used for various experiments.
Tris hydrochloride (Tris-HCl), magnesium sulfate (MgSO,),
and potassium chloride (KCl), which serve as a buffer for the
dilution of NSE, were purchased from Loba Chemie (Tris-HCI)
and Thermo Fisher Scientific (MgSO, and KCl).

Before use and storage of the buffer solutions, all the
glassware was autoclaved and cleaned using 70% isopropyl
alcohol (IPA). All the aqueous solutions were prepared using
autoclaved de-ionized (dI) water.

2.2 Characterization equipment and facilities

To record the X-ray diffraction (XRD) patterns of the samples,
a Bruker D8 Advance facility was used. Raman spectra for the
samples were recorded at a wavelength of 532 nm using a WITec
Raman spectrometer. Scanning electron microscopy (SEM) was
carried out using a Jeol (Japan) instrument. Fourier Transform
Infrared (FTIR) spectroscopy measurements were carried out
using a PerkinElmer spectrum two instrument. The thermal
stability of the samples was recorded using a PerkinElmer 4000
thermogravimetric analyzer. To carry out thickness measure-
ments, an Ambios XP-200 stylus profiler was used. A Metrohm
Potentiostat/Galvanostat Autolab along with NOVA software was
used for recording all the electrochemical measurements.

2.3 Synthesis of CS/MoS,

MoS, nanostructures constituting a large number of layers were
synthesized in line with our previously reported work."® To syn-
thesize CS/MoS,, an IL-assisted mechanical grinding method
was used. The synthesis of CS/MoS, was carried out according
to the method adopted by Zhang et al.>° with slight modifications
for scaling up the quantity of the finally obtained product. For
this, 500 mg of the above synthesized MoS, powder was mixed
with 200 mg of CS. The mixture was ground using an agate
mortar and pestle for 20 minutes. Next, a gel was formed by
adding 1 mL of IL (1-butyl-3-methyldiazolium hexafluorophosphate,
[C,mim][PF,]) dropwise to the mortar. This mixture of MoS,, CS,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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and IL was further ground for 60 minutes. Then the obtained
product was washed using acetone, acetic acid, and N,N-di-
methylformamide (DMF) to remove excess CS and IL. Then the
obtained residue was put in an oven at 100 °C for 24 hours for
desolvation. Thus, the dried powder of CS/MoS, was collected
in an Eppendorf tube for further use.

2.4 Fabrication of the immunoelectrode

To fabricate the immunoelectrode BSA/anti-NSE/CS/MoS,/ITO,
a series of steps were followed. First, indium tin oxide (ITO)
coated glass slides cut in dimensions of 3 x 1 cm”® were
hydrolyzed using NH;: H,0,:H,O in the ratio 1:1:5 at 80 °C
for 1 hour. The hydrolyzed ITO was cleaned using water and
IPA. Next, films of CS/MoS, were deposited on the hydrolyzed
ITO using electrophoretic deposition (EPD). For this, CS/MoS,
was well dispersed in acetonitrile at a concentration of 1 mg
mL~". This solution was taken in an EPD cell containing a
copper (Cu) wire and a platinum counter electrode (CE). The
hydrolyzed ITO was clipped to the Cu as the working electrode
(WE) and a potential of 30 V was applied for 120 seconds. The
CS/MoS, film was formed on a geometric area of 1 x 1 cm®. The
film was left for overnight air-drying at room temperature.
The thickness was measured at various points of the
CS/MoS,/ITO electrode and was found to vary in the range of
1.1-3 pm, indicating a non-uniform surface. For immobiliza-
tion of the anti-NSE on CS/MoS,/ITO electrode, 0.4 M EDC
(used as a coupling agent), 0.1 M NHS (used as an intermediate
stabilizer), and 25 ug mL~ " anti-NSE were aliquoted together in
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a ratio of 1:1:2. Then, 20 pL of this aliquoted solution was
spread uniformly on the CS/MoS,/ITO electrode. The anti-NSE/
CS/MoS,/ITO electrode was kept in a humid chamber for an
optimized time duration of 5 hours for proper attachment of
anti-NSE on CS/MoS,/ITO electrode. Then, the anti-NSE/CS/
MoS,/ITO electrode was washed in pH 7.4 phosphate buffer
saline (PBS) to remove unbound antibodies from the electrode
surface. To mask the non-specific binding sites on the anti-
NSE/CS/Mo0S,/ITO, 10 uL of 0.1 mg mL ™" BSA was drop cast to
make the final immunoelectrode BSA/anti-NSE/CS/MoS,/ITO.
After 1 hour the immunoelectrode was washed in pH 7.4 PBS to
remove excess BSA from the surface of the immunoelectrode.
The BSA/anti-NSE/CS/MoS,/ITO immunoelectrode was thus finally
prepared and was kept at 4 °C when not in use. An illustration of
the synthesis of the CS/MoS, matrix and the fabrication of the
BSA/anti-NSE/CS/MoS,/ITO immunoelectrode for the detection of
NSE is shown in Scheme 1.

3. Results and discussion
3.1 Crystallographic study of CS/MoS, matrix using XRD

The primary confirmation of the formation of the CS/MoS,
matrix and the study of its crystallographic structure was
carried out using XRD (Fig. 1). The XRD spectra obtained for
commercially purchased CS shows a broad diffraction peak
around 20°, without the presence of any additional impurity
peaks. For comparison, the XRD spectrum of MoS, is also
shown, and both the MoS, and CS/MoS, spectra show peaks

MoS, + Chitosan

am—
Synthesis of Mo$, M
- =)

230°C, 24 Hours

Anti-NSE
Immobilization of anti-
NSE using EDC-NHS

Immunoelectrode
BSA/anti-NSE/CS/MoS,/ITO

L
N\ p

Layered MoS,

= CS/MoS,on ITO

CS/MoS,/ITO

N\

IL Assisted Grinding

__Deposition of

30,2 Min |

SEM image showing
CS/MoS, Matrix

Electrochemical Detection of NSE
using Autolab Setup

Scheme 1 Schematic diagram illustrating the synthesis of the CS/MoS, matrix and fabrication of the BSA/anti-NSE/CS/MoS,/ITO immunoelectrode for

the detection of NSE.
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Fig. 1 XRD spectra of CS, MoS,, and CS/MoS..

corresponding to the (002), (100), (103), and (110) planes of
2H-MoS, (JCPDS card no. 37-1492)."° Besides these peaks, a
halo around 20° in the spectrum of CS/MoS, confirms the
formation of the composite of CS and MoS,.

3.2 Study of vibrational modes and qualitative information on
the layered structure and functionalization using Raman
spectroscopy

Fig. 2(a) shows the Raman spectra obtained for CS as well as
CS/MoS, in the range of 250~ 3700 cm ™. The appearance of the
Asgand Elzg vibrational modes of MoS, in the Raman spectrum
of CS/MoS, (shown in Fig. 2(a) and (b)) confirm the retention of
the structure of MoS, after the addition of CS. The A, vibra-
tional mode that corresponds to monolayer MoS, is found at
402.72 ecm™ ! (Fig. 2(b)).*" However, the E',, mode is found to be
red-shifted to 375.39 cm ' leading to a wavenumber separa-
tion between the two modes equal to 27.3 cm " (Fig. 2(b)).
An increase in wavenumber separation may be attributed to
stacking of the layers of MoS, due to the incorporation of CS in
the structure of MoS,. Furthermore, the characteristic peaks
of CS are observed at 893.14 cm ™, 1096 cm ™', 1372.67 cm ™,
and 2885.37 cm ™', which correspond to the C-H bond of

NJC
polysaccharide in CS, with OH peaks at 3311.37 cm™ ' and
3376.83 cm " (Fig. 2(a)).”* Confirmation of the functionaliza-
tion of MoS, with CS can be drawn from the Raman spectrum
of CS/MoS, (Fig. 2(a)), which shows a peak at 1368.61 cm ™" that
corresponds to the 6CH of the polysaccharide chain of CS.
Furthermore, a halo is observed in the range of 2500-3260 cm™ ',
which could be due to the vCH, peak of CS. This study confirms

the successful incorporation of CS into the structure of MoS,.

3.3 Thermogravimetric analysis (TGA) of the CS/MoS, matrix

Fig. 3 shows the thermal behaviour of CS, MoS,, and CS/MoS,
from 30 °C to 850 °C. An initial weight loss at around 100 °C in
all the samples could be attributed to moisture loss. The weight
loss for CS starts at 280 °C while CS/MoS, starts losing some
weight around 220 °C, which could be due to some remnants
from the MoS, synthesis process.?® The weight loss in the case
of CS and CS/MoS, is greater in range of 280-500 °C, which can be
ascribed to decomposition of the carbon skeleton at such high
temperatures.>* After 500 °C, 57% and 32% of the weight of MoS,
and CS/MoS, are retained, respectively, while CS is completely
lost. Thus, the CS/MoS, matrix is found to have greater thermal
stability in comparison with CS. This study also implies that
the incorporation of functional groups in MoS, reduces its
thermal stability at high temperatures. However, where biosensor
applications are concerned, this is not worrisome because bio-
logical testing is always done at room temperature or even lower
temperatures. Hence, the successful incorporation of CS into
MoS, can be derived from the TGA results.

3.4 Study of functional groups attached on the CS/MoS,
matrix using FTIR spectroscopy

Confirmation of the successful functionalization of MoS, using
CS is carried out using FTIR spectroscopy (Fig. 4). The peaks
observed in CS at 1416 cm ', 1303 cm !, and 1089 cm™*
correspond to the CH, bending, -NH stretching and C-O
stretch of CS, respectively.>® The peak observed at 1561 cm "
in CS is due to the bending vibration of -NH.>* The peaks that
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correspond to -NH stretching (1303 cm™') and -NH bending
(1561 cm™') are missing in CS/MoS,. The disappearance of
these -NH peaks in the FTIR spectrum of CS/MoS, could be
attributed to the polycationic nature of CS, which leads to
protonation of the amine group during grinding in the IL,
which leads to the electrostatic interaction between the MoS,
layers and CS.>* The peaks observed in CS at 1262 cm™ " and
1162 cm ™" correspond to the C-N and C-O-C bonds in CS.?°
The peak observed in the range 3440-3480 cm™ " in both CS and
CS/MoS, corresponds to the hydroxyl group (OH).>* The peak
observed in both CS and CS/MoS, at 1371 cm ™" corresponds to
wagging CH;.”” Furthermore, peaks corresponding to NH,
are observed in both CS and CS/MoS, at 895 cm ' and
1625 em™",* indicating functionalization of CS/MoS, with the
amino group. The peak observed at 618 cm ™" corresponds to
the Mo-S vibration.*®

3.5 Study of the surface morphology of the CS/MoS, matrix
using SEM

Fig. 5(a) shows the nanostructures of MoS, of various sizes.
Higher magnification of these nanostructures shows the large

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 5 SEM micrographs of (a and b) MoS,, (c) CS and (d) CS/MoS,.

number of layers constituting the MoS, sample in Fig. 5(b).
Fig. 5(c) shows a large continuous membrane of CS. Evidence
for the surface modification of the MoS, nanostructures by
CS is given in Fig. 5(d), which shows that layers of MoS, are
stacked together and encapsulated by the CS membrane,
rendering a rough and uneven surface of the composite.

4 Detailed investigation of the
electrochemical performance of the
immunoelectrode prepared using the
CS/MoS, matrix

4.1 Optimization of biosensing parameters

The concentration of anti-NSE to be attached to the CS/MoS,/
ITO electrode is optimized via attaching various concentrations
of anti-NSE using EDC-NHS chemistry. Fig. 6(a) shows the
current response to the varying concentration of anti-NSE
(5 ng mL™Y, 10 pg mL™Y, 25 pg mL~ Y, 50 pg mL~ ', and
100 pug mL ™). The response is found to decrease initially until
25 pg mL ™Y, after which it becomes constant. Thus, 25 ug mL ™"
of anti-NSE is finalized as the concentration for attachment
throughout the studies.

The maximum time required for the immunoreaction to
take place between NSE and anti-NSE is found through incuba-
tion of the BSA/anti-NSE/CS/MoS,/ITO immunoelectrode with
NSE for various times (Fig. 6(b)). 20 uL of 5 ng mL™" of NSE is
incubated on the immunoelectrode and the CV response is
recorded by varying the incubation time from 0 to 5, 10, 15, 20,
and 25 minutes. Initially, the current decreases until 15 minutes,
after which the current becomes nearly constant. Thus, the time
required for the immunoreaction to take place is found to be
15 minutes, which is used for all further studies.
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(b) Current response with variation of the incubation time of NSE on the

BSA/anti-NSE/CS/MoS,/ITO immunoelectrode.

4.2 Electrochemical study of the various steps for fabrication
of the immunoelectrode

Various steps for modification of the immunoelectrode are
evaluated via recording the CV profiles at each step, in pH 7.4
PBS and at a scan rate of 50 mV s~ " (Fig. 7(a)). A distinct anodic
and cathodic current peak (ip, and ., respectively) is observed
in each step. The maximum value of i, and iy is recorded to be
640.26 pA and —810.55 pA for the anti-NSE/CS/MoS,/ITO elec-
trode, followed by the BSA/anti-NSE/CS/MoS,/ITO immuno-
electrode with values of 579.35 pA and —762.63 pA, respectively.
Furthermore, the minimum current values of i,, and i,. are
found to be 436.71 pA and —579.53 pA for the CS/MoS,/ITO
electrode. The variation in peak current values for each step
confirms the modification of the electrode. The sequential
modification for each step of fabrication of the immunoelec-
trode is also confirmed using electrochemical impedance
spectroscopy (EIS). EIS studies are carried out at a biasing
potential of 0.01 V in the frequency range of 0.1 Hz to 100 kHz.
Fig. 7(b) shows the Nyquist plots for the (i) CS/MoS,/ITO,
(if) anti-NSE/CS/MoS,/ITO and (iii) BSA/anti-NSE/CS/MoS,/ITO
electrodes. The results are found to complement the CV results
with a minimum value of the charge-transfer resistance (R.)
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observed at 161.78 Q for anti-NSE/CS/MoS,/ITO. This is fol-
lowed by an increase in the R value to 245.40 Q for BSA/anti-
NSE/CS/Mo0S,/ITO and the maximum value of R, is found to be
313.38 Q for the CS/MoS,/ITO electrode.

An increase in the value of 7, and a decrease in the value of
R, is observed when anti-NSE is immobilized on CS/MoS,/ITO.
This happens because of the interaction between anti-NSE and
CS/MoS, and the spatial orientation of antibodies, which
provides conduction pathways for the charge carriers at the
interface.>'*> Furthermore, a decrease in current and an
increase in R is found after attachment of BSA onto anti-
NSE/CS/MoS,/ITO, due to the masking of non-specific sites for
attachment by this blocking agent.

Fig. 8(a) displays the CV response of the prepared immu-
noelectrode BSA/anti-NSE/CS/MoS,/ITO at various scan rates.
The CV profile is recorded in PBS at pH 7.4 having 50 mM of
[Fe(CN)6]* ™. An increase in i,, and i, currents is observed
for increasing scan rates. Furthermore, a linear variation of i,
and i, with /ScanRate (Fig. 8(b)) shows that the process
of reduction and oxidation of [Fe(CN)¢]> /*~ at the immuno-
electrode is diffusion-controlled,**?* which indicates that
adsorbents when get conjugated on the electrode will inhibit
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the CV profile. (b) Variation of the peak anodic current (i,,) and peak
cathodic current (ipc) against the square root of the scan rate.

the diffusion of [Fe(CN)¢]*’*~. The linearly fitted plots as
shown in Fig. 8(b) are given via the following equations:

(60.21 TN ,/L) x 1 /Scan Rate <ﬂ>
mV s

ipa =

+119.61 (pA) 1)
R? =99.92
e = {(—91.84 HA X ,/#) X \/Scan Rate (mV s*‘)}
—81.91 (pA) @)
R* =98.83.

Evaluation of the electrochemical kinetics parameters of
BSA/anti-NSE/CS/MoS,/ITO immunoelectrode, like the electro-
active surface area (A.) and the HET rate transfer constant (K,),
is carried out as follows. The electroactive surface area (4.) is

determined using the Randles- Sev¢ik equation®®®

i = 2.69 x 10°n*24.C/Dyv 3)

where 7, is peak anodic current as obtained in the CV profile of
the electrode (in A), n is the number of electrons transferred
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during the redox reaction (n = 1, for ferro/ferri), A. is the
electroactive surface area, C is the concentration of the redox
probe (C = 5 mM = 5 mol cm?), D, is the diffusion coefficient
(Do =0.667 x 10> cm? s~ ' '*3) and v is the scan rate. The unit

of the constant 2.69 x 10° is 3¢ From the plot between

mol\/V'
ipa and v'? (Fig. 8(b)) the value of the slope is obtained as
60.21 pA % (from eqn (1)). By substituting all of the above

values into eqn (3) the electroactive surface area is determined
to be 0.55 cm? for the BSA/anti-NSE/CS/MoS,/ITO immunoelec-
trode. A high value of the electroactive surface area enables the
sensor to accommodate large concentrations of analyte, in turn
increasing the linear detection range of the device.

The value of the electron-transfer constant (k,) is deter-
mined using Nicholson’s equation,®® which is given as

o 1

Do\2( RT \2
W=k [ 22 : 4
ko (DR> (nnFD(,v) 4)

Here, D, and Dy are the diffusion coefficient of the oxidized and
reduced electroactive species, respectively, the ratio of which
is approximately equal to 1 for a symmetrical redox reaction, o
is the transfer coefficient, R is the universal gas constant
(8.314 J mol * K™ '), F is the Faraday constant (96 485 C mol %),
v is the scan rate (50 mV s~ '), and the remaining parameters
are the same as eqn (3) and ¥ is a dimensionless kinetic
parameter that can be calculated using AE,*® as follows

 —0.6288 +0.0021 x AE, 5
T 1-0017x4E,

Using, eqn (4) and (5), the value of k, is calculated to be
—4.05 x 10° em s ' for the BSA/anti-NSE/CS/MoS,/ITO
immunoelectrode.

4.3 Stability study of the prepared immunoelectrode

The prepared immunoelectrode BSA/anti-NSE/CS/MoS,/ITO is
checked for the stability of the immobilized antibodies via the
continuous application of potential and repeated interaction
with redox media ([Fe(CN)s]>~’*") by carrying out CV for 50
consecutive cycles. The scans are carried out at a scan rate of
50 mV s ' in the potential window of —0.4 V to 1.2 V in
[Fe(CN)sJ*/*~. Essentially unchanged values of the anodic
and cathodic peak current are observed as shown in Fig. 9(a).
95% and 93.66% of the initial 7, is retained, after 15 and 50 CV
cycles, respectively, while 99.45% of the initial iy, is retained
after 50 CV cycles, as shown in Fig. 9(b). The retention of a high
percentage of the initial current, even after 50 CV cycles,
demonstrates that our immunoelectrode has high stability.
MoS, ensures the cyclic stability while CS in CS/MoS, imparts
biocompatibility to the matrix, which helps the biomolecules to
remain stably immobilized, after interaction with the redox
media in continuous cycles of CV.
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4.4 Electrochemical performance of the immunoelectrode
(BSA/anti-NSE/CS/MoS,/ITO) and the control electrode
(CS/Mo0S,/ITO) towards the detection of NSE

The electrochemical detection of NSE is carried out by incubating
the BSA/anti-NSE/CS/MoS,/ITO immunoelectrode with various con-
centrations of NSE from 0.1 ng mL ™" to 200 ng mL ™. The response
is recorded using CV at a scan rate of 50 mV s *. The current
response is found to be inversely proportional to the concentration
of NSE, which is a result of specific binding between NSE and anti-
NSE. This specific binding results in the formation of an immuno-
complex that impedes the diffusion of [Fe(CN)sf"*~. Fig. 10(a)
shows the variation of the CV response of the BSA/anti-NSE/CS/
MoS,/ITO immunoelectrode when incubated with varying concen-
trations of NSE from 0.1 ng mL ™" to 200 ng mL~". Fig. 10(b) shows
the variation of i, with the concentration of NSE from 0.1 ng mL ™!
to 100 ng mL ™. The variation is found to decrease linearly and can
be fitted using the following equation with R* equal to 0.94:

y=—-1.84 pAng ' mL™" x (concentration of NSE (ng mL "))
+675.37 pA. (6)

The sensitivity of the immunoelectrode can be calculated
here to be 3.35 pA ng~ ' mL cm ™ by dividing the slope of the
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between the CV peak current and the concentration of NSE. (c) Response
of the control electrode (CS/MoS,/ITO) towards various concentrations of
NSE from 0.1 to 100 ng mL ™.

calibration curve by the electroactive surface area calculated for
the BSA/anti-NSE/CS/MoS,/ITO immunoelectrode.?” The lowest
concentration that can be detected for NSE using the prepared
immunoelectrode is 0.1 ng mL ™.

Fig. 10(c) shows the response of the control electrode (CS/MoS,/
ITO) towards various concentrations of NSE from 0.1 ng mL ™" to
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100 ng mL~". The response is recorded in a similar way to that for
the BSA/anti-NSE/CS/MoS,/ITO immunoelectrode. An invariant
response towards NSE by the control electrode shows that the
response of the immunoelectrode (BSA/anti-NSE/CS/MoS,/ITO) is
due to the specific interaction between NSE and anti-NSE. This
interaction leads to the formation of an immunocomplex leading to
a decrease in the peak current of the immunoelectrode with an
increasing concentration of NSE. Thus, this study concludes that the
CS/MoS,/ITO electrode cannot interact with NSE on its own without
the conjugation of anti-NSE on its surface.

4.5 Investigation of the reproducibility and specificity of the
prepared immunoelectrode towards NSE

To verify the reproducibility of the prepared immunoelectrode
BSA/anti-NSE/CS/MoS,/ITO, 5 different immunoelectrodes were
prepared under the same conditions and following a similar
protocol. The response of these immunoelectrodes was checked
for 10 ng mL™' of NSE. The immunoelectrodes exhibit an
acceptable relative standard deviation (RSD) of 3.10% (Fig. 11(a)),
indicating that the protocol mentioned in Section 2.4 gives
reproducible immunoelectrodes.

To examine the specificity of the prepared immunoelectrode
BSA/anti-NSE/CS/MoS,/ITO towards NSE, various other commonly
present interferents in human serum, like C-reactive protein
(CRP, 10 pg mL "), myoglobin (mB, 85 ng mL "), cardiac troponin
I (¢Tnl, 0.1 ng mL ™), urea (0.1 mg mL™"), and sodium chloride
(NaCl, 6.2 mg mL "), are used. For recording the CV response,
20 L of each of these interferents is incubated on the immuno-
electrode for 15 minutes. The immunoelectrode shows an RSD
value in the range of 0.27-0.94% for these other interferents,
whereas a higher value of RSD equal to 7.8% is found for NSE,
showing the specificity of this immunoelectrode towards NSE.
Fig. 11(b) displays a bar graph depicting the response of the
prepared immunoelectrode towards various other interferents in
human serum including NSE (10 ng mL ). Furthermore, to
examine the performance of the immunoelectrode towards the
detection of NSE, when all the other common interferents are also
present simultaneously, a simple control experiment is performed
using the CV technique. Fig. 11(c) shows the performance of
the immunoelectrode when all the other interferents, like CRP
(10 pg mL™"), mB (85 ng mL "), ¢TnI (0.1 ng mL "), urea
(0.1 mg mL™"), and NaCl (6.2 mg mL "), are present at their
physiological concentrations at the same time without NSE
(0 ng mL™", control) and along with NSE (10 ng mL™"). It is
observed that the immunoelectrode displays an RSD value of
0.33% in the case of the control measurement, which increases
to 6.06% when NSE is also present along with all the other
interferents. These results indicate the excellent specificity of
the BSA/anti-NSE/CS/MoS,/ITO electrode towards NSE. The immo-
bilization of anti-NSE antibodies onto the immunoelectrode
endows it with the requisite specificity.

4.6 Shelf life and regeneration study of the prepared
immunoelectrode

The shelf life of the BSA/anti-NSE/CS/MoS,/ITO immuno-
electrode is examined via incubating it with 10 ng mL™ " of
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electrode towards various interferents commonly present in human
serum. (c) Specificity study of the immunoelectrode towards NSE in the
simultaneous presence of various other interferents.

NSE for 15 minutes at a regular interval of 7 days. The
immunoelectrode is found to retain more than 80% of its
initial response until the 6th week (Fig. 12(a)); by contrast,
the response is reduced to 70% in the 7th week. Thus, the
immunoelectrode displays a shelf life of up to 6 weeks.
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To check the regeneration ability of the immunoelectrode,
0.1 M of glycine HCI buffer at pH 2.5 was prepared. The
immunoelectrode was first tested with 10 ng mL™' of NSE
and the CV response is recorded. Then the immunoelectrode
was washed in glycine HCI buffer solution followed by washing
in pH 7.4 PBS buffer solution before it was tested with
10 ng mL' of NSE. The immunoelectrode was tested for

NJC

4 cycles and was found to retain more than 90% of its initial
response until the 4th cycle (Fig. 12(b)).

Table 1 shows a comparison of the platform proposed in this
work with other platforms reported for the detection of NSE.
The proposed immunoelectrode is found to exhibit a better
performance in comparison with other immunoelectrodes,
especially in terms of the response time of the immuno-
electrode (incubation time of NSE). Other parameters, like the
linear detection range, shelf life, and regenerability, are also
found to be appreciably good.

5 Conclusions

In this work, we have developed chitosan biofunctionalized MoS,, a
simple matrix based on a two-step modification process, and tested
its electrochemical performance towards the detection of NSE.
Combining MoS, with CS provides a strategic approach to prepare
a highly stable matrix, favorable for the immobilization of bio-
molecules with the retention of their bioactivity along with main-
tenance of the signal response. Also, CS provides functional groups
for MoS, to anchor sites for the attachment of biomolecules on the
matrix. Furthermore, the immunoelectrode fabricated using the
CS/MoS, matrix exhibits a sensitivity of 3.35 pA ng™' mL cm ™2, and
a wide linear detection range of 0.1-100 ng mL~". The immuno-
electrode is found to be specific, reproducible, and regenerable up
to 4 cycles, and it has a shelf life of up to 6 weeks. The sensor has
an electroactive surface area of 0.55 cm” and a HET rate of —4.05 x
1072 em s~ . Its excellent electrochemical performance towards the
detection of NSE can be attributed to: (1) the cumulative effect of
MoS, and CS, which imparts stability and biocompatibility to the
matrix; (2) the introduction of functional groups that lead to
covalent attachment between the antibodies and the matrix with-
out the use of any harsh chemicals; and (3) the electroactive surface
area, which is 55% of the geometric area. The proposed platform
can further be explored for the analytical detection of various other
protein biomarkers using various electrochemical techniques.
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Table 1 Comparison of the analytical performance of the immunoelectrode proposed in this study with other immunoelectrodes reported earlier for

the detection of NSE

Shelf life Incubation time

Platform Linear detection range (days) of NSE (minutes) Regenerable Reference
Au/PANI/3D-rGO/Ab 0.5 pg mL~" to 10 ng mL™" 30 40 Yes (5 cycles) 3
PPD-GR-AuNPs/Ab/SPE 1 to 1000 ng mL ™! 30 60 — 38
GCE/Ab/Ag/AuNPs-rGO/AP-anti-IgG 0.1 to 2000 ng mL ™" — 40 — 39
BSA/anti-NSE/polyresorcinol-Au/Pt/GCE 10 pg mL™" to 100 ng mL ™" 30 50 40
Au-MoS,/MOF 1 pg mL™" to 100 ng mL ™" 30 40 — 41
Fc-g-Au@Pd-P(BBY) and rGO/Thi/AuPt NAs 0.0001 to 50 ng mL™* 15 — — 42
BSA/anti-NSE/CS/MoS,/ITO 0.1 to 100 ng mL " 42 15 Yes (4 cycles)  This work

PANI, polyaniline; rGO, reduced graphene oxide; SPE, screen-printed electrode; PPD, poly(p-phenylenediamine); GR, graphene; Au, gold; NP,
nanoparticle; Ab, antibody; GCE, glassy carbon electrode; AP, alkaline phosphatase; Ag, antigen; MOF, metal-organic framework; Fc-g, ferrocene
grafted; BBY, Bismarck brown Y; Thi, thionine; Pt, platinum; NAs, nanoassemblies.
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