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ABSTRACT

Synthesis and Modification of Metal Oxide
Nanostructures for Sensing Applications

Metal oxide semiconductors have been known as smart and advanced
functional materials showing potential applications in various fields such as solar
cells, smart windows, photocatalysis, and sensors etc. However, the confinement of
dimensions of these materials in the nano range has remarkably tailored their physical
and chemical properties making them novel in their characteristics. Based upon this,
in recent years, tungsten trioxide (WO3) evolved as one of the most researched
materials due to its simple and economic synthesis approach, high chemical stability,
and good electro chemical kinetics. WO3 is found to exist in different polymorphs
such as orthorhombic, monoclinic, tetragonal, and hexagonal phase which depends on
synthesis parameters. These different crystal systems modify the electronic structure
of WO;3; and thus influence its electronic properties and hence electrochemical
Kinetics.

In the present study, we have focused our attention towards the synthesis of
different dimensional WO3; nanostructures existing in different crystal systems. For a
facile and cost-effective production, we have employed hydrothermal synthesis
process for synthesis of different WOj3; nanostructures and composites. These WO3
based nanostructures have found wide range of applications such as optical and
electronic based nanodevices, photocatalysis, and biomedical sensing applications.
Among all these, applications of WO3 based nanostructures towards the development
diagnostic biosensors have aroused much interest. For the biosensing applications,

successful immobilization of bio-entities onto the diagnostic platform is crucial. As
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interaction of nanostructure with the biological entities get highly influenced by its
crystal phase, morphology, electronic properties, surface chemistry and
functionalization of the surface. Our study further focuses on investigations of the
biosensing applications of different WO3; nanostructures based upon their electro-
chemical behaviour. Among different biosensing applications, recently,
cardiovascular diseases (CVDs) have raised major health burden leading to prime
cause of death. Acute myocardial infarction (AMI) is one of the CVDs caused by the
necrosis of myocardial tissues due to ischemia. The insufficient fact details regarding
the diseases and its classification seems to delay the diagnosis process of the disease
in the clinical laboratories. Learning the concentration of cardiac biomarkers plays a
significant role in the diagnosis of AMI. Among other cardiac biomarkers, cardiac
Troponin I (cTnl) is a highly cardiac specific muscle protein biomarker which shows
significant increase in its value with the onset of myocardial necrosis.

Hence in this thesis, our main focus is on studying different WOs;
nanostructures, characterizations, and functionalization procedures to be used for the
diagnosis of the AMI by detecting cardiac biomarker cTnl.

In this context, Chapter 1 highlights the description of metal oxide
nanostructures especially tungsten trioxide (WO3) nanostructures in terms of their
fundamental properties, different synthesis processes and its applications with the
main emphasis in biosensing. Efforts have been put to present a comprehensive
literature review on detection of cardiac troponin | using electrochemical sensing.

Chapter 2 briefs the different materials and chemicals used for the synthesis
and modification of WO3; nanostructures and the fabrication of nanostructured
tungsten trioxide (NWOg3) based biosensors for cardiac detection employing

electrochemical techniques. Further, the different analytical approach is employed for
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the characterization of the nWO3, modified nWO3; electrodes, and immunoelectrodes.
Endeavours have also been made to brief the protocols used for the surface
functionalization and antibody immobilization.

Chapter 3 demonstrates the fabrication of 3-aminopropyl tri-ethoxy saline
(APTES) conjugated tungsten trioxide nanoparticles (APTES/WO3; NPs) based
platform for cardiac Troponin I (cTnl) detection. The WO3 NPs has been synthesized
using hydrothermal synthesis route. The electrochemical response studies of the
fabricated immunoelectrode show sensitivity as 26.56 Q ng 'mL cm 2 in a wide linear
detection range 1- 250 ng mL™. Also, the proposed platform shows the stability of 4
weeks.

Chapter 4 reports the development of 2-dimensional (2-D) based platform for
the detection of cardiac biomarker cTnl. The synthesis and fabrication of tungsten
trioxide nanosheet (WO; NS) based platform is reported for selective and
quantitative detection of the cTnl biomarker. The fabricated immunoelectrode (anti-
cTnI/APTES/WO; NS/ITO) exhibits improved sensitivity as 30.8 Q ng™ mL cm™
along with good stability up to 5 weeks. These enhanced characteristics of the
immunoelectrode can be attributed to the high loading of cTnl antibodies onto WO3
NS matrix due to the enhanced active surface area provided by WO3; NS. The
proposed immunoelectrode platform also showed a better result with the spiked serum
samples.

Chapter 5 describes the development of a sensitive and a label-free
electrochemical immunosensing platform for the detection of a cTnl biomarker using
tungsten trioxide nanorods (WO3 NRs) as a matrix. The impedimetric response study
of the proposed immunoelectrode shows extremely high sensitivity as 6.81(KQ ng’

'mL cm?). The excellent selectivity and good reproducibility of the proposed
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immunoelectrode have been attributed to the 1-D WO3; NRs which provide an
efficient direct electrical conduction path between the electrodes and the immobilized
biomolecules.

Chapter 6 illustrate the advantages of the integration of WO3; nanorods onto
electro-active material reduced graphene oxide (RGO for electrochemical detection of
a cTnl biomarker using tungsten trioxide-reduced graphene oxide (WO3-RGO)
nanocomposite as a matrix. The synergistic behaviour between RGO and WO;
nanorods has allowed the fabricated immunoelectrode to exhibit enhanced
heterogeneous electron transfer rate constant (K, = 2.4 x10™ cm s ™) resulting in
improved biosensor efficiency. The immunoelectrode exhibit good sensitivity as
58.24 mA/cm? per decade for an extended detection range 0.01- 250 ng mL™ with the
stability up to 30 days. The validation of fabricated immunoelectrode with cardiac
patient samples has demonstrates the clinical application of the proposed biosensing
platform too.

Chapter 7 summarizes and discusses the future scope of this thesis work.
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CHAPTER 1

Introduction and literature Review

This chapter discusses the importance of metal oxide based nanostructures and their
different applications. Special emphasis has been given to tungsten trioxide (WOj3)
nanostructures including their different synthesis processes. Further, this chapter discusses
the detailed biosensing application of these WQO; nanostructures having different
morphologies. The chapter continues to discuss cardio vascular disease (CVD) and the role
cardiac biomarkers towards the diagnosis of CVD. Thereafter we discussed the role of WOj;

nanostructures towards the development of biosensors.



Chapter 1

1.1 Nanotechnology

Nanotechnology has been defined as an engineered science which involves the
understanding and manipulation of structures in the dimension range of 1-100 nanometers
(nm). These nano-dimensions based materials also known as nanomaterials exhibit many
novel physicochemical characteristics such as high chemical stability, enhanced thermal and
electrical conductivity, improved catalytic activity and many others [1-2]. Materials with
such characteristics are thus capable of exploring new structures, systems, and devices [3-5].
This revolutionalized technology has benefited the society in every aspect i.e., fabrication of
nanosensors that can constantly monitor the environmental changes, development of
biosensors for the diagnosis and prognosis of various diseases, and many others [6-9].

Nanomaterials have been defined as the crystalline or amorphous compounds whose
dimension lies in the range of 1-100 nm. These materials have significantly different features
and characteristics relative to the same materials having bigger or larger dimensions. The
properties at nanoscale become sensitive with respect to their sizes. This sensitiveness can be
related to the availability of more percentage of surface atoms which enhanced the chemical
reactivity at the material surface. The materials with enhanced chemical reactivity thus
become potential for many industrial applications including catalysis and sensing [10-11]. To
meet further challenges, the selection of the fabrication technique of functional nanomaterials
with controlled morphology is required. The numerous works in this direction is still going in
search of finding new economical methods of synthesizing nanomaterials along with superior
characteristics. The different synthesis approach made by the researchers introduces the
different class of nanomaterials, particularly based on the dimensions results in O-
dimensional (0-D), I-dimensional (1-D), 2-dimensional (2-D), and 3-dimensional (3-D)
nanomaterials as shown in Figure 1.1. These different dimensional nanomaterials exhibit

variant morphologies and present potential in different fields.
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Quantum dots and nanoparticles (less than 20 nm) are classified as 0-D structures in
which movements of electrons are confined in all 3 dimensions. Nano-rods, nanofibres, and
nanowires are the examples of 1-D structures in which electrons have free motion only in one
direction while in rest two, its motion is confined. The 2-D structures including thin films,
nanosheets, and nanoflowers exhibits electrons motion freely in the X-Y plane and have
found its application in the fabrication of nanodevices. Further, in 3-D structures (multi-
layers, and polycrystalline forms), electrons have free motion in all X, Y, Z directions and

exhibits as a compact polycrystalline structure with nanosize crystals.

0-D [-D 2-D 3-D

Figure 1.1: Classification of nanomaterials on the basis of dimensions

1.1.1 Metal Oxide Nanostructure

From the application point of view, the semiconductor based nanomaterials are the
most promising class of nanomaterials. The distinctive electronic and electrical properties of
the semiconductor make it a significant candidate for the exploration. Among different
semiconductor based materials, metal oxides materials are more applicable in various fields
due to their exceptional functional properties and most importantly, the thermal and chemical
stability exhibited by these materials [12]. This can also be due to the large electro-negativity

of O, which results in strong bonding. Nevertheless, nanostructuring of metal oxides
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materials will definitely enhance the performance of the material due to the increased
surface-to-volume ratio, high surface energy, spatial confinement, strong adherence to the
surface [13]. The fabrication of metal oxide nanostructures with different morphologies and
incorporation of other structures in their matrix will definitely improve their properties and
can unlock new approach for their application in various fields.

Metal oxide-based nanomaterials exhibit a large variety of structural design and
multiple morphologies with distinctive surface properties. The unique and tunable
characteristics of these nanomaterials including thermal, optical, catalytic, electrical, and
electrochemical made them an ideal candidate in various application fields such as super
capacitors, environmental monitoring, fuel cells, solar cells, chemical sensors and biosensors
[14-17]. Among many, tungsten trioxide (WOs3) nanostructures have been well studied and
shown great interest due to its outstanding performances as an electrochromic material, a
photo-catalytic applicant, anodic electrode material in Li-ion batteries, and field emitters [ 18-
21]. The major key features including superior thermal stability, simple and ease synthesis of
different morphologic structures, enhanced electrochemical kinetics and low cost and wide

availability makes it an interesting candidate to explore.
1.2 Nanostructured Tungsten Trioxide (nWOQO53)

Tungsten trioxide is an n-type transition metal oxide formed with filled oxygen (O) 2p
orbitals and empty tungsten (W) 5d orbitals [22-23]. It is an efficient functional material
exhibiting potential applications due to its stability in both physical and chemical states, the
existence of cation intercalated states and structural flexibility [24-25]. However, studying
WOs; nanostructures has unlocked more potential due to its distinctive characteristics and
properties with respect to its bulk form. The enhancement in the properties and characteristics
of the nanostructured WO; (nWOs) has been attributed to the: i) large surface to volume

ratio; which provides large active surface area for the physicochemical interaction, and ii)
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quantum confinement; which significantly improves the charge transportation, electrical and

optical characteristics.

() <+«—Olayer

@) Oxygen
Tungsten

Figure 1.2: Primitive unit cell structure of WO;

An ideal tungsten trioxide (WOs) is a 3-D cubic network structure consisting of WOg
octahedra unit linked with corner sharing configurations. This structure is identical to ReO;
perovskite unit structure but not as symmetrical as ReOs due to its distorted structure [26].
Figure 1.2 represent a primitive unit structure of WOs;, where cornered sites of the unit cell
are occupied by W ions while O ions at the bisected site. The variation in the W—O bond
length and position of W atom results in the existence of different phases of WO3; which are
stable within a defined temperature scale. These different phase structures of WO; are
monoclinic II, monoclinic I, triclinic, orthorhombic, tetragonal, hexagonal and cubic. Figure
1.3 represent one of the phase structure of WOj; exhibiting tunnel-like structure (hexagonal or
trigonal) which make it an ideal host for cations intercalation and diffusion process [27]. The
formation of these phases is highly dependent on the morphology of the synthesized WOs,

which again depends on the synthesis approach and precursors employed. This led to the
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discovery and study of the new synthesis approaches for the different phases and dimensions

of WOs; and its composites.

3 Triangular
v/tunncls

a‘\/b

Figure 1.3: Phase structure of WO3; exhibiting Tunnel like structure

The existence of sub or non-stoichiometric WO; structures has been studied well due
to its oxygen deficient lattice units formed with the edge-sharing WOg octahedra units [28].
The non-stoichiometric lattice structure of WOx (2.1< x< 3) can withhold the considerable O,
deficiency by exhibiting partially reduced W>* states which strongly influenced its energy
band and conducting nature. Solonin et al. had reported the formation of non-stoichiometric
phase at the initial stage of reduction of hexagonal phased WOs; and studied its electronic
structure [29]. This shows that WO; undergoes a structural change in a reduction process.
The number of non-stoichiometric WOy structures including W;3O49, W200Oss, and W,4Oes
are also well studied which are formed due to the corner sharing WO¢ and partial edge
sharing [30]. Hence it can be concluded that WO; material can gain the additional merits
features due to its sub-stoichiometric structures. Another most studied structure of WQOs is the
WO; hydrates (WOs. nH,0) which are formed during the chemical synthesis process. The

water contents of these hydrates play a significant role in crystal lattice formation [31].
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WO0;.2H,0 (dehydrate), WO;.H,O (monohydrate), WO;.0.5H,O (semi-hydrate), and

WO0s;.0.33 H,O is the most observed hydrates structures of WOs.

1.2.1 Fundamental Properties of Nanostructured WO;

The fundamental properties of nanostructured WOs are exceptionally unique and
display distinctive characteristics. The electronic property of the WO; is one of the
fundamental properties of WOs3 which shows modification with the change in its crystal
structure. The energy band-gap (Eg) of WO; expressed as the difference between the energy
levels of the valence band and the conduction band resulted from the filled oxygen (O) 2p
orbitals and by the empty tungsten (W) 5d orbitals respectively [32]. The amorphous form of
WO; structure, most distorted structure exhibits large Eg ~ 3.25 eV, while bulk WO; possess
2.62 eV (Eg) in monoclinic phase. The transformation of WO; from bulk state to nano state
has shown quantum confinement effect which results in a blue shift in the band-gap with the
reduction in grain size [33]. Experimentally, the measured band-gap energy of WOs lies in
the range of 2.5-3.2 eV which is suitable for absorbing approximately 30 % of solar
radiation. This characteristic of WOs3; makes it a potential candidate as a visible light
photocatalyst [34]. Further, a pure stoichiometric WO3 is found to be highly transparent to a
visible spectrum of electromagnetic radiations while it exhibits yellowish colour for small
band-gap energies. The amount of light absorbed by the WOj3 is generally expressed in terms

of absorption coefficient (o) given by the Equation 1.1:

a(e) ~(e—Egn (1.1)
where ¢ denotes the photon energy (¢ = hv, greater than Eg) and n represent the
quantum efficiency. For indirect transitions, 1 = 2 and for direct transition n = 2. Moreover,
the superior electrical conductivity characteristic of WOs3 is also well studied and has found

its potential application in sensing applications. The electrical conductivity of an n-type WO3
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is strongly depend on the density of free electrons available in the conduction band which
further depends on the presence of defects in the crystal [35]. The conductivity of the WO3
can be modified with the variation in various factors such as a number of dopants, thickness
of a film, grain size, and phase [36]. All these are related to structural modification which
strongly depends on the synthesis route of WO; and its growth mechanism. Patel et al. has
shown in his work that synthesis of WOs films using sputtering and thermal deposition
techniques exhibits comparatively high electron mobility and carrier concentration as 6.5 cm®
V'stand 5 x 10 " cm™ respectively [37]. Further, Rui et al. investigated in their work that
1-D non-stoichiometric WO5 can exhibit high carrier mobility as 40 cm® V' s™ [38]. Thus we
conclude from above discussions that with the variation in structure of WQj3, enhanced

electrical conductivity can be achieved.

1.3 Synthesis Techniques of Nanostructured WO;

The synthesis of WO; and WOs; nanostructures have been reported by employing
different strategies. Broadly, there are two synthesis strategies which are preferred; first as a
top-down strategy which involves physical approach such as sputtering or thermal
evaporation, and second is a bottom-up strategy which involves both physical and chemical
approach. For the fabrication of tungsten trioxide and its nanostructures of various
dimensions (0-D, 1-D, and 2-D) and designing of miniaturized devices, bottom-up approach
is generally preferred which make use of specific and non-covalent interaction for the
synthesis of nanostructures [39]. Broadly, the most preferred physical techniques used for the
synthesis of WO; include thermal evaporation, sputtering, and pulse laser deposition
technique. While for the chemical synthesis route; sol-gel, electrodeposition, and
hydrothermal technique are preferred. Both techniques have their respective advantages and

disadvantages and have been used for desired applications
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1.3.1 Physical Methods

1.3.1.1 Thermal Evaporation Process

Thermal evaporation technique is one of the diverse techniques of synthesizing
crystalline nanostructures. The working process of this technique involves the heating of the
source material in a high vacuum chamber of the thermal furnace which generate the vapour
phase of the source and facilitates the deposition at the substrate at relatively low temperature
as shown in Figure 1.4. For the synthesis WOj thin film, tungsten (W) metal or WO; can be
considered as source material in condensed or powder form. The resulted deposited film can
further be annealed to achieve the desired crystal phase or the stoichiometry. Different

morphologies of WOj3 can also be obtained using thermal evaporation technique.

-

Holder

SO T Deposited
Thin Film

(@)
o =% Vaporized

Substrate<_

specimen

Target

: Evaporator
specimen

Figure 1.4: Schematic representation of thermal evaporation apparatus

For instance, Zhu et al. showed the formation of tree-shaped tungsten oxide using W
foil as source material in an Argon (Ar) atmosphere [40]. Later, Kim et al. had reported the

synthesis of WO3; nanorods onto W substrate using WO; as a powder [41].
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Further, it was reported that the diameters and the thickness of the 1-D WOs;
nanowires synthesized by a thermal evaporation technique can vary inversely with respect to

substrate temperature and can increase by increasing O, pressure [42].

1.3.1.2 Sputtering Process

Sputtering is also one of the most studied methods of synthesis of thin films of WO;.
In this technique, the target material is vaporized from a solid target using a highly
accelerated beam of inert gas ions causing ejection of atoms from the surface and deposition
of a film on a substrate. The schematic of working of sputtering process is shown in Figure

1.5.

)
®
o)
Deposited 8)
Substrate molecule <:| .%
o Substrate holder %‘
Q
Ar~ 0
Q
£
=
& —_—
g <:| Y
8 e Target
@©
>

DC/RF
Power supply

Figure 1.5: Schematic representation of DC/RF sputtering process

The high sputtering power and controlled processing system which involves

temperature, gas type, and pressure precisely determine the thickness, crystallinity, grain size,
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and morphology of the deposited film. In general, the thin film of WO; as obtained by
sputtered method exhibits different composition and microstructure as made by the thermal
evaporation method. And this is because of the dislodging of atoms from a target on
bombardment with high energy in sputtering which results in breaking up of WO; molecular
bonds when using oxide target. The thin films of WOs3 can be obtained by using reactive DC-
magnetron sputtering or RF sputtering technique by considering metallic tungsten (W) or
WO; as targets in O, affluent environment [43]. Akram et al. had reported the deposition of
WOj; thin films using RF sputtering in the atmosphere of Argon gas with 10 % O, mixture
[44].

1.3.1.3 Pulse Laser Deposition (PLD) Process

PLD is a novel deposition process for the formation of a thin layer of oxides
materials, especially for sensing applications. This process employs a high power pulse laser
beam to excite the target surface in a vacuum chamber. The interaction between laser beam
and the target results in the electronic excitation and physical ablation of the surface atoms
due to chemical and mechanical energy involving in the vaporization process. The ablated
atoms results in the formation of plasma which adiabatically get expand inside the chamber
and later condensed at the substrate for the deposition. This technique also found its utility in
the field of protective coating. Figure 1.6 represents the schematic diagram of a pulsed laser
deposition apparatus. The physical and the chemical parameters of the deposited film can be
varied with the variation in the laser energy, its intensity, distance between target and
substrate and also the carrier gas presence in the chamber. In literature, Mitsugi et al. has
reported the study of WOs thin films synthesized by the PLD technique in the presence of O,
pressure and revealed the formation of different crystal phases of WO; with the variation in

O, pressure and substrate temperature [45].
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Pulse

Substrate

Figure 1.6: Schematic of Pulse laser deposition process

1.3.2 Chemical Methods

1.3.2.1 Sol-Gel Process

The sol-gel process is a powerful approach for the synthesis of thin films, especially
of inorganic species. Typically this process involves the hydrolysis of a precursor solution
which results in a formation of sol (suspended colloidal particles) and later gel formation
from the aggregated sol molecules as shown in Figure 1.7. Later, the gel is thermally treated
to produce the desired structure or phase. For the synthesis of WOs3, acidification of the
precursor solution (Na,W0O4.2H,0) is preferred with spontaneous polymerization leading to
the formation of sol and later gel formation during the aging process. The resultant product as

hydrolysis of H;WO4 on condensation results in hydrous WO; crystalline product. However,
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not always resultant is crystalline in nature; sometimes amorphous solids do exist, therefore

post-annealing is required for further crystallization.

o OOO

0°8 Gelation 9’0 Oo%o Oé%
00 oO g’ 90 O O 00
000 = o 498 OOOOOO

Jood o0 090 09
o O o% 0008 00% OO%OQO 00

Sol Gel Xerogel

Figure 1.7: Schematic of Sol-Gel process

Spin coating or dip coating method is generally employed for the film deposition.
Sanato et al. reported the synthesis of WO; via sol-gel technique and studied the change in
the crystal structure with varying annealing temperature [46]. Researchers have also reported
the synthesis of sol-gel based WO; using peroxotungstic acid as precursor solution and
mesoporous network shaped morphology [47].
1.3.2.2 Electrochemical Deposition Process

The electrochemical deposition is a versatile technique in which the target material
gets deposited onto any conducting substrate under the influence applied potential at room
temperature as shown in Figure 1.8. The synthesis process is very efficient in producing thin

films with desired thickness and morphology by varying applied potential field, pH value of
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electrolyte and the deposition time. The main advantages of this technique include its low-

cost, high purity, controllable thickness, and low-processing temperature.

=
T 1T
A Pt /

( Substrate

Figure 1.8: Schematic of electrochemical deposition technique

The electro-deposition of metal oxides films can be accomplished via different
methods. For instance, Deepa et al. reported the fabrication of mesoporous WOj3 thin films
using electrodeposition technique by employing sodium dodecyl sulfate [48]. Hussain et al.
showed the synthesis of 1-D WO; by using anodized aluminium oxide membrane [49]. Also,
Poongodi et al. demonstrated the formation of WO3 nano-flakes using a peroxotungstic acid

solution and employing a template-free electrodeposition technique [50].

1.3.2.3 Hydrothermal Process

Among all other chemical synthesis methods, the hydrothermal method is a simple
and a cost-effective method in producing different morphologies of WO; along with large
production. The synthesis process depends on the solubility of solvents in aqueous media
(water) under high pressure. The procedure for the hydrothermal synthesis of WO; involves

preparation of precursor solution using HCl and sodium tungstate and followed with
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hydrothermal reactions. The hydrothermal reaction is performed using Teflon-lined stainless
autoclave and an oven. The prepared precursor solution is poured into a Teflon chamber and
then this sealed autoclave is placed in the oven for the nucleation and crystallites growth
process. Figure 1.9 represents the schematic diagram of the autoclave used in hydrothermal
synthesis. To produce different morphologies and crystal phase of WO; nanostructures,
additives play an important role in the growth mechanism. The ions of the additives get
adsorbed onto the crystal surface of WO; and obstruct the growth of the crystal in particular

direction resulting in the formation of confined structures.

Spring

Stainless steel
lid

Teflon liner

eVt

B

Precursor
solution T—

Stainless steel
autoclave

Figure 1.9: Schematic diagram of autoclave used for hydrothermal reaction

The synthesis of 1-D nanostructures, whose width and thickness lies in a nanoscale
domain, while the length in micro-scale which shown their remarkable potential in gas
sensing, field emission displays and photo—detectors can also be prepared using hydrothermal
synthesis. Nguyen et al. reported the synthesis of hexagonal WO; nanorods using a wet
chemical assisted hydrothermal method. The as-prepared nanorods were used for NH; gas
sensing [51]. The synthesis of WOj; nanostructures of the defined phase and morphology do

depend on stabilizing cations and directing anions used in the hydrothermal reactions. It is
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found that for 1-D WO; nanostructures, NaSO,4, NaCl, Li,SO4, HCI, and H>,C,04 can be used
as capping or directed agents while for 2-D WO; nanostructures, tartaric acid, HBF4, or p-
aminobenzoic acid can be used as structure directing agents in hydrothermal synthesis. Song
et al. reported the synthesis of orthorhombic phased WO3 nanobelts using cetyl-trimethyl-
ammonium bromide (CTAB) and sodium sulfate as capping agents [52]. While Su et al.
produced both monoclinic and orthorhombic phase 2-D WO; using reducing agents (citric
and tartaric acids) as capping agent [53]. Also, different structure directing additives such as
oxalic acid, p-aminobenzoic acid, and potassium sulfate have reported to produced hexagonal
phase WOs;. Further, the hydrothermal synthesis of 3-D WOs; such as networks, arrays, or
hierarchical structures can also be accomplished in the presence of malic acid or oxalic acid.
For example, Zhang et al. reported the hydrothermal synthesis of the sphere like WOs3
structures and studied its gas sensing property [54].

All this literature survey ensures that different morphologies of WO; can be
synthesized with a distinctive crystal phase using this facile and cost-effective hydrothermal
technique. In the present work, we report the synthesis of different morphologies of WO;
using precursor as Na,WOQO4.2H,0 and different additive. Figure 1.10 depicts schematic
diagram representing hydrothermal technique employed to synthesized WO; nanostructures
in this thesis work. For instance, to synthesize tungsten trioxide nanoparticles, we employed
Oxalic acid as the structure directing agent. The Na,WO4.2H,0 precursor solution was first
acidified using HCI solution and then treated with oxalic acid. The resultant was then
hydrothermally treated at 120 °C for 4 hours. The synthesis of tungsten trioxide nanosheet
was accomplished with the employment of citric acid. The acidification of Na,WO4.2H,0O
precursor solution results in tungstite solution which was further treated with citric acid. The
resultant solution was then hydrothermally treated at 150°C for 20 hours. At last, to

synthesize tungsten trioxide nanorods, sodium chloride (NaCl) was used as a structure

Ph.D. Thesis (Deepika Sandil) 16



Chapter 1

directing agent in the hydrothermal synthesis process. The NaCl treated tungstite solution
was hydrothermally treated at 180°C for 10 hours for the synthesis of nanorods structures. All
these results were justified using different electron microscopic investigations such as
scanning electron microscope, field emission scanning electron microscope and transmission

electron microscope.

| Na, WO, . 2H,0 (precursor)|

HCI

Oxalic Acid (tungstite) \ NaCl

Hydrothermal Treatment

Orthorhombic Citric Acid
4 hrs 10 hrs Hexaganal
120°C 150° C IZO hrs 180° C
Orthorhombic
T
Nanoparticle ’ | - Nanorod

Nanosheet

Figure 1.10: Schematic diagram of hydrothermally synthesized WO;

nanostructures

1.4 Applications of Nanostructured Tungsten Trioxide (nWQO5)

Nanostructured tungsten trioxide (nWOs3) is one of the most investigated advanced
functional nanomaterials as its exhibits promising properties including electrochromic,
electrocatalytic and electrochemical properties. The significant advancement has been

observed in its applications due to its improved thermal and environmental stability as
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compared to other materials. Below in this section, we have discussed the potential
applications of nWOs in various fields including electrochromic devices, gas sensing, photo-

catalytic, and biosensing.
1.4.1 Electro-Chromic Devices

Tungsten trioxide (WOs3) is a well studied electrochromic material due to its reversible
optical properties with the insertion and extraction of charges. And because of the high
stability and reversible coloration effects, it is found to be a remarkable candidate for the
development of electrochromic devices. The electrochromism phenomenon includes the
intercalation of ions (H" or Li") into the WO; film from the electrolyte. With the application
of the negative field, WO; get reduced (blue colour) and on the application of positive field
the reduced state of WOs; get oxidized again. In 1815, Berzelius was first who reported the
change in colour of WO3; when heated in H, gas atmosphere [55]. While in 1969, S.K. Deb
demonstrated the coloration mechanism in WOs thin films with the application of 104 V ¢cm™
electric field [56].

WO; based electrochromic (EC) devices are studied in both amorphous and
crystalline form. However, due to the low chemical stability and poor structure, amorphous
WOs; was failed to produce stable EC devices. While bulk crystalline WO; exhibited poor
coloration efficiency and low charge density [57]. After observing these drawbacks of the
WO; based EC devices, nWO3; becomes an ideal candidate for the EC applications which
present significant enhancement in the charge density, coloration time, and coloration
efficiency. As we have discussed before, WO;3 can exhibit in different stable crystal phases
including triclinic, orthorhombic, monoclinic, and hexagonal. Compared to others, it is found
that hexagonal nWO; based EC devices have excellent charge densities due to the diversity of
its structure (unique hexagonal shaped rings and trigonal cavities) which supported the facile

cation intercalation [58].
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1.4.2 Photocatalysis

The photocatalysis is a process in which light of suitable energy is illuminated onto
the material surface which generates electron-hole pairs. This photo-generated charge carrier
undergoes interfacial charge transfer process to produce superoxide and hydroxyl (OH)
radicals that can efficiently be used for pollution degradation, organic synthesis, and water
splitting. To achieve an efficient photocatalytic activity, good crystallinity, lower band gap
energy, stability, and large active surface area is a priority as it can decrease the rate of
recombination of charge carriers and also increase the population of the active site to harvest
solar energy [59]. Although TiO, is a well-studied material as a photocatalyst due to its
distinctive physicochemical and electronic properties but its wide energy band gap limited its
activity for the utilization of solar spectrum radiations. This limitation led to the exploitation
of WOj3; material to promote the photocatalytic reactions. Tungsten trioxide (WO3), an n-type
semiconductor can absorb about 30 % of solar energy due to its smaller and narrow energy
band gap (2.4-2.8 eV) which makes it a potential candidate for photocatalysis process. Along
with this, the other salient features such as non-toxicity, stability in acidic media, facile
synthesis, photosensitivity, and corrosion resist of WO3 makes it a favourable photocatalyst.
The enhancement in the performance of a photocatalytic activity for WO; was observed by
considering WOs3 in crystalline and various nanostructured forms [60-61]. Nanostructured
WOs; exhibits a large surface to volume ratio which provides a large surface area for
photochemical reaction to occur. Also, the different dimensional WO; exhibits different
characteristics which can further modify the performance. Zhu et al. in his work synthesized
the WOs; thin films and studied its photochemical behaviour [62]. While Szilagyi et al.
investigated the photo-catalytic characteristics of tungsten trioxide nanofibres in his work
[63]. Further, it was found that despite the strong adsorption within a visible spectrum, WO3

was thermodynamically unable to reduce water to produce H, due to its positive conduction
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band (CB) edge than the H,/H,O reduction potential. However, this was overcome with the
application of the external field or doping with metal ions which had enhanced its
photocatalytic performance in comparison to bare WO;. Later, Xiang et al. had reported the

enhanced performance of Au modified WOj3 nanorods as a photocatalyst [64].
1.4. 3 Gas Sensors

The monitoring of chemical gases with the application of sensors has become crucial
for human health, environmental protection, and industrial processes. The sensor is a device
that detects or senses any change in physical or chemical species and convert it into a
detectable signal. Gas sensor, a subclass of chemical sensor is based on the detection of the
change of the resistance of the sensing material due to adsorption of the gas molecules on the
surface. The high diffusion coefficient of oxygen vacancies and chemical inertness of nWOs3
make it suitable for the gas sensing applications. Nanostructured WOj3 based gas sensors have
presented enhanced sensor performance in respect of sensitivity, reproducibility, and low
power consumption. All these salient features of the nWO; can be ascribed to its high
crystalline structures, large active surface area, and transport mechanism of charge carriers
when exposed to gas species. The use of metal additives (Pt, Au, and Pd) as catalysts on the
sensing platform had also shown improved selectivity and sensitivity of the platform and also
reduced the recovery and response duration [65]. Penza et al. had reported the enhanced
sensing characteristics of WOj thin films activated with noble metals for NOy [66].

1.4.4 Biomedical Applications

In recent time, intensive research on the biomedical application of nWO; has gained
interest due to its fascinating properties such as high sensitivity, stability in aqueous media,
photo-sensitiveness, and biocompatibility. In addition to electrochromic and photo-catalytic

properties, nWOj also exhibits exceptional electrochemical potential.
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nWO; modified electrodes reveal superior characteristics over the bulk
electrodes including high electro-active surface area and rapid electron transfer kinetics
which makes it an ideal candidate for both chemical and bio-sensing applications [67]. For
instance, Santos et al. reported the development of WO; based pH sensor exhibiting
outstanding sensitivity in extensive pH range (pH 5-7) [68]. Righettoni et al. presented the
Si: WOs based sensor for the selective detection of acetone [69]. And Choi et al. had reported
a highly sensitive and selective sensing platform for a diagnostic application using metal
doped WOs3 nanofibres [70]. All these studies revealed the potential of WOs; in the field of

biomedical.
1.5 Cardiovascular Disease (CVD)

Despite the extensive efforts and great achievements in the preventive measures and
medical treatment of cardiovascular disease (CVD), CVD is still the most prevalent cause of
human death in all over the world. About 17 million lives have been claimed worldwide due
to CVD. In this direction, World Health Organization (W.H.O) and World Heart Federation
have come together to put efforts to reduce death ratio from CVD by 25% by the end of the
year 2025 [71-72]. W.H.O presents different strategies on the prevention, monitoring, and
management of the CVD globally. Cardiovascular disease which is a disease related to heart
and the blood vessels where many factors such as unhealthy nutrition, stress, cholesterol, high
blood pressure, and poor physical activity increases its risk severely. And with time, it has
included both developed and undeveloped countries under its umbrella. In India, it is
estimated that hypertension is directly responsible for 57% of all stroke deaths while 24% of
all heart disease deaths [73]. In particular, there are different causes of death related to CVD.
But ischemic heart disease (IHD) and ischemic stroke contribute majority in CVD deaths.
Acute myocardial infarction (AMI) is one of the IHD and colloquially termed as "heart

attack".
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AMI is an event of myocardial necrosis caused due to (acute obstruction of a coronary
artery) unstable ischemic syndrome. Over the past decade, the diagnosis of AMI as described
by the W.H.O is based on three test condition procedures. First is a patient complaining about
characteristic chest pain, second diagnosed electrocardiogram (ECG) variation, and third
elevation of the concerned biochemical marker in the serum of the patients. Although ECG is
in practice in identifying the existence of AMI, it is not a reliable test for early detection as
sometimes it presented false ECG to a CVD patient. Thus analysing of cardiac biomarkers in
the blood serum would be effectively more crucial in identifying CVD risk for the clinical
applications. For the generalization, measurement of concentration of these CVD biomarkers
in the bloodstream with the onset of disease would enable the early diagnosis of the disease.
Further for the clinical applications, the choice of cardiac biomarkers for CVDs risk should
exhibits salient characteristics such as high specificity and sensitivity, provide wide time

window for the detection, and get quickly release into the bloodstream.
1.5.1 Cardiac Biomarkers

Cardiac biomarkers are defined as the protein molecules that are found in the
bloodstream released from the heart muscle cell after the cardiac injury. The strength of the
concentration of these biomarkers indicates the level of damage to the heart muscles. Since
the last decade, these biomarkers have shown their support and potential for the clinical
analysis of human patients with the suspected cardiac injury. The high selectivity and
sensitivity and rapid release of these biomarkers in blood serum make them ideal for early
diagnosis. Cardiac biomarkers are an important diagnostic tool to the patients complaining
chest pain and suspected myocardial infarction (MI). Biomarkers namely Myoglobin,
Creatine Kinase, and Troponin have been considered as specific cardiac biomarkers which

get released into the blood circulation with the occurrence of myocardial necrosis.
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1.5.1.1 Myoglobin

It is the first protein molecule which gets released rapidly after the damage of muscle
cells due to its low molecular weight. But as skeletal muscle too contains Myoglobin,
therefore its diagnosis is not very specific for the MI. The cut-off level for Myoglobin in
blood serum is 100 ng mL™". The main advantage in the analysis of Myoglobin biomarker is
that it appears in blood serum in only 30 minutes after the occurrence of injury, unlike other

biomarkers Troponin and Creatine kinase which take 3-4 hours.
1.5.1.2 Creatine Kinase

Creatine Kinase (CK) is another cardiac protein molecule studied for the diagnosis of
AMI. It is an isoenzyme made up of three enzymes including CK-MB, CK-MM, and CK-
BB, which are found in both skeletal as well as cardiac tissues. Among these, enzyme CK-
MB exists significantly in cardiac tissues but its concentration is very less compared to CK-
MM concentration in myocardial muscle. The rapid increase in CK-MB level after
myocardial damage, make it a sensitive biomarker for the early diagnosis of AMI. However,
due to its poor specificity and a small window of detection, it is not considered as a

significant biomarker for early diagnosis of AMI.
1.5.1.3 Troponin

Troponin (Tn) is a complex protein molecule which is associated with the muscle
contraction in cardiac and skeletal muscle. Cardiac Troponin (c¢Tn) is structurally different
from that of skeletal troponin, hence considered as the potent and specific marker for the
cardiac diagnosis. It is a combination of 3 subunit proteins (Troponin C, I, T) and together
with tropomyosin is centred at the actin monomers contributing towards the formation of
cardiac myofilaments (Figure 1.11). All three cTn serve different functions:

1) Troponin C: The function of Tn C is to generate the conformational variation in ¢Tnl

on binding with calcium ions.
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i1) Troponin I: The main function of Tn I is to hold troponin-tropomyosin complex by
binding to the actin.
1i1) Troponin T: Tn T get bind to the tropomyosin and make an interlock to form a

troponin-tropomyosin complex.

O Tn-|

@ ‘ Tn-T

tropomyosin

X‘- ~7

. O actin monomers

Figure 1.11: Schematic representation of cardiac myofilaments

Cardiac Troponin I (cTnl) is one of the three subunit complex protein with a
molecular weight as 22.5 kDa. It is highly cardiac-specific protein molecule due to the
presence of an additional amino acid residue on its N-terminal that does not exist in skeletal
muscles. Hence it has increased specificity and considered as “gold standard” biomarker for
AMI detection. The concentration of cTnl level begin to rise within 3-4 hours after the onset
of MI and the elevated value remain to persist for up to 8-10 days, thus giving a wide window
of detection for AMI. In general, a normal human has virtually nil level of troponin in blood
serum (0.5 ng mL"') however with the rise in troponin level can provide prognostic

information.
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1.5.2 Detection of Cardiac Biomarkers

The analysis and diagnosis of cardiac biomarkers have been investigated by
employing different techniques including enzyme-linked immunosorbent assay (ELISA) [74],
radioimmunoassay [75], fluorescence [76], and electrochemiluminescence assay [77]. Among
these, ELISA assay does ensure high diagnostic accuracy but has constraints such as long
diagnostic time, needs experts for the performance and analysis and are expensive too. While
other techniques, require labelling and special treatment for the sample preparation which
leads to complex fabrication of sensor device and increased detection time. Hence for the
diagnosis of cardiac disease, we need to develop a cost-effective, highly sensitive and a
reliable sensor exhibiting excellent selectivity. Biosensor, in this regard provides the rapid
and continuous measurement, low cost instrumentation, need small volume of reagents, ease
fabrication, portable, and remarkable sensitivity and selectivity [78]. The advancement in
biosensors has been accomplished with the utilization of new and label-free detection
mechanism resulting in better diagnosis applications. This development in the designing and
materialization of wide range of biosensors has surpassed the earlier used techniques

including imaging, fluorescence, and other labelled techniques.
1.5.2.1 Fundamentals of Biosensor

A biosensor as defined by "The International Union of Pure and Applied Chemistry"
(IUPAC) is an integrated device which produces analytical information using a bio-
recognition element and a transducer element. The bio-recognition element (antibody, whole
cells, DNA, etc) recognizes the specific target analyte and produce the physicochemical
response and convert it into a measurable signal via transducer element. The measured output
signal of a biosensor can be investigated using different transduction strategies such as
optical, magnetic, thermometric, and electrochemical. These different transduction strategies

provide label-free detection, high sensitivity, and fast response time, simplicity in processing,
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low-cost, and convenient portability. All these characteristics make the biosensor as a suitable
platform for clinical and non-clinical diagnostics applications. Figure 1.12 represents the
schematic diagram of working of biosensor. Broadly a biosensor consists of three main
components:

1) abio-recognition element,

i1) an immobilizing matrix and

1i1) a transducer.

Sensory Layer  Transducer

Analy‘t< X /
&

(g) < Recognition

Figure 1.12: Schematic diagram of working of a biosensor

Signal

A biosensor employs an immobilizing matrix for the incorporation of the desired bio-
recognition element onto the transducer surface. Among all others, an electrochemical
biosensor incorporates the sensitivity of an electrochemical transducer along with the
specificity of the bio-recognition element. The sensor immobilizes enzymes, proteins,
antibodies, or tissues as a bio-recognition element onto the immobilizing matrix that binds
selectively with the target analyte producing a measurable signal that is proportional to the

concentration of analyte.
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Further on the basis of the bio-recognition element, an electrochemical biosensor can

be classified as an affinity biosensor and a bio-catalytic biosensor. A bio-catalytic biosensor

employs enzymes, or whole cells as recognition element and binds selectively to the target

analyte, thereby catalysis the reaction at the substrate and produce the electro-active products

and measured via a transducer. A lot of work has been reported in the context of enzyme-

based sensors for the detection of glucose and lactose [79-80]. Affinity biosensor depends on

the selective interaction of the antibodies, signalling receptors, or nucleic acids (as bio-

recognition elements) with their respective analyte to generate a measurable signal. Affinity

biosensor further can be classified as label and label free immunosensor. The schematic

representation of classification of biosensor is shown in Figure 1.13.
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Figure 1.13: Schematic representation of classification of biosensor
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The main characteristics of biosensor which defines its performance include sensitivity,

reproducibility, stability, and selectivity are defined as:

1) Sensitivity: It is defined as the ratio of change in output response to the per unit
change in input figure (concentration of antigen) which influence the output response.
Therefore, considered as an important characteristic of a biosensor.

2) Reproducibility: It tells the capability of a biosensor to produce identical responses
for the different identical fabricated biosensor platforms. It further ensures the
reliability and robustness of the biosensor.

3) Stability: This characteristic of a biosensor tells how long the biosensor can produce
a stable response under an ambient biosensing environment. Immobilization of bio-
receptors and their bonding with analyte are the important factors which influence the
stability of a biosensor.

4) Selectivity: It defined as the ability of a biosensor to detect the selective (target)
analyte in the presence of other non-selective analytes. Bio-receptors play an
important role in defining the selectivity of the fabricated biosensors. For example,
considering affinity based biosensors such as immune sensors (antigen-antibody),

selectivity depends highly on specific interaction between antibody and antigen only.

1.5.2.2 Immunosensor

Immunosensor is a biosensor which works on the principle of a specific interaction
between antigen (Ag) and the antibody (Ab) biomolecules onto the surface of the transducer.
Due to the strong interaction and the binding forces between the antigen and antibody, the
immunosensor exhibits high sensitivity and selectivity which makes them considerable
applicable in clinical diagnostics. The Ab-Ag immunoreactions onto the electrochemical

transducer surface generate the variation in potential, conductance, capacitance, current, or in
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impedance of the electrochemical cell system. Due to fast response time, compactness, cost-
effectiveness, ease of fabrication, and need for small analyte volume, immunosensors have
become clinical choice analytical tools [81]. The antibody biomolecule, a Y- shaped globular
protein secreted from the body's immune system in response to alien elements in the body. In
general, all antibodies exhibit the same structure and are 150 kDa in molecular weight.
Figure 1.14 represents the structure of antibody biomolecule consisting of 4 polypeptide
chain. The two identical inner are a heavy chain (50,000 Da) while outer two are lighter
chains (22,000 Da) and both two chains (heavy and light chain pair) are connected via

disulfide bonds.

NH,

NH,

s—s—{%, ’ 5
S-S

heavy chain

light chain

HOOC COOH

Figure 1.14: Structure of antibody biomolecule
Monoclonal and polyclonal are the two types of antibody that can be used accordingly
depending on their field of application. Monoclonal antibody units are highly specific to a
single epitope (domain of an antigen that interacts with antibody) of antigen, thus can
minimize the cross-reactivity of the bio-species. However, polyclonal antibody can interact
with multiple epitopes present on antigen showing heterogeneous response [82]. Figure 1.15

represents the interaction of a monoclonal and polyclonal antibody with the antigen.
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Figure 1.15: Schematic representation of the interaction of a monoclonal and polyclonal

antibody with the antigen
1.5.3 Electrochemical Immunoassay for Cardiac Detection

As discussed above, an electrochemical immunoassay is based upon the exchange of
charges on interaction between antibody and antigen which leads to the change in voltage or
current at the transducing surface. In recent time, a number of cardiac Troponin I (cTnl)
detection platform using nanostructures is reported. For instance, Qiao et al. reported the
electrochemical sensing of ¢Tnl biomarker using Aptamer-MoS, as matrix [83]. Zhang et al.
used gold (Au) nanoparticles doped covalent organic framework and also labels (toluidine
blue) for ultrasensitive electrochemical detection of c¢Tnl [84]. Also, Ahammad et al.
developed a sensitive biosensing platform using Au nanoparticles as a matrix. In their work,

they used labelled antibody which was linked to Au nanoparticles via linker molecule [85].
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Similarly other researchers have used Au nanoparticles as an amplification platform [86].
However, these entire platforms showed good sensitivity but they are not cost- effective, need
special fabrication protocols and not economical too. The other characteristics of the
proposed platforms have not been reported.

In the mean time, researchers have diverted their attention towards the incorporation
of metal oxide nanostructures in the development of novel biosensor [87-88]. The oxide
nanostructures are stable, catalytic, non-toxic, and functional biocompatible. The enhanced
features of these nanostructures including facile electron transfer kinetics, stability in aqueous
media and strong adsorption make them ideal candidate as an immobilizing matrix for the

development of biosensors.
1.5.4 Role of Metal Oxide Nanostructures in Biosensor

The immobilizing matrix onto which biomolecules get immobilized plays a
significant role in the development of the biosensors. The sensitivity and selectivity of the
biosensor are the key characteristics which depend on the morphological and structural
properties of the immobilizing matrix. In recent times, metal oxide (MO) nanostructures have
shown great potential towards the enhancement in the performance of the biosensor as an
immobilized matrix due to their distinctive electrical and optical properties. The MO
nanostructure provides enhanced possibility for the excellent interfacing between biological
recognition events and transducer and thus can present the designing of advanced biosensor
device with novel characteristics and functions. Thus to fabricate an efficient and potent
biosensor, selection of MO nanostructure is very crucial as it provides the ambient
environment for the immobilizing of biomolecules [89-90]. And it is this interface binding
known as nano-biointerface between MO nanostructure and the biomolecule which influence
the performance of a biosensor. The variables such as an effective surface area, surface

energy, roughness, presence of functional groups and other physical states of MO
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nanostructure plays a significant role in the formation of an effective biointerface. An
effective biointerface helps the biomolecules to retain its biological activity in the resultant
compatible microenvironment along with high stability. Principally, the binding of
biomolecules with MO nanostructures (immobilization) is accomplished via the physical or
chemical method. Physical adsorption, encapsulation, confinement, and membrane
entrapment are the commonly used physical method of immobilization. Whereas, covalent
binding and covalent cross-linking are the chemical methods of immobilization which
depends on the presence of functional entities. The details of these immobilization techniques

have been discussed in chapter 2.
1.5.4.1 Nanostructured Tungsten Trioxide as Biosensor

Among the various novel MO nanostructures, nanostructured tungsten trioxide
(nWO3) as an immobilizing matrix has explored the various prospects and the future
challenges in the development of the biosensing devices. This is mainly due to its high
electrochemical properties, enhanced electro-active surface area, suitable narrow band-gap,
and good electro catalytic activity. Interestingly, due to the good electrical and catalytic
properties of nWOs;, it became a suitable applicant as “electronic wires” to enhance the
electron transfer kinetics between redox centres in proteins and electrode surface [91]. Feng
et al. utilized nWO3 films to immobilize haemoglobin protein and investigated the interfacial
electron transfer kinetics and the thermal stability of the immobilized protein [92]. Later, Sun
et al. demonstrated the detection of glucose with high efficiency using WOs3 as a platform
[93]. Hariharan et al. fabricated WO; based biosensor for L-dopa detection with high
selectivity and sensitivity [94]. Hence, nWOs3 has significantly shown potential toward the
development of biosensor as a good transduction material.

The efficiency of nWOs; towards immobilization of biomolecules and retaining its

biological activity might helps in enhancing the sensing characteristics of the biosensing
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platform. Further, employing the label-free electrochemical technique for cardiac biomarker
detection using WOs; sensing platform can enhanced the sensitivity, stability and selectivity

of the biosensor.
1.5.4.2 WO;3;-RGO Nanocomposite

In recent time, the synthesis of nanocomposite resulting from integration of WO; with
chemically active reduce graphene oxide (RGO) has shown enhanced characteristics in
literature. For instance, Thangavel et al. reported the synthesis of WO3-RGO nanocomposite
for photocatalytic application highlighting the enhanced optical and thermal stability of the
resultant nanocomposite [95]. Su et al. employed WO3-RGO nanocomposite for NO, gas
sensing at low concentration [96]. Prabhu et al. reported the green synthesis of WO;-RGO
nanocomposite which showed enhanced photo-electrochemical water splitting characteristics
[97].

RGO has been well studied as an exceptional candidate for sensing applications. The
presence of additional functional groups, large effective surface area, low cost and ease
fabrication reveals its potential application in biosensing field too. The RGO based platforms
have shown their applications in food toxin detection, enzymatic analysis, and for
immunosensor development too. Reduced graphene oxide (RGO) is a reduced form of
graphene oxide (GO) and exhibits in the form of sheet. RGO exhibits enhanced electrical
conductivity unlike GO (insulator) due to the restored m conjugated system. The reduced
graphene oxide resembles the pristine graphene in all respect including mechanical, electrical
and thermal characteristics, as well as surface morphology [98-99]. The different reduction
methods of GO includes electrochemical, chemical, and thermal reduction methods [100].

Further, RGO has shown tremendous performance in the development of sensors and
especially electrochemical biosensors due to its distinctive characteristics which includes

high electrochemical activity, abundant functional groups for covalent functionalization, and
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enhanced chemical and electrical properties. The functionalization of RGO through covalent
and non-covalent processes has shown the improvements in sensitivity and selectivity of
biosensing platform and also in loading capacity of biomolecules [101]. In this respect, we
have also explored RGO-WO; nanocomposite matrix for electrochemical detection of cardiac

biomarker ¢cTnl.
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CHAPTER 2

Materials and Characterization Tools

This chapter briefs the various materials and chemicals used for the synthesis of
different morphological tungsten trioxide nanostructures and reagents used for the
fabrication of nanostructured WO; based biosensor. The different analytical approach used
for the characterization of nWQO3, modified nWQOj electrodes, and immunoelectrodes have
also been detailed. Further, efforts have been made to brief the procedures and protocols

employed for the biomolecules immobilization process.



Chapter 2

2.1 Materials: Chemicals and Bio-chemicals

The chemicals such as sodium tungstate dehydrates (Na,WO4.2H,0), Hydrochloric
acid (HCI), oxalic acid (C;H,0,), citric acid (C¢HgO5), sodium chloride (NaCl), and nitric
acid (HNOs) have been procured from Sigma Aldrich and used for the synthesis of different
morphological nWOs. The reagents namely 3-aminopropyltriethoxy saline (APTES), water
soluble EDC [1-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hydrochloride], N-
hydroxysuccinimide (NHS), ethanolamine (EA) have been procured from Sigma-Aldrich and
used for the functionalization and immobilization process respectively. Further, sodium
monophosphate (NaH;PO,), sodium diphosphatedihydrate (Na,HPO4.2H,0), potassium
ferrocyanide [K4{Fe(CN)s}.3H,0], and potassium ferricyanide [K;{Fe(CN)s}] have been
procured from fisher scientific and used for the preparation of phosphate buffer solution
(PBS). The biomolecules cardiac Troponin I (cTnl) as antigen and cardiac Troponin I
antibody (anti-cTnl) have been obtained from Ray Biotech, Inc. (India). All these reagents
and chemicals have been used without any further purification. Milli-Q water having a
resistivity of 18.3 MQ was used for the preparation of all buffers and solutions. The prepared
PBS solution then used for dilution of biomolecules (antigen and antibody) and washing of

abricated immunoelectrodes.
2.2 Characterization Tools: Structural and Spectroscopic Tools

The properties of nanomaterial vary significantly with size and shape, hence accurate
measurement of dimensions of nanomaterials is crucial toward its applications. The
characterization of functionalized and unfunctionalized materials and its composites has been
performed at different stages. To study the size, shape, and morphology of nanostructures, we
employed electron microscopy techniques, while spectroscopy techniques have been used to
study functionalization processes and composite. Further, we used electrochemical analyzer

to study electrochemical behavior of the fabricated electrodes and immunoelectrodes.
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In the following sections the different characterization tools employed for the study of
materials and the fabricated electrodes have been described. Further, we brief the surface

functionalization processes and immobilization procedures used in this work.

2.2.1 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is an advanced model of microscope which uses
electrons rather than light to study the three-dimensional structure of the solid sample. The
high-resolution image produced by SEM display the topographical, compositional, and
morphological information of the solid sample. A scanning electron microscope employs the
electromagnetic “lenses” to focus an electron beam onto a specimen to create an image by
recording the interactions of the electron beam with the specimen surface, which can be a
metal, metal oxide, ceramic or the biological specimen. In addition to topographical
information, SEM can detect and analyze surface fractures, examine surface contaminations,
provide details in microstructures, identify crystalline structures, and can provide qualitative
chemical analyses too [1].

Figure 2.1 represents the schematic of the construction of the scanning electron
microscope. The main component of SEM is electron gun, placed at the top of the column
structure which produces the electrons and can accelerate them to up to 30 keV using
electrostatic potential. The electromagnetic lenses and the passages placed below generate a
focus electron beam. A high vacuum environment is sustained inside the chamber to avoid
the scattering of an electron beam. The solid specimen consisting of periodic structure acts as
a diffraction grating for the incident electron beam and results in the scattering of electron
beams in various directions. For the visual investigation of the surface of the sample, two
types of signals especially secondary electrons and backscattered electrons are used.
Secondary electrons (SE) results from the inelastic collision and are characterized by low

energy signals (50 eV). From these signals, we reveal the surface structure with a high
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resolution. The backscattered electrons (BSE) which result from an elastic collision helps in
studying topographical variance and atomic number variance with up to 1 micron of
resolution [2]. In addition to these signals, the X-ray signals are also generated from the

specimen which is used to determine elemental composition using energy dispersive X-ray

spectroscopy (EDS).
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Figure 2.1: Set-up of a scanning electron microscope (SEM) and schematic

representation of SEM

2.2.2 Field Emission-Scanning Electron Microscope (FE-SEM)

FE-SEM is an advanced analytical model of SEM which provides topographical and
elemental information by scanning the specimen surface with a high energy electron beam in
a raster scan pattern. The main difference between FE-SEM and SEM is the electron

generating system. FE-SEM uses field emission gun as a source of electrons that produce an
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extremely focused and low-energy beam which enhanced the spatial resolution. The system
operates at low potentials which helps to minimize the charging effect on non-conductive
specimens and avoids damage of sensitive specimens. Figure 2.2 represents the interaction of
electrons beam with the specimen. The high energy electrons beam on striking the specimen
generates the secondary electrons. Another important feature of FE-SEM is “In-lens
detectors” it uses for secondary electrons. The secondary electrons get caught by these
detectors and produce the electronic signal which is amplified to produce a scanned image. A
backscattered electron “In-Lens detectors” provides a pure backscattered signal without
secondary electron contamination and low accelerating potential. Also, it results in higher Z-

contrast and can select the electrons according to their energy.
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Figure 2.2: Interaction of electrons beam with the specimen

Along with these electrons, X-rays are also emitted on the interaction of electrons
beam with the specimen. These X-rays get collected by detectors and produce electronic
signals. These signals are very useful in the identification of elements present in the

specimen. The unique atomic profile of each element makes X-rays to give qualitative
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information of elements using energy dispersive X-ray analysis (EDAX). The morphologies

of WOs3 and its composite (RGO-WO3) were examined using FE-SEM (TESCAN) system.

2.2.3 Transmission Electron Microscope (TEM)

To study the high-resolution morphological images of the specimen and the
crystallinity of it, a powerful analytical tool was employed known as transmission electron
microscope (TEM). TEM gives detail information at the atomic-scale level of the specimen.
It utilizes high energetic electrons beam to provide morphological, compositional and
crystallographic information. A unique nanometer-size electron probe of TEM helps in
identifying and quantifying the electronic and chemical structures of nanomaterial specimen.
This system operates in two approaches: convergent and parallel beam approach. The
objective lens along with the specimen chamber represents the heart of the TEM where an
electrons beam gets transmitted through the thin specimen and interacts with it [3]. For the
good TEM image, the thickness of the specimen lies in the range of 100- 200 nm as beyond
this thickness, electrons could not readily penetrate through the specimen. The imaging
system which consists of an objective lens and other lenses helps in producing magnified
images or the diffraction pattern (DP). The intensity distribution of electrons after
transmittance is imaged with a three-stage lens system onto a fluorescent screen [4].

A schematic of the transmission electron microscope is shown in Figure 2.3. As TEM
utilizes a smaller wavelength electron beam, it produces a high resolution and magnified
image. The TEM can be operated in different modes such as HR-TEM, SAED, or simple
TEM to study morphology, particle dimensions, growth direction and lattice parameters of
the material. The sample preparation for TEM analysis was done by dispersing the powder
specimen in acetone using high power ultrasonicater (500 W, 20 kHz). The dispersed
specimen was then drop-casted onto the carbon-coated Cu-grid. The different morphologies

of WO; were examined using a JEOL JEM-2100.
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Figure 2.3: Set-up of transmission electron microscope (TEM) and the schematic

representation of TEM

2.2.4 X-Ray Diffraction (XRD)

X-ray diffractometer is a measuring instrument used for different X-ray diffraction
applications which involves phase analysis, structure determination, and stress measurement.
X-ray diffraction (XRD) is a rapid and non-destructive analyses technique based on simple
constructive interference between X-ray radiations after incident onto the specimen surface.
The working principle of XRD is based on Bragg's law (2d Sin0 = nA) as shown in Figure
2.4. The crystalline specimen acts as a 3-D diffraction grating for the incident wavelength
(A). As X-rays have a wavelength comparable to the inter-atomic spacing (d), they will get
diffracted and produce diffraction pattern [5]. The resultant characteristic X-ray diffraction

pattern provides the unique “fingerprint” of the crystals present in the specimen.
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Figure 2.4: Schematic of X-ray diffraction satisfying Bragg’s equation

In our case, we obtained X-ray diffraction patterns for the different morphologies of
nanostructured WO; and its composite RGO-WOj; recorded in the range of 10° to 80° using
Bruker-D8 advanced XRD at the scan speed of 0.01 deg./sec. The obtained XRD spectra
were analyzed using the JCPDS-ICDD powder diffraction database.

Further studying the FWHM of the different diffracted peaks, crystallite size can also

determine using Debye Scherrer’s Equation.

D = (0.89 xA)/ (Bxcos0)

Here, D represents the crystallite size, A as a wavelength of Cu Ka (0.154 nm), B as
FWHM and 0 as diffraction angle [6]. Figure 2.5 represents the setup of X-ray diffraction

(XRD) used for the structural analysis.
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Figure 2.5: Set-up of X-ray diffraction (XRD)

2.2.5 Atomic Force Microscope (AFM)

Atomic force microscope (AFM) is an appliance which produces a 3-D high-
resolution image with a lateral resolution in few nanometers and vertical resolution less than
I nm. It is a kind of scanning probe microscope which gives a topographical image of a
specimen surface using interactions between a tip and a specimen. AFM mainly consists of a
cantilever with a small tip at the free end, a photodiode, a laser, and a scanner as shown in
Figure 2.6. A tip of the cantilever plays an important role in imaging [7]. It is generally
made up of silicon or silicon nitride and is 3 — 15 microns in length while cantilever is 100-
500 microns in length. A 3-D image is deduced by recording the cantilever motion along Z-

direction as a function of the sample's X and Y location.
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Figure 2.6: Schematic representation of atomic force microscopy (AFM)

AFM has different imaging approaches known as contact modus, non-contact modus,
and tapping modus AFM [8]. The AFM in contact modus produces frictional forces during
the scanning, as the tip is in contact with specimen surface and thus it is not suitable for the
soft samples analysis. While in non-contact modus, the tip is not in contact with specimen
surface but oscillates above the surface during scanning. Thus, the feedback loop is used to
monitor the changes in amplitude due to the attractive Van der Waals forces and can obtain
monitored topographical image of the surface. This modus is therefore well suited for the soft
samples; however, the resolution gets compromised. Last, in tapping modus, a stiff cantilever
i1s employed which oscillates close to resonance frequency at a tip-specimen separation. This
results in a small part of oscillation to lie in the repulsive regime of the Lennard—Jones
potential. The tip-specimen interaction, therefore, varies from long-range attraction force to
weak repulsion force. Thus, the tip intermittently touches the specimen while scanning and
causes changes in the amplitude and the phase of oscillation. Hence, this modus of imaging

produces a high-resolution 3-D image. In this work, we employed this appliance for the
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characterization of a fabricated electrode at the different stage of functionalization and

immobilization.
2.2.6 Raman Spectrometer

Raman spectrometer is a spectroscopic technique which utilizes the scattered light to
obtain details of molecular vibrations containing information of symmetry, bonding, and
structure of the molecules. Hence, it provides significant and subjective information of the
individual compound of the specimen. In principle, this spectroscopy is based on inelastic
scattering of monochromatic light (Raman Effect) [9]. When highly monochromatic light is
incident on the substance, then three types of phenomena can be possible as shown in Figure
2.7 First is Rayleigh scattering in which frequency of the scattered beam light is equivalent
to the incident beam light. Second is anti-stokes Raman scattering, in this frequency of the
scattered beam light is higher than that of the incident beam light. And third Stokes Raman

scattering, in this frequency of the scattered beam light is lower than that of incident beam

light.
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Figure 2.7: Energy level transitions in Raman scattering
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In general, this spectroscopy deals with the study of changes in the molecular bonds
polarizability of the specimen. The interaction of light with a molecule induces a deformation
of its electron cloud resulting in a change of polarizability [10]. And these molecular bonds
carrying specific energy transitions corresponding to changes in polarizability give rise to
Raman active modes. A Raman spectrometer consists of 4 basic components including a laser
light which serves as the excitation source, a wavelength selector, specimen illumination
system, and the detector (photodiode array, CCD). In this work, we studied the Raman
spectra to characterize the molecular structure of the WO3-RGO nanocomposite. The films
were deposited on the corning glass substrate and the spectra were obtained using 514 nm

(excitation wavelength) as the light source (Argon laser).
2.2.7 Fourier Transform —Infrared (FT-IR) Spectrophotometer

Fourier transform infrared spectrophotometer is a powerful and non-destructive
appliance which utilizes an infrared light region of the electromagnetic spectrum for
interaction with the specimen. Generally, the molecules present in the specimen absorb this
range of light radiations and give details specifically to the bonds present in the molecules
[11]. In our work, we employed this appliance to study the formation or attachment of
functional groups or biomolecules during different stages of preparation of electrodes and
immunoelectrodes. The spectroscopy deals with the study of change in electric dipole
moment of the molecules resulting from the absorption of a specific wavelength by the
specimen molecule. Hence, the absorbed IR radiations correspond to the identification of the
specimen.

In FT-IR spectrometers, beams are produced via interferometer. Generally, a
Michelson interferometer is employed in FT-IR spectrometer which employs a beamsplitter
to produce two beams of different path length which on recombination produces interferences

and forms an interferogram. The resultant interferogram consists of time domain which gets
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converted into a spectrum by using Fourier transform. And the first FT-IR spectrum was
produced by Perkin Elmer, U.S.A. The absorption spectrum in FT-IR identifies the presence
of chemical bonds and the functional group present in the specimen. Figure 2.8 represents

the setup of FTIR.

Figure 2.8: Set-up of Fourier transform —infrared (FT-IR)

In our work, we investigated the IR measurements using Potassium bromide (KBr)
approach. In this approach, a very small amount of the powder specimen was dispersed in
KBr and pellet was prepared to obtain spectra in transmission mode. The spectrum was
obtained for the wave number range corresponding to mid-range of infrared (4000-400 cm™)
and plotted against the transmittance values. We obtain FT-IR spectra at different stages of
functionalization and immobilization of biomolecules onto the functionalized WO; based

electrodes.
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2.2.8 Contact Angle Measurement

The contact angle (CA) measurement illustrates the hydrophobic and hydrophilic
characteristics of the modified surface. Going to its history, Thomas Young was the first
person who explains the relation between contact angle and the wettability [12]. As
wettability measurements can directly address the surface properties including adhesiveness,
hydrophilicity, and hydrophobicity. Hence, by studying the wetting properties of modified
surfaces, one can represent fundamental characteristics of the surface. Also with the advance
in its studies, researchers have also put forward relation between the roughness and
hydrophobicity and others too. The most common technique employed for contact angle
measurement is the static sessile drop techmique. In this technique, measurement is
performed by putting a drop of liquid onto a solid surface and simultaneously will capture an
image of that drop. Later, we will draw a tangent to the drop at its base using a goniometer

from which we can measure CA [13].
2.3 Electrochemical Techniques

Electrochemical techniques are viable characterization tools based on the principle of
electrochemistry and deals with the study of oxidation and reduction reactions. In recent
times, electrochemical techniques have contributed to the development of efficient and
sensitive biosensors as a transducer [14]. In such electrochemical biosensors, the reactions
are monitored electrochemically either by generating a measurable current, potential, or
impedance. As electrochemistry is a surface technique, it offers certain advantages in
detection such as ease of fabrication of electrodes, small sample volumes, and simplicity in
construction. Based on the measurement parameters such as potential, current, or impedance,
the electrochemical techniques can be categories as Voltammetry, Amperometry, and

electrochemical impedance spectroscopy [15-16].
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Figure 2.9: Set-up of electrochemical instrument autolab potentiostat (Eco Chemie,

Netherlands)

In this work, we have used a three electrode electrochemical cell system consisting of
a fabricated electrode, Ag/AgCl, and platinum (Pt) wire as working electrode, a reference
electrode and as counter electrode respectively. The cell was further connected to an
instrument autolab potentiostat (Eco Chemie, Netherlands) as shown in Figure 2.9 for the
measurements. The Autolab potentiostat controls the voltage between the working electrode
and the reference electrode and then measures the current flow through the cell. The
impedance spectroscopy, cyclic voltammetry (CV), and differential pulse voltammetry
(DPV) are the electrochemical analytical tools which were employed as the transduction

mechanism in the fabrication of the biosensor platform.

2.3.1 Cyclic Voltammetry (CV)
Cyclic voltammetry (CV) is a most widely studied technique in the electrochemical
analysis which presents details of the thermodynamics processes, electron transfer dynamics,

and the other electrochemical properties of the electro-active species. In CV, the current is
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measured in response to the cycled voltage applied at the working electrode at a fixed scan
rate. In general, when a low voltage is applied to the cell, the response current (reaction rates)
is determined by measuring charge transfer between the working electrode and the electrolyte
solution. This results in an increase of current with an increase in voltage. The current
increases till the voltage reach the oxidation potential of the given analyte and after it, start
falling due to the deficiency of the charges close to the electrode surface. At this point,
opposite polarity voltage is applied and this will produce a reduction peak similar in shape as
that of the oxidation peak [17-18]. Generally, for the quasi-reversible reaction, non-
symmetric peaks are observed and for the irreversible process, we do not observe the peak in
the measurable potential region. Thus observing the CV curve, information about redox
potential and the nature of the electrochemical processes can be justified. The different
parameters which we can examine from the CV include anodic and cathodic peak current

(Tap, Icp), and anodic and cathodic peak potential (Epa, Epc) is shown in Figure 2.10.

pc

Current (mA)

Potential (V)

Figure 2.10: Schematic representation of cyclic voltammogram (CV)
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In our work, we studied the cyclic voltammograms for the examination of fabricated

electrodes and immunoelectrodes and verified scan rate study too.

2.3.2 Electrochemical Impedance Spectroscopy (EIS)

For a sensitive detection, electrochemical impedance spectroscopy (EIS) is considered
as ideal spectroscopy for the study of interfacial kinetics at the electrode surface. The
impedance measurement can be faradic or non-faradic in respect of the investigation of
measurements performed in the presence or absence of the redox probe respectively. The EIS
is a faradic impedance technique which deals with the electron transfer kinetics at the
interface by overcoming different obstruction made by solution resistance and polarization
resistance. The impedance (Z) is measured by applying small amplitude voltage perturbation
(10 mV) and detecting the corresponding current. The measured impedance is a complex
quantity, therefore, its value is described as a combination of real (Zr) and imaginary (Z)
impedance [19]. The faradaic impedance spectrum, plotted between Z; and Zg is known as
Nyquist plot and since the impedance measurement is obtained in a broad range of
frequencies, therefore it is termed as electrochemical impedance spectroscopy (EIS). As
shown in Figure 2.11, a Nyquist plot is consists of a semi-circle region and a straight line.
The semi-circle region which corresponds to the electron transfer kinetics at the electrode
surface observed at higher frequencies domain while the straight line which represents the
diffusion limited process observed at low frequencies domain [20]. In recent time,
investigation of immuno-interactions in biosensing using the EIS technique has shown
tremendous potential toward the development of biosensors. Such biosensors are known as
electrochemical immunosensors which examine the variation in the faradic current as

observed due to steric obstruction made by the bio-molecular interactions.
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Figure 2.11: EIS impedance spectrum (Nyquist plot)

2.3.3 Differential Pulse Voltammetry (DPV)

Differential pulse voltammetry (DPV) is a voltammetry technique in which potential
waveform is made up of small pulses of single-valued amplitude superimposed on a staircase
waveform. The current is examined twice for each pulse period. The current is measured first
at the beginning of the applied pulse, and later at the end of the pulse. And the measured
current difference between the two currents (Al) is plotted against potential and referred to as
differential pulse voltammogram. When the potential is at around the redox potential, the Al
reaches the maximum value, and it decreases to zero for diffusion process [21]. Thus this
technique discriminates the faradaic current from the capacitive current. The current response
of differential pulse voltammetry depicts the symmetric peak and height of this current is
directly related to the concentration of the analyte.

In DPV, we actually measured Ai/AE value and effect of the charging current is

minimized which make it more sensitive with respect to other voltammetry techniques. In this
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work, we employed this technique to study the response of RGO-WO; based

immunoelectrode towards ¢cTnl detection in chapter 6.

2.4 Surface Functionalization and Antibody Immobilization Chemistries

2.4.1 Surface Functionalization

The biological recognition phenomenon in electrochemical biosensing produces a
quantitative signal, which is equivalent to the concentration of the analyte in the given
volume. Thus, the biomolecule immobilization process plays a crucial role in the
performance of the biosensor. And the substrate material such as nanomaterials, electrodes,
etc., should be modified to introduce functional species such as amino, ethoxy, or carboxyl
groups on the substrate material that can bind to biomolecules with high activity, great
bonding strength, good orientation, and excellent long-term stability.

The process of generating a silane group is known as Silanization. The silanization
provides the means to tailor surface properties such as hydrophilicity, hydrophobicity, charge,
etc. and also biocompatible microenvironment. To accomplish the grafting of silane
molecules, the substrate surface is chemically activated with hydroxyl groups which result in
the formation of covalent Si—OH bonds onto the substrate surface. The surface modification
using functionalized molecules also known as coupling agents such as phenyl terminated,
amine terminated, and thiol terminated silanes have been well studied for the fabrication of
the bioanalytical platforms [22]. Sagiv et al. were the first to report the strong bounded
chemisorbed monolayer using silane agents [23]. Amino-silane APTES (3- Aminopropyl-
triethoxysilane) is the most studied coupling agent for the surface functionalization process.
The APTES molecule consists of three hydrolyzable ethoxy groups and one amine (— NH>)
group in which ethoxy groups contributes toward the silanization process and amine groups

contributes towards further functionalization process via covalent bonding [24-25]. APTES
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as a functionalization agent offers various advantages toward the development of an efficient
biosensing platform such as:

1) High antibody loading,

i1) Leach proof antibody biomolecules binding,

i) Long term stability, and

iv) An enhanced specific activity of biomolecules

2.4.2 Electrophoretic Deposition (EPD) Technique

The fabrication of thin films and coating can be accomplished by employing an
electrophoretic deposition (EPD) technique. In this technique, colloidal particles suspended
in the media get electrophoretic deposits on the electrode (ITO) substrate with the application
of the electric field. The main driving force in EPD is the mobility and charge of the colloidal
particles [26]. Depending on the nature of the particle such as positive or negative, deposition
can be cathodic or anodic respectively.

In EPD, the characteristics of films and deposition kinetics depend on various parameters.

These parameters are as follow:

1) Deposition time: For a constant applied potential difference, the force influencing
electrophoresis phenomenon decreases with deposition time. The reason behind this is
the creation of an insulating layer at the substrate. However, at the initial stage of
deposition, there exhibits a linear relationship between deposition time and mass.

i) Applied potential: The applied potential field plays an important role in the rate of
deposition of colloidal particles and also the structure of the deposit [27]. For a
uniform film deposition, moderate fields should be applied (25- 100 V/cm) while at
relatively high fields (> 100 V/cm) the films get deteriorates.

i) Concentration: The concentration of the colloidal particles in the suspension does

affect the rate of deposition of a film onto the substrate.
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iv) Substrate: The conductivity of the substrate plays an important role in the uniformity
of the deposited films [28-29]. If the substrate has low conductivity, the deposition

rate decreases and results in the non-uniformity of the film.

2. 4.3 Substrate

Indium tin oxide (ITO) is a well-studied electrode material in the various fields of
applications. The high electrical conductivity and optoelectronic characteristics serve it as a
good conducting substrate for the development of sensor devices [30]. The exclusive physical
and electrochemical properties of ITO make it a very stable and ideal electrode substrate. In
recent time, ITO has been contributing to the fabrication of electro-analytical sensors due to
its excellent surface characteristics and electron transfer kinetics [31-33]. Towards the
development of electrochemical biosensors, ITO as a substrate had been in practice. Prior to
the immobilization of bio-entities, the ITO surfaces get modified with functionalized
molecules (silane reagents) for the stable and control immobilization of bio-entities. 3-
Aminopropyl-triethoxysilane (APTES) as a functionalized alkyl silanes was used to
functionalized the ITO surface which provides free NH, groups onto the surface for the

covalent binding with COOH groups of antibody biomolecules.

2.4.4 Immobilization Techniques

The most crucial step in the preparation of the immunosensor platform is the
immobilization of antibodies biomolecules onto the electrode surface. The performance of an
immunosensor is highly dependent on the characteristics of the immobilized antibodies as it
further dictates the stability, sensitivity, reproducibility, and other bioanalytical variables [34-
35]. The supportive matrix should be bio-friendly, non-toxic, strong mechanical stability and
highly reactive functional groups. For immobilization of antibody biomolecules onto the

matrix, choose of an appropriate technique is required to prevent the denaturation of
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biomolecules. As such there are four principal techniques for the immobilization of antibody
biomolecules namely, adsorption, and encapsulation as physical methods and cross-linking,
and covalent bonding as chemical methods.

2.4.4.1 Physical Adsorption

The physical adsorption is a simple and fast method of immobilization of
biomolecules. In this technique, immobilization of antibody biomolecules is accomplished by
the non-covalent interactions such as weak van der Waals forces, electrostatic, hydrophobic,
and hydrogen bonds. This adsorption technique is weak and non-specific, but it enables a
large number of reasonable binding. The main advantages of this immobilization technique
are:

1)  Requires no reagents and adopt easy protocols for the adsorption.

i1)  No conformational changes in the biomolecules.

iii)  The reversible process such that the matrix can be regenerated with fresh biomolecules.
However, this technique has its own drawback that the adsorbed proteins biomolecules can

leach away from the surface of the adsorbed surface is exposed to the high liquid flow.

2.4.4.2 Physical Encapsulation

Physical encapsulation is an irreversible method of immobilization where the
biomolecules get entrapped in support either in polymer membranes or in a lattice structure of
a material and retain the biomolecule. As a result, biomolecules get physically restricted
within a confined space or network. The biomolecules do not chemically interact with the
polymer matrix; therefore it avoids the denaturation of the biomolecules. Hence,
encapsulation improves the mechanical stability of the immobilized matrix and minimizes the
leaching. The main advantages of the method are
1) Encapsulation of a large number of biomolecules in it.

i) Chemically inactive.
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i) Thermally stable
iv) Low-temperature process and optically clear.

V) Creates an optimal microenvironment for the biomolecules.

2.4.4.3 Cross-Linking

Cross-linking is a chemical method of immobilization which involves the covalent
attachment of the antibody biomolecules onto a matrix via a linker molecule. The formation
of an intermolecular cross-linkage between the protein biomolecules and the matrix is
accomplished by the means of bi- or multifunctional reagents. Generally, glutaraldehyde is
used as cross-linker reagent due to its availability in large quantity and economical. The
covalent attachment provides a stronger attachment than physical adsorption and also

provides the biomolecules with high catalytic activity.

2.4.4.4 Covalent Binding

Covalent binding is one of the most widely used immobilization technique resulting in
the formation of strong chemical bonds between biomolecules and the matrix. For the strong
covalent binding, the direction of the antibody biomolecule is very crucial as it determines
the stability of the immobilized matrix. In this phenomenon, the binding between
biomolecules and the matrix is very strong and avoids leakage of the biomolecules even in
the presence of high ionic strength. The main advantages of this method are as follow
1) It increases the shelf life of the immunosensor.
i1) Enhances thermal stability of biomolecules when coupled with other support.

iii))  High loading of the antibody biomolecules
iv) Antibody modification is not required
In this study, we have used 3-aminopropyltriethoxy saline (APTES) as a

functionalized agent which can generate free amino groups onto the matrix and will
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covalently bind with carboxyl groups (COOH) of antibodies. Also, to activate the —-COOH

groups of antibody, we have used EDC-NHS hetero-bifunctional cross-linking. The EDC-

NHS chemistry generates the activated surface after the formation of an amide bond between

amine functionalized (APTES) matrix and the carboxyl group of the antibody.
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CHAPTER 3

Functionalized Tungsten Trioxide Nanoparticles
Based Platform for Cardiac Troponin I (¢Tnl)

Detection

In this chapter, we demonstrate the fabrication of 3-aminopropyl tri-ethoxy saline
(APTES) conjugated tungsten trioxide nanoparticles (APTES/WQO3; NPs) based platform for
cardiac Troponin I (cTnl) detection. The tungsten trioxide nanoparticles are synthesized
using hydrothermal synthesis route. The fabricated APTES/WO; NPs/ITO electrode and
antibody immobilized electrode (anti-cTnl/APTES/WQO;3; NPs/ITO) were characterized using
atomic force microscope (AFM), Fourier transform infrared spectrometer (FT-IR) and
electrochemical impedance spectroscopy (EIS). The electrochemical response studies of the
fabricated immunoelectrode shows sensitivity as 26.56 Q ng 'mL ¢cm™ in a wide linear

detection range 1- 250 ng mL™. Also, the proposed platform shows the stability of 30 days.

The work presented in this chapter is published as:

“Bio-functionalized nanostructured tungsten trioxide based

sensor for cardiac biomarker detection”

Materials Letters 186 (2017) 202-205
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3.1 Introduction

Cardiac markers have the most dynamic applications owing to the increasing number
of people suffering from cardiovascular diseases (CVDs) and rising demand for instant
diagnosis of these diseases. Early and accurate diagnosis of CVD can provide appropriate,
timely and cost-effective treatment and hence prevention action. Acute myocardial infarction
(AMI) is one of the cardiovascular diseases, caused by necrosis of myocardial tissue due to
ischemia. Amongst the various biomarkers, cardiac Troponin I (¢Tnl) is a cardiac-specific
biomarker that releases with the onset of myocardial necrosis. Compared to other biomarkers
such as C-reactive protein (CRP), Myoglobin (Mb), and Creatine-kinase-MB, cTnl has more
specificity and sensitivity towards AMI detection [1]. The level of cTnl in normal subjects is
around 1 ng mL™" that can increase up to 550 ng mL™" in AMI patients [2]. Hence rapid and
sensitive detection of c¢Tnl with good detection ranges urgently required for the early
treatment of AMI. The different analysis techniques which have been in used for c¢Tnl
detection includes enzyme-linked immunosorbent assay [3], fluoro-immunoassay [4],
chemiluminescent immunoassays and aptamer-based biosensors [5-6]. Although these
techniques do provide good sensitivity but the instrumentation expenditure and cumbersome
operation limits infeasibility. Hence biosensor can be an appropriate appliance for the early
diagnosis of cardiac disease.

With the advancement in nanotechnology, the development of immunosensor based
on the electrochemical technique for biomarker measurement has proven to be effective in
point-of-care diagnostics. Surveyed literature has shown that the fusion of biological
molecules and nanostructured metal oxides can be documented to play a pivotal role in the
conception of nano-scale instruments used in clinical diagnosis and electronic devices [7].
Among the various nanostructured metal oxides, tungsten trioxide nanoparticles (WO3; NPs)

exhibit apposite physical and chemical properties [8]. Tungsten trioxide nanoparticles
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modified electrode do exhibit enhanced electrochemical kinetics, reduced over potential, and
large electro-active surface areas unlike bulk working electrodes. Therefore, the main focus
behind this chapter is to investigate the applicability of WOs; NPs for the development of
diagnostic protein based biosensor. The enhanced electrical, tunable conductivity and
catalytic behaviour of WO; NPs render it as more feasible to be deployed as “electronic
wires” that could enhance transfer of electrons between electrode surfaces and redox centres
in protein biomolecules [9]. Further, the accentuated surface-to-volume ratio and electrical
sensitivity allow WO3; NPs to be used as a label or tracer in electrochemical analysis. These
distinctive features of WO3; NPs can therefore enhance its biosensing applications. The study
conducted by Hariharan et al. reported the WO; based biosensor for L- dopa detection with
high selectivity and sensitivity [10]. Later, Sun et.al utilized WO; for glucose detection with
high efficiency [11]. Hence in this chapter, we have demonstrated the conception of a basic;
label-free immunosensor based on nanostructured tungsten trioxide nanoparticles that can
detect the presence of Troponin I, a prominent myocardial infarction biomarker. The
proposed detection strategy is elementary, cost-effective and is based on immobilizing an
antibody of cTnl on a 3—aminopropyltriethoxy saline (APTES) functionalized WO3; NPs/ITO

electrode.

3.2 Experimental Section

3.2.1 Synthesis and Functionalization of WO; NPs

The tungsten trioxide nanoparticles have been synthesized using a facile low-
temperature hydrothermal process with a modification [12]. Firstly, we prepared a 0.5M
sodium tungstate (Na,W0O4.2H,0) solution in a 30 mL of Milli-Q water and then stirred it
briskly for a few seconds. For the acidification, we added 6M HCI to the solution dropwise,
till the pH of the solution reaches the value 1. Afterward, we added 1.5 gm of oxalic acid to

the above solution and kept on stirring for 45 minutes. For the hydrothermal treatment, the
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stirred solution got transferred to a 50 mL Teflon-lined vessel and then placed in a stainless
steel autoclave. The autoclave is then placed in an oven at 120 °C for 4 hours for the
hydrothermal reaction. Thereafter as the autoclave cooled naturally to room temperature, we
collected the sample after centrifuging it for 6-7 times with Milli-Q water. The resultant
sample (WO3 NPs) is used for further characterization and functionalization process.

For the functionalization of WO3; NPs, we prepared a 100 mg of WO3; NPs solution in
a 20ml of isopropanol and then sonicated effectually for attaining a well-dispersed
suspension. This is followed by addition of 200 uL of 98% APTES and stirring at 300 rpm
for 48 hours (2 days) continuously [13]. The resultant functionalized WO; nanoparticles got
filtered and washed thoroughly with Milli-Q water to remove the unbound APTES

molecules.

3.2.2 Fabrication of Antibody Immobilized APTES/WQO; NPs/ITO

Immunoelectrode

The fabrication of a thin film of APTES functionalized WO; NPs onto the pre-
hydrolyzed ITO glass substrate has been accomplish through electrophoretic deposition
(EPD) technique. The electrophoretic deposition (EPD) is an advantageous technique due to
its low cost; ease of processing; uniform deposits, control of deposited films thickness and
micro structural homogeneous nature [14]. Before deposition, we prepared a colloidal
suspension of 10 mg of functionalized WO; NPs in a 2mL C,H,OH and Milli-Q water
solution. For electrophoretic deposition, we utilized a two-electrode cell consisting of
hydrolyzed ITO glass and platinum wire as anode and cathode respectively. A constant DC
potential of 56V has been applied between the electrodes having separation of 1cm placed
inside the cell containing a colloidal suspension of APTES functionalized WO3 NPs for 90
seconds. The prepared electrode (APTES/WO; NPs/ITO) then treated with Milli-Q water and

set to dry at room temperature (25°C) overnight.
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For the purpose of immobilizing cTnl antibody biomolecules onto the fabricated

electrode, an anti-cTnl solution has been prepared in a phosphate buffer solution (pH =7.4).

Prior immobilization, the antibody solution got activated with EDC-NHS chemistry where

EDC and NHS act as an activator and coupling agent, respectively [15]. Afterward, this

solution (20uL) is evenly spread onto APTES functionalized electrode through drop casting

and set for incubation under humid conditions for 7 hours at room temperature (25°C).

Thereafter, the electrode is treated with PBS to eliminate unbounded antibody biomolecules.

Lastly, instead of BSA (bovine serum albumin), we used ethanol-amine (EA) for obstructing

the non-specific sites of the fabricated electrode. The resultant fabricated EA/anti-

cTnl/APTES/WO; NPs/ITO immunoelectrode is used for sensing study and contained at 5°C

when not used. The schematic of the fabrication of APTES functionalized WO3; NPs based

biosensor for ¢Tnl detection is shown in Figure 3.1
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Figure 3.1: Schematic illustrations of the fabrication of WQO; NPs based
immunoelectrode
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3.3 Results and Discussions

3.3.1 Microscopic and Structural Studies

The XRD study has been carried out to investigate crystallinity and phase of the
synthesized tungsten trioxide nanoparticles (WOj3; NPs) as shown in Figure 3.2. The presence
of intense characteristic peak at 24.22° and other diffraction peaks at 28.56°, 33.99°, 41.39°,
50.09°, 55.6°, and 61.58° are well indexed to (200), (112), (220), (222), (114), (420) and
(134) planes, respectively (JCPDS 71-0131). These peaks revealed the presence of
orthogonal phase in WO3 NPs with a good crystalline structure. The average crystallite size
(D) of WO3 nanoparticles was estimated as 20 nm using Debye-Scherer equation (Equation

3.1)

0941
D =
p Cos@

3.1)

where A (1.540A) corresponds to X-ray wavelength, B and 0 represent full width at

half maximum and Bragg’s angle respectively.
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Figure 3.2: Powder X-ray diffraction (XRD) pattern of tungsten trioxide nanoparticles

(WO; NPs)
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The micrograph depicting the morphological structure of the as-synthesized WO3; NPs sample
as shown in Figure 3.3 has been examined using scanning electron microscopy. The

micrograph depicts the spherical shaped WO3 nanoparticles existing unevenly in diameters.

DTU_S3700 15.0kV 5.9mm x50.0k SE o 1 00um

Figure 3.3: Scanning electron microscope (SEM) micrograph of as-synthesized WO;3
NPs

As topography and surface roughness of the electrode is documented to play a
significant role in determining the conformation of the adsorbed protein layer [16]. Therefore,
we have analyzed the topographical images of the fabricated electrodes. Figure 3.4
represents the topographical image of 3-D height plots for the electrodes as analyzed using an

atomic force microscope (AFM).
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Figure 3.4: Atomic force micrograph (AFM) of (i) WO; NPs/ITO electrode, (ii)

APTES/WO; NPs/ITO, and (iii) anti-cTnl/APTES/WQO; NPs/ITO immunoelectrode.
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The analysis of micrographs revealed that the average surface roughness of WO;
NPs/ITO electrode (0.307 nm) decreased to 0.120 nm after modification with APTES. This
decrease indicated the creation of a uniform layer attributed to intermolecular interaction
between APTES and tungsten trioxide nanoparticles. However, post immobilization of
antibody biomolecules (anti-cTnl) onto functionalized electrode surface, the average

roughness increased to 5.9 nm which indicates the attachment of the antibody molecules.
3.3.2 Spectroscopic Studies

Fourier transform infrared (FT-IR) spectrometer has been used to investigate the
formation of various chemical bonds at the different stages of functionalization and
immobilization processes. Figure 3.5 represent the Fourier transform infrared (FT-IR)
spectra of the (i) WO3 NPs, (ii)) APTES/WO; NPs, and (iii) anti-cTnl/APTES/WOQO3 NPs. The
peak seen at 1410 cm™ (curve i) represents stretching vibration of v (W-O) whereas a broad
peak at 770 cm’! corresponds to v (W-Ojne-W) stretching vibration of the bridging O, [17].
In curve ii, we observed peak at 3421 cm™ resulted due to asymmetric (N-H) stretching
vibration of NH, whereas peaks observed at 1614 cm™ and 1422 cm’™ corresponds to 8(-NHy)
and & (Si-CH,) respectively present in APTES [18]. Further, peak at 2932 cm™ has been
attributed to a methylene group (-CH;) which indicated that silane agent has been grafted
onto the surface successfully and the peak at 1122 cm™ is due to stretching mode of Si-O-Si
[14]. All these results suggest that APTES has been successfully anchored on the WO;
surface. In the FT-IR spectra of antibody immobilized APTES/WO; NPs/ITO electrode
(curve iii), we observed peaks at 3462 em’, 1636 cm” and 733 cm™ which has been
attributed to the amide B, amide I, and amide IV respectively [19]. The peaks observed at
2927 cm™ (-CH,) and at 1101 ecm™ (Si-O-Si) have been found to be shifted after antibody
immobilization. All these results indicated the successful grafting of APTES molecules and

immobilization of antibody biomolecules onto the WO3; NPs based platform surface.
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Figure 3.5: FT-IR spectra of (i) WO;3; NPs, (ii) APTES/WO;3; NPs, and (iii) anti-
c¢cTnl/APTES/WO3; NPs

3.3.3 Electrochemical Studies

Electrochemical impedance spectroscopy (EIS) technique has been utilized to
determine the interfacial properties between the fabricated electrode and electrolyte
boundaries. Figure 3.6 (A) shows the Nyquist plot obtained for bare ITO electrode,
APTES/WO; NPs/ITO, and anti-cTnl/APTES/WO; NPs/ITO electrodes in the PBS (pH 7.4)

containing SmM [Fe(CN)6]3'/ * in the frequency range 10’-107 Hz at a biasing potential of 10
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mV. The charge transfer process in these electrodes is investigated by measuring charge
transfer resistance (Rcr) at the electrode/electrolyte interface. The magnitude of Rer for ITO
electrode (434.07 Q) increased to 543.15 Q for APTES/WOs; NPs/ITO electrode. This
increased showed that the ITO electrode got modified with APTES functionalized WO;
nanoparticles. And after the antibody immobilization, Rcr of anti-cTnl/APTES/WO;

NPs/ITO electrode further increased to 589.36 Q indicating the insulating nature of the

antibody molecules.
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Figure 3.6: (A) EIS studies of the different electrodes (a) ITO, (b) APTES/WO;
NPs/ITO, (c) EA/anti-cTnl/APTES/WO3 NPs/ITO. (B) Response study of the fabricated
electrode as a function of cTnl concentration (1 — 250 ng mL'l)
The heterogeneous electron transfer rate constant (k,) of the APTES/WO3; NPs/ITO

and anti-cTnl/APTES/WO; NPs/ITO electrodes has been compared using Equation 3.2

RT

K, = =5
o n2F2ARcrS

(3.2)

In the equation above, R as gas constant; T as absolute temperature (K); A denotes
the specific electrode area (cm?); S denotes the bulk concentration of redox molecules; n as
the number of electrons per molecule transferred at the redox probe and F as Faraday

constant signifies. The magnitude of k, value of the APTES/WO;3; NPs/ITO electrode is
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estimated as 3.93 x 10 cm s’ which decreases to 3.623 x 10™ cm s after antibody
attachment over the electrode. This indicates that electron transfer kinetics get hindered with
the immobilization of antibody biomolecules due to its insulating characteristics.

The response study of the as-fabricated immunoelectrode (EA/anti-cTnl/APTES/WO;
NPs/ITO) has been analyzed with respect to the ¢Tnl antigen concentration (1-250 ng mL™)
using EIS technique [Figure 3.6 (B)]. The value of Rt has been evaluated from the diameter
of the Nyquist plot while fitting the curve under the Randles circuit. The studies revealed that
Rer of the immunoelectrode increased linearly with respect to cTnl concentration (1-250 ng
mL™). This is most likely due to the creation of electrically insulated antibody-antigen pairs

that inhibit electron transfers via [Fe (CN)e]>"*

. The linear variation of the Rcr value
obtained from the calibration plot [Figure 3.7 (A)] obeys Equation (3.3) having the

regression coefficient (R?) as 0.99.

R (Q) = 618.70 (Q) + 6.64 (Q ng ' mL) x [concentration (ng mL™)] 3.3)

The APTES/WO; NPs/ITO based immunoelectrode exhibits high sensitivity of 26.56
Q ng'mL ¢cm™ within the linear range of 1-250 ng mL™'. Furthermore, we also conducted an
experiment to investigate electrochemical responses of APTES/WO; NPs/ITO electrode
towards cTnl without immobilizing anti-cTnl (control experiment). However, we have not
found any significant changes in the Rcr value with the variation in concentrations of cTnl as
shown in Figure 3.7 (A). These results showed that the response exhibited by the fabricated
sensor is completely attributable to the specific immunoreactions between anti-cTnl and ¢Tnl
molecules only. Further, the limit of detection is also evaluated as 16 ng mL™" using 36/m as
standard criteria, where o is the standard deviation value and m indicates the slope of the
calibration plot. Figure 3.7 (B) compares the Rcr response of anti-cTnl/APTES/WOs3

NPs/ITO immunoelectrode in presence of serum sample (containing 100 ng mL™ ¢Tnl) and
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standard sample (100 ng mL™' ¢TnI). The estimated low RSD value (2.65%) indicated that the
anti-cTnl/APTES/WO; NPs/ITO immunoelectrode could be utilized for real sample analysis.
Storage integrity of the fabricated immunoelectrode has been too investigated through
observing the EIS response and measuring the Rcrvalue at a regular interval of five days up
to 40 days with 50 ng mL" c¢Tnl concentration [Figure 3.8 (A)]. The analysis of data
revealed that Rer exhibits 92% of its initial response for up to 30 days, thereafter it decreased
to 80% at the end of 40 days. This indicated that the fabricated biosensor has storage integrity

up to 4 weeks.
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Figure 3.7: (A) Representation of the calibration plot obtained between Rcr value and
the cTnl concentration along with control studies. (B) The response of the fabricated
immunoelectrode in the presence of serum sample and the standard sample

Further, the limit of detection is also evaluated as 16 ng mL™" using 3o6/m as standard
criteria, where ¢ is the standard deviation value and m indicates the slope of the calibration
plot. Figure 3.7 (B) compares the Rcr response of anti-cTnl/APTES/WOs; NPs/ITO
immunoelectrode in presence of serum sample (containing 100 ng mL™ ¢Tnl) and standard

sample (100 ng mL™' cTnl).

Ph.D. Thesis (Deepika Sandil) 86



Chapter 3

The estimated low RSD value (2.65%) indicated that the anti-cTnl/APTES/WO;
NPs/ITO immunoelectrode could be utilized for real sample analysis. Storage integrity of the
fabricated immunoelectrode has been too investigated through observing the EIS response
and measuring the Ry value at a regular interval of five days up to 40 days with 50 ng mL
c¢Tnl concentration [Figure 3.8 (A)]. The analysis of data revealed that Rcr exhibits 92% of
its initial response for up to 30 days, thereafter it decreased to 80% at the end of 40 days. This

indicated that the fabricated biosensor has storage integrity up to 4 weeks.
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Figure 3.8: (A) Stability study of the fabricated immunoelectrode and (B)
Reproducibility study of the immunoelectrode studied on 4 identical electrodes

fabricated under the same conditions

At last, we investigated the reproducibility of the EA/anti-cTnl/APTES/WO;
NPs/ITO electrode by studying the Rcr value of the 4 different immunoelectrodes fabricated
under ideal conditions [Figure 3.8 (B)]. The change in the Rcr value of the different
immunoelectrodes has been estimated by evaluating relative standard deviation (RSD %).
The RSD % value found as 6.65 % is within an acceptable error range, thus suggesting an

excellent reproducibility of the proposed immunoelectrode.
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The characteristics of the fabricated biosensor along with some those reported in the literature
for ¢Tnl detection is shown in Table 3.1. The APTES/WO; NPs/ITO based biosensor
exhibits a much higher sensitivity (26.56 Q ng'lmL cm™), good stability (4 weeks), and an

extended linearity (1- 250 ng mL™) than some of the other sensors reported in the literature.

Electrode Detection Detection Sensitivity/ References
Technique range Stability (St)
ng mL™’
Fluoro-microbead Optical 0.1-100 Improved [20]
guiding chip immunoassay sensitivity
ABEI-Au N.Ps (ECL) 0.0025-10 Enhanced [21]
Immunosensor sensitivity
PDMS-Au NPs Colorimetric 0.01-10 [22]
detection
Conducting paper Cv 1-100 5.5 [23]
uA/ngmL'em™
CNF- based EIS 5.0-100 Increased [6]
NEA sensitivity
APTES/WO; EIS 1-250 26.56 Present
NPs/ ITO Q mL ng” em™ Work
St: 30 days

Table 3.1: Characteristics of the Tungsten trioxide nanoparticles based biosensor along

with those reported in literature.

3.4 Conclusions

In summary, we have successfully synthesized and functionalized nanostructured
tungsten trioxide nanoparticles (WO3; NPs). Thin films of APTES/WO; NPs/ITO have been

fabricated via electrophoretic deposition technique and followed with covalent

immobilization of antibody of cTnl for the detection of ¢cTnl using EIS technique.
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In comparison with other reported Troponin biomarker detection methods including
biosensors, the proposed biosensor is simple and label-free. It exhibits a wider detection
range as 1- 250 ng mL™, sensitivity as 26.56 Q ng'lmL cm”, storage stability as 30 days and
detection limit as 16 ng mL". These results can be contributed towards the successful
functionalization of WO3; NPs surface for the building of immunoassay platform leading to
the sensitive detection of cardiac biomarker cTnl. Thus, this work demonstrates the potential
of WO; NPs based matrix for the development of facile and cost-effective diagnostic
biosensor for the clinical applications. In the next chapter, we will focus on the enhancement
in the characteristics of the fabricated platform by tailoring the dimensions of WO3 in order

to build a resourceful biosensor device.
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CHAPTER 4

2-D Nanostructured Tungsten Trioxide Based

Biosensor for Cardiac Biomarker Detection

In this chapter, we report the development of a two dimensional (2-D) based matrix
for detecting the cardiac biomarker. The high specific surface area of 2-D nanomaterial
provide more surfaces for the functionalization process leading to the enhancement in the
characteristics of the fabricated biosensor platform. In this context, we work towards the
synthesis and fabrication of a matrix based on tungsten trioxide nanosheet (WQO; NS) for the
electrochemical sensing of troponin I (cTnl) — the aforementioned biomarker. Selective and
quantitative detection of cTnl antigen has been accomplished by immobilizing troponin [
antibody (anti-cTnl) onto APTES-functionalized WO3; NS platform. The developed WO; NS
based platform provided a large surface area for high loading of antibody biomolecules and

improved sensitivity with extended linear detection range and good stability.

The work presented in this chapter is communicated as:
“2D Nanostructured Tungsten Trioxide based Biosensor for

Cardiac Biomarker Detection”

New Journal of Chemistry (2019)



Chapter 4

4.1 Introduction

Nanostructured tungsten trioxide (nWO3), n-type metal-oxide nanostructure possesses
multifunctional characteristics with photocatalytic, electrochromism, photo-chromism and
sensing applications [1-4]. The different morphologies exhibited by nWO3; which include
nanoplates, nanorods, hollow sphere, and many others have shown tremendous enhancement
in the performance of the devices [5-7]. Incidentally, the 2-D nano-morphological materials
exhibit superior thermal and electronic properties and high mechanical strength along with
large specific surface area. Also due to their layered structures, they can promote high
adsorption into interplanar sites and possess high quantum effects [8]. Thus employing these
unique properties of 2-D materials with highly favourable advantages, we can design a
potential platform for the biosensing applications.

As discussed earlier, acute myocardial infarction (AMI) is a necrosis of myocardial
cells resulting from the acute obstruction of the coronary heart arteries [9]. However, by
learning the concentration of cardiac biomarkers can be significant in detecting AMI [10].
Among all cardiac biomarkers, cardiac biomarker Troponin I (¢Tnl) has shown remarkable
increase in its level with the onset of myocardial necrosis. The unique molecular structure of
c¢Tnl show traces of amino acid residues on its N-terminal, which do not occur on its skeletal
form. Consequently, this makes it a promising analyte for cardiac specificity in diagnosis of
AMI [11-12]. Further, it has been found that with the onset of AMI, cTnl get released into the
blood serum from the death cell of cardiac muscles and remain elevated for 8-10 days. Thus
these following observation and unique amino sequence of c¢Tnl make it a potential
diagnostic marker for early diagnosis of AMI. For a rapid and facile diagnosis of AMI, a
compact analytical device "biosensor" has been considered as an efficient and sensitive
platform for the diagnosis of AMI. And for the enhancement in sensitivity of the biosensors,

immunoassays based on electrochemical detection techniques are preferred due to
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simplification in processing, low-cost, portability and real-time analysis [13-14]. Therefore,
2-D WO; can be Hence in this chapter, we have employed 2-D tungsten trioxide based
platform for the electrochemical sensing of ¢Tnl. The proposed platform can be a promising
platform towards the development of biosensors, offering a great prospect in biological

recognition events and signal transduction mechanism of it.

4.2 Experimental Section

4.2.1 Synthesis of WO; Nanosheets (WQO; NS)

WO; NS have been synthesized using a wet chemical method employing
Na,W04.2H,0 as a precursor as reported earlier with modification [15]. Briefly, 0.05 M of
precursor solution is first prepared by dissolving 0.5 gm of Na,W0,4.2H,0 in 30 mL of
deionized water. Thereafter, we added 0.3 gm of citric acid to the precursor solution and
stirred well for 10 minutes. Later, 6 M HCI is added drop-wise to the solution (for
acidification) till the pH of the solution reached 1 and stirred for further 30 minutes till the
formation of a yellowish precipitate. For hydrothermal reaction, the resultant precipitate has
been transferred into a Teflon-lined autoclave and kept in the oven for 20 hours at 150°C.
After the autoclave cooled down to room temperature, we extract the resultant yellow

coloured product using centrifugation operated at 10000 rpm.
4.2.2 Functionalization and Fabrication of APTES/WQO; NS/ITO Electrode

The functionalization of WO; NS has been accomplished by using amino-silane
coupling agent 3-Aminopropyl-triethoxysilane (APTES). This amino-silane provides an
active platform for the bio-immobilization onto the surface of nanomaterials [16]. Firstly, a
colloidal suspension of WO; NS is prepared in isopropanol solution using ultrasonication.
Then we poured 250 uL of APTES drop-wise to this solution and stirred at 280 rpm for 36

hours at room temperature. Thereafter, we filtered the suspension and rinsed with Milli-Q
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water to remove the unattached APTES molecules and used the final product as APTES
functionalized WO; NS for the fabrication of electrode.

The fabrication of APTES functionalized WO; NS thin film onto hydrolyzed indium
tin oxide (ITO) substrate has been accomplished using electrophoretic deposition (EPD)
method. For the film deposition, a colloidal suspension of APTES functionalized WO; NS (1
mg mL™) is prepared in acetonitrile and placed in a two-electrode cell [17]. Platinum wire
acted as the counter electrode and a hydrolyzed ITO glass substrate acted as a working
electrode. Both are aligned parallel to each other with 1 cm apart inside the cell containing
colloidal suspension. The desired film got deposited onto the ITO substrate at an optimized
D.C potential of 50 V for 1.5 minutes. The resultant electrode (APTES/WO3; NS/ITO) is then

washed with Milli-Q water and used after drying.

4.2.3 Fabrication of Antibody Immobilized APTES/WQO; NS/ITO

Immunoelectrode

Cardiac Troponin I antibody (anti-cTnl) solution of concentration 50 pg mL™" has
been used for the immobilization of antibody biomolecules. Before immobilization, -COOH
groups of antibodies have been activated using EDC (0.4M) and NHS (0.1M) in 1:1 ratio.
Thereafter, 20 pL of prepared solution got evenly spread onto APTES/WO3; NS/ITO surface
and placed in a humid chamber at room temperature (24°C) for 6 hours followed with
washing with PBS solution. The amino terminal (-NH;) of APTES functionalized electrode
would bound covalently with the —-COOH group terminal of the anti-cTnl forming amide
bond (OC-NH). This has been confirmed later using FT-IR spectroscopy. Further, to desist
active sites, that are non-specific, we treated the anti-cTnl/APTES/WO; NS/ITO electrode
with ethanolamine (EA, 0.01 M). To achieve this, 20 uL of EA is drop-casted over the
electrode surface and kept undisturbed for 3 hours and then rinsed with PBS solution. Finally,

the resultant fabricated EA/anti-cTnl/APTES/WOs; NS/ITO electrode is placed in a
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refrigerator when not in use (at 5°C). The step-by-step fabrication of the WOs3; NS based

immunoelectrode is schematically displayed in Figure 4.1.
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Figure 4.1: Schematic of step-wise fabrication of WQO; NS based immunoelectrode

4.3 Results and Discussions

4.3.1 Structural and Morphological Characterization

The X-ray diffraction (XRD) pattern shown in Figure 4.2 has been obtained for the
as-synthesized WOj3 nanostructures. The accentuated characteristic peaks observed at 16.5°
and 25.6° correspond to the (020) and (111) reflected planes of WO;.H,O. The other
diffracted peaks observed at 23.7°, 30.4°, 34.1°, 34.9°, 37.6°, 38.8°, 42.6°, 46.4°, 49.6°,

52.6°, 56.1°, 57.2°, 61.6°, and at 62.9° are well indexed to (120), (031), (200), (002), (140),
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(022), (122), (231), (202) (222), (311), (113), (331), and (260) reflection planes, respectively.
These planes are well-matched with JCPDS card no.: (084-0886) indicating purity and

crystallinity of the synthesized WO3.H;O.
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Figure 4.2: X-ray diffraction of synthesized WO; NS

Figure 4.3 represents the scanning electron micrograph and transmission electron
micrograph of synthesized nanostructured tungsten trioxide. Figure 4.3 (i) depicts the
formation of stacked nanoplates obtained at 0.5um scale using SEM. Further, TEM
micrograph [Figure 4.3 (ii)] shows the existence of square-shaped nanosheets having lateral
dimensions ranging from 90 to 180 nm. The high-resolution transmission electron
microscopy (HR-TEM) micrograph [Figure 4.3 (iii)] displays lattice fringes of WO;
nanosheets with an interplanar spacing of 3.5A (corresponding with 111 planes) depicting the

high crystallinity of the synthesized tungsten trioxide nanosheets (WO3 NS).
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Figure 4.3: (i) Scanning electron micrograph (SEM), (ii) Transmission electron
micrograph (TEM), and (iii) High-resolution transmission electron micrograph (HR-

TEM) of WO3nanosheet. (Inset SAED)

4.3.2 Spectroscopic Investigation

Figure 4.4 depicts the FT-IR spectra of the synthesized WO; NS before and after
functionalization and immobilization process. The spectrum obtained for WO3; NS [curve i]
showed the characteristic band at 688 cm™ corresponding to stretching V(W—Oiner—W)
vibration of the corner-sharing WOs octahedron in the WO; and the peak at 946 cm™
corresponds to the W=0 vibration. The bending vibration experienced at 1625 cm™ concurs
with the W—OH in-plane vibrations [18-19]. The sharp peak observed at 3425 cm’
corresponds to the stretching mode of v (O—H) due to the adsorption of water molecules. All
these vibration features indicated that synthesized WO3; NS contains no impurity. The peaks
corresponding to the APTES [curve ii] observed at 3400 cm™, and at 2935 cm™ have been
attributed to N—H stretching vibration and the presence of C—H bonds of aldehydes groups
existent on the surface of APTES molecules. Further, the peaks observed at 1631 crn'l, 1565
cm™, and at 1130 cm™ correspond to N—H bending vibration of primary amide —NH, groups,
bending vibration corresponding to secondary amide groups and stretching mode of Si—O—Si

[20]. After the immobilization of cTnl antibody on APTES functionalized WO; NS surface
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[curve iii], the observed characteristic band at about 3460 cm™ indicates the presence of
amide A band of protein molecules. The peaks present at 1650 cm™ and 1556 cm’
correspond to amide I band associated with C=O0 stretching vibration and the amide II band
associated with N —H bending vibration and C—N stretching vibration respectively [21].
Hence, from FT-IR analysis we can confirmed the successful surface functionalization with
the presence of primary amide groups (—NH;) and immobilization of antibody of cardiac

troponin [ with amide bond formation.
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Figure 4.4: Fourier transform infrared (FT-IR) spectra of (i) WO; NS/ITO, (ii)

APTES/WO;3; NS/ITO, and (iii) Anti-cTnl/APTES/WO; NS/ITO
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4.3.3 Electrochemical Investigations

To investigate the electrochemical kinetics of the fabricated electrode, we employed
autolab Potentiostat to perform all electrochemical measurements at room temperature. To
perform the experiments, we used a conventional three-electrode cell with the fabricated
immunoelectrode acting as the working electrode; platinum wire acting as a counter
electrode, and silver/silver chloride acting as a reference electrode. Standard phosphate buffer
saline (7.4 pH) solution with SmM [Fe (CN)s]*"* as redox agent is used as the electrolyte
solution. And for a sensitive electron transfer kinetics towards the surface modifications, we

preferred [Fe (CN)s]*"* as a redox couple.

4.3.3.1 Cyclic Voltammetry Investigations

Figure 4.5(A) depicts the cyclic voltammetry (CV) evaluation of the APTES/WO;
NS/ITO electrode at different stages of modification. The measurements have been
investigated in the scale of -0.8 V to +0.8 V at a scan rate of 50 mV s”'. The curves
represented well-defined redox peaks due to the oxidation and reduction of [Fe (CN)e]*"* in
the presence of the working electrode. The oxidation peak-current (I,) and peak-to-peak
potential separation (AE) of the APTES/WO; NS/ITO electrode are found as 0.546 mA and
0.433V respectively. The ratio of oxidation peak current (I,) to reduction peak current (L)
found as 1.10 showed the reversible process of the redox species. However, after the
immobilization, the oxidation peak-current declined (0.480 mA) due to the insulating nature
of the antibody. The current further declined to 0.411 mA with the application of EA on the
antibody functionalized surface. This decrease indicates the fact that EA has blocked most of
the un-immobilized active sites present on the immunosensor surface which might have

hindered the permeability of redox agent [Fe(CN)6]3'/4'.
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Figure 4.5: (A) Cyclic voltammograms (CVs) of the fabricated electrodes at different
stages of modification. (B) Electrochemical impedance spectra (EIS) of fabricated
electrodes obtained in a frequency range 0.01- 10° Hz operated at a fix biasing potential

0.01 V (Inset: Randles equivalent circuit)

4.3.3.2 Electrochemical Impedance Spectroscopy (EIS) Investigations

EIS technique is used to investigate electron transfer kinetics at the bio-interface site
using a three-electrode system in the frequency range of 0.01 to 10° Hz. Figure 4.5 (B)
depicts the Nyquist plot of (i) APTES/WO; NS/ITO; (ii) anti-cTnl/APTES/WO; NS/ITO, and
(ii1) EA/anti-cTnl/ APTES/WO; NS/ITO electrodes studied at the biasing potential of 0.01 V.
The impedance spectra (Nyquist plot) consist of a semi-circle portion and a linear portion
obtained at high frequencies and low frequencies region respectively. The value of charge
transfer resistance (Rcr) at the electrode surface is analyzed using the diameter of the
semicircle in the Nyquist plot, whereas the linear portion signifies the mass transfer limited

process.
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The APTES/WO; NS/ITO electrode exhibited the Rctr value of 1.14 KQ which
increased to 1.31 KQ and 1.79 KQ respectively for anti-cTnl/APTES/WO; NS/ITO and
EA/anti-cTnl/APTES/WO; NS/ITO electrode. The increased in Rer value signified the
insulating nature of antibody biomolecules and obstruction of non-specific active sites due to
the application of ethanolamine (EA) onto antibody immobilized surface. All these results

confirm the fabrication of the EA/anti-cTnl/APTES/WO; NS/ITO electrode.
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Figure 4.6: (A) Electrochemical response studies of the EA/anti-cTnl /APTES/WQO;3; NS/
ITO immunoelectrode as a function of ¢Tnl concentration (0.1 — 100 ng mL'l). (B)
Calibration curve plot of the immunoelectrode with respect to Rct value as a function of
c¢Tnl concentration

Figure 4.6 (A) depicts the impedance spectra (Nyquist plot) of the fabricated
immunoelectrode in response to the different concentration of cardiac troponin I (¢Tnl, 0.1 to
100 ng mL™"). All the measurements have been carried out in the presence of a PBS solution
(5mM [Fe (CN) o’ as a redox agent) with an incubation time of 12 minutes before every
measurement. An increase in semi-circle’s diameter and hence the value of Rt is observed

with the rise of cTnl antigen concentration. The rise in R¢t value has been attributed to the
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formation of cTnl and anti-cTnl insulated immuno-complex which obstructs interfacial
electron (e) transfer at the electrode surface. Figure 4.6 (B) reveals the linearity change in
the value of Rcr with respect to change in the concentration of cTnl antigen (0.1 to 100 ng
mL™). The calibration plot is fitted between c¢Tnl concentration and the Rer value obeying
Equation 4.1
Rer (KQ) =2.09 (KQ) + 0.010 (KQ ng ' mL) x [concentration (ng mL™)]; 4.1)
with R” = 0.982

The sensitivity of the fabricated immunoelectrode (EA/anti-cTnl/APTES/WO;
NS/ITO) as calculated from the slope of the calibration plot found to be 30.8 @ mL ng™ cm™
with regression coefficient as 0.982. Further, the limit of detection (LOD) is evaluated using
3o/m as standard criteria, where o is the standard deviation value and m indicates the slope of

the calibration plot. The estimated value of LOD is found as 0.1 ng mL™".
4.3.4 Performance of the Fabricated Immunoelectrode

The integrity of the immunoelectrode is further verified through selectivity,
reproducibility, and stability studies. To investigate the selectivity of the EA/anti-
cTnl/APTES/WO;3; NS/ITO electrode, the interference study has been conducted in the
presence of various interfering biomarkers such as Carcinoembryonic (CEA, 20 ng mL™), C-
reactive protein (CRP, 1000 ng mL™), Myoglobin (Mb, 100 ng mL™) and cardiac troponin [
(cTnl, 50 ng mL") as shown in Figure 4.7 (A). 10 minutes of incubation is preferred before
each measurement. The value of the R¢t exhibited by the immunoelectrode in presence of the
various interfering biomarkers have been noted as 1.79 KQ (blank), 1.81 KQ (CEA), 1.88
KQ (CRP), 1.92 KQ (Mb), and 2.62 KQ in presence of the cTnl antigen. These results show
that the fabricated immunoelectrode is highly specific to c¢Tnl antigen and observed

negligible variation in Rcr value in the presence of interfering biomarkers.
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The stability of the immunoelectrode has been analyzed for a period of the total of 6
weeks and over regular intervals of one week. The EIS response is investigated in the PBS
solution by investigating the change in Rer value with 0.1 ng ml" concentration of ¢Tnl
antigen [Figure 4.7 (B)]. The immunoelectrode exhibits excellent stability up to 5 weeks
with 90% response of R¢r value, after which the response decreases to 88% at the end of 6

weeks. The immunoelectrode displayed adequate stability till the end of the duration of

analysis.
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Figure 4.7: (A) Selectivity study of the EA/anti-cTnl/APTES/WO; NS/ITO
immunoelectrode in the presence of different interferents. (B) Stability study of
EA/anti-cTnl/APTES/WQO; NS/ITO immunoelectrode in the presence of ¢cTnl (0.1 ng

mL™") obtained at a regular interval of 1 week

The reproducibility of the immunoelectrode has been affirmed by studying EIS
measurements on 5 different immunoelectrode fabricated under similar condition. The
measurements are investigated in the presence of ¢Tnl (0.1ng mL™) concentration with each
measurement measured 4 times for each electrode and errors bars were included accordingly

[Figure 4.8 (A)]. The low relative standard deviation % value (RSD %, 1.68%) showed
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good reproducibility of the fabricated immunoelectrode. Further to validate the performance
of the fabricated immunoelectrode in cardiac detection diagnosis, EIS response studies of the
immunoelectrode is performed with serum obtained through as the pathological laboratory
(Dr. Lal path lab, Delhi). The Rctlevels of the fabricated immunoelectrode in the presence of
spiked sera with ¢Tnl antigen (50 and 100 ng mL™") is compared with the standard sample
solution [Figure 4.8 (B)]. The results of the electrochemical response studies show that there
1s no significant change in the Rcr value of the spiked sera and the standard solution. Hence,
the developed immunoelectrode provide a promising platform for the diagnosis of the cTnl

biomarker in clinical immunoassays.
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Figure 4.8: (A) EIS response of five different EA/anti-cTnl /APTES/WOQO; NS/ITO
immunoelectrode fabricated under a similar condition in the presence of 0.1 ng mL™"
c¢Tnl antigen. (B) Response study of the fabricated immunoelectrode presence of spiked
sera with ¢Tnl antigen (50 and 100 ng mL™") was compared with the standard sample
solution.

Thus, all these results validate that the as-prepared EA/anti-cTnl/APTES/WO;
NS/ITO immunoelectrode can be favourable clinical therapy and an improved diagnostic
platform for the early detection of AMI, which may pay a way towards the higher survival

rate of the patients.
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4.4 Conclusion

A facile and a sensitive electrochemical immunoelectrode have been fabricated for the
diagnosis of AMI by detecting a specific biomarker — cardiac Troponin I (¢Tnl), through 2-D
WOs; NS platform. TEM and SEM studies revealed the formation of large surfaced tungsten
trioxide nanosheets (WO;3; NS). Fourier transform infrared (FT-IR) as well as cyclic
voltammetry studies revealed the successful functionalization with APTES and
immobilization of anti-cTnl biomolecules onto WOz NS matrix. The electrochemical
impedance spectroscopy (EIS) studies show an enhancement in impedance signal of the
immunoelectrode in the detection range 0.1 to 100 ng mL™. The immunoelectrode exhibits
improved sensitivity as 30.8 Q mL ng'1 cm™ along with good stability up to 5 weeks as
compared to nanoparticles as platform. Also, the value of limit of detection as estimated is
0.1 ng mL™". These enhanced characteristics have been attributed to the high loading of cTnI
antibodies on WO3; NS matrix due to the enhanced active surface area provided by WO; NS.
The proposed immunoelectrode platform also showed a good result with the spiked serum
samples. Hence, owing to rapid electron transfer kinetics; strong adsorption capability; and
high surface-to-volume ratio, the proposed platform (WO; NS) puts a step forward towards
the development of an integrated biosensor for the electrochemical detection of cardiac
biomarkers. More efforts are needed to enhance the fabricated sensor performance to be able

to commercialize in the clinical laboratories.
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CHAPTER §

Protein Functionalized WO; Nanorods based

Impedimetric Platform for Cardiac Detection

In this chapter, we work towards the development of an efficient electrochemical sensing
platform using tungsten trioxide nanorods (WO; NRs) as an immobilized matrix. As
dimensionality plays an important role in tailoring properties of nanostructures and hence its
applications, therefore in this chapter we report the synthesis of 1-D WO; NRs based
platform towards the development of cardiac biosensors. The 1-D WQO; nanostructures might
provide an efficient direct electrical conduction path between the electrodes and the
immobilized biomolecules resulting in the enhanced sensitivity of the biosensing platform.
Thin film of APTES functionalized WO; NRs has been deposited on ITO coated glass
substrate (0.5cm> 1 cm) using electrophoretic deposition technique. The impedimetric
response study of proposed immuno-sensor demonstrates high sensitivity [6.81(KQ ng”'mL

em™)] and good reproducibility.

The work presented in this chapter is published as:
“Protein-functionalized WOj; nanorods-based impedimetric
platform for sensitive and label-free detection of a cardiac
biomarker”

Journal of Materials Research (2019) 1331-1340



Chapter 5

5.1 Introduction

In recent times, nanotechnology-based research has uncovered a multitude of novel
materials suitable for the designing of biosensors. Amongst the numerous nanomaterials,
metal oxide—based nanomaterials have been considered significant due to their great efficacy,
non-toxicity, functional biocompatibility, and catalytic behaviour [1-3]. Among different
morphologies, one-dimensional (1-D) materials such as nanowires, nanorods, and nanofibres
possess distinct features, such as enhanced electronic properties, unique catalytic activities,
and high surface area. Such excellent properties of 1-D material make it a promising platform
for the development of biosensors by providing high signal-to-noise ratio, higher sensitivity,
large surface area, and shorter response time [4-7]. Recently, Augustine et al. have developed
the 1-D metal-oxide based platform for cancer detection [8]. Zhao et al. had developed ZnO
nanowires based electrochemical biosensor for L-lactic acid amperometric detection [9]. All
these results indicate that 1-D metal-oxide based materials can be ideal candidates for the
development of sensitive biosensors.

Nanostructured tungsten trioxide (nWOs3) an n-type semiconductor has gained
increasing attention because of the potential applications in multiple areas including
electrochromic devices, photo-oxidation, solar cell devices, and sensors [10-13]. It is a
member of the transition metal oxide family with electronic conformations of d” and d',
which exhibits stimulating characteristics and steadiness important for the sensing uses. High
electro-active surface area, fast electron transfer kinetics, and enhanced electrochemical
properties are some of the important characteristics of nWO; that makes it an ideal candidate
as a sensing electrode [14-16]. Owing to these exclusive electrochemical properties, nWO;
can be considered as an ideal platform for sensing applications. Zhou et al. demonstrated the

used of Na-doped tungsten trioxide nanorods (WO3 NRs) for the detection of BPA [17].
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Santos et al. fabricated nitrite biosensor based on WOj; nanoparticles [15]. Indeed, the
versatile properties of nWOs, such as high sensitivity, biocompatibility, and reversible
kinetics, make nWOs3 as a promising platform for the construction of biosensing electrodes.
WOj3 nanostructures, such as nanorods, nanofibres, and nanobelts, have shown remarkable
performance by providing high electrical and thermal electron transport kinetics due to the
quantum confinement along with flexibility that can enable the physical manipulation of its
structure. Also, the electrical conductivity of these highly confined structures becomes very
sensitive to the presence of ions and other carriers [18].

For clinical applications, biosensor has been considered as an alternative and efficient
platform for the detection of diseases. Being a compact and analytical device, biosensor
offers simplicity in processing, real time analysis, and good sensitivity [19]. The working of
biosensor illustrates the exquisite specificity and sensitiveness of biomolecules in conjunction
with a physicochemical transducer, which carries out the bio-interaction measurements with
real-time, ease, and simple-to-use formats. Among the various studied biosensors, such as
optical, electrical, and electrochemical, the electrochemical immunosensor has been gaining
significant attention as a label-free, fast, portable, and reliable analytical tool for clinical
diagnostics and environmental monitoring [20-22]. The electrochemical immunosensor is
based on specific antigen-antibody interaction and considered as a most sensitive detection
tool in diagnosis because of its fast driven analysis, simplicity in its functioning, precise
measurement, and ease of fabrication. For successful development of an electrochemical
immunosensor, the immobilization of biomolecules and amplification of response signal are
the primary requisite [23]. Nanostructured tungsten trioxide in this context has been preferred
as an immobilized matrix due to their strong adherence behaviour, chemical stability, and
high catalytic activity. Here in this chapter, we report the synthesis of WO3; NRs using a

facile hydrothermal method and demonstrate the application of WO; NRs based
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immunosensing platform for the label-free electrochemical detection of cardiac biomarker
Troponin I (cTnl). The structural and electrochemical characteristics of the fabricated

platform are further characterized using various spectroscopic techniques.

5.2 Experimental Section

5.2.1 Synthesis of WO; nanorods (WQO; NRs)

Tungsten trioxide nanorods (WO3s NRs) have been synthesized using a hydrothermal
method [24]. Firstly, 0.5 M sodium tungstate (Na,WO4.2H,0) solution is prepared in Milli-Q
water with constant stirring. To the resultant solution, we added 6 M HCI drop-wise for the
acidification. Thereafter, we mixed 1.2 gm of NaCl in the solution with continuous stirring
for 20 minutes. The resultant solution is hydrothermally treated using a stainless steel
autoclave. The hydrothermal reaction is performed at 180 °C for about 10 hours. After this
reaction period, the stainless steel autoclave cooled naturally and the sample got retrieved by
centrifuging it 4-5 times with Milli-Q water. The as-synthesized sample is used for further
characterization and functionalization process.

5.2.2 Functionalization and Fabrication of APTES/WOQO; NRs/ITO

Electrodes

The activation of functional groups onto the surface of synthesized WO;3; NRs is
necessary for the immobilization of the biomolecules entities namely antibodies. For this, we
employed 3-aminopropyl-triethoxysilane (APTES), an amino-silane compound which
customarily provides active amino groups (—-NH») that can covalently bond with carboxyl
groups (—COOH) of the antibody biomolecules [25]. In brief, we first prepared a well-
dispersed suspension of WO3; NRs in 2-propanol solvent through ultrasonication. To this
solution, we added APTES solution (98%, 250 uL) and stirred it at 280 rpm for 40 hours at
room temperature (24 °C). The resultant functionalized WO3 NRs are used for preparation of

electrodes. To accomplish this task, we prepared thin film of APTES functionalized WO;
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NRs onto the ITO substrate using electrophoretic deposition (EPD) process. For EPD, we
first prepared a highly dispersed colloidal suspension of functionalized WO; NRs (Img mL™)
in acetonitrile solvent and operated at an optimized DC potential (48 V) for 120 seconds.
Finally, the as-prepared electrode (APTES/WO; NRs/ITO) is treated with Milli-Q water to

confirm the integrity of the prepared film.

5.2.3 Fabrication of Antibody Immobilized APTES/WO; NRs/ITO

Immunoelectrode

The immobilization of cardiac troponin I antibody (anti-cTnl) onto the surface of the
APTES functionalized WO3 NRs electrode is accomplish by using EDC-NHS chemistry. A
fresh mixture solution (20 puL) of anti-cTnl and EDC-NHS is prepared and got uniformly
spread onto the APTES/WO; NRs/ITO electrode. The -NH; groups of APTES molecules can
get covalently bounded with —COOH groups of anti-cTnl which have been activated using

EDC and NHS chemistry, resulting in the formation of a strong amide bond (OC-NH).
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Figure 5.1: A step-wise fabrication of immunosensor and immobilization of antibodies

on APTES modified WO; NRs electrode.
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Lastly to obstruct the non-active sites present onto the immunoelectrode, we used EA

solution (0.01 M). The resultant immunoelectrode is treated with the PBS solution and kept at

5°C. A step-wise fabrication of immunoelectrode and immobilization of antibodies onto the

APTES functionalized WO; NRs electrode is shown in Figure 5.1.

5.3 Results and Discussion

5.3.1 Microscopic and Structural Studies

The crystallinity of the hydrothermally synthesized WO3 NRs has been studied using

X-ray diffraction (XRD) pattern, as shown in Figure 5.2. The high-intense diffracted peaks

observed at two-theta value 23.1°, 28.22°, 36.75°, 49.8°, and 56.2° corresponds to (002),

(200), (202), (220), (204) crystal planes of WO; of hexagonal phase, respectively.
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Figure 5.2: XRD pattern of hydrothermally synthesized WO3; NRs
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The other major diffracted peaks observed at 14.01°, 24.3°, 27.2°, 33.8°, 47.4°, 58.12°,
61.98°, and 63.45° correspond to (100), (110), (102), (112), (004), (400), (214) and (402)
crystal planes respectively. All these planes well matched with the hexagonal phased WO;
(JCPDS 85-2459) without the presence of undesired phases.

The estimated average crystallite size of WO; NRs is found as 68 nm that has been

calculated using the Debye-Scherrer’s equation given as Equation 5.1:

0941
D =

= B st b

where A (1.540A) corresponds to X-ray wavelength, B and 0 represent full width at

half maximum and Bragg’s angle respectively.

Figure 5.3 represents the micrographs depicting the morphological structure of the
synthesized WO3 sample, as examined under a field emission scanning electron microscope
(FESEM) and Transmission electron microscope (TEM). FESEM micrograph observed at
low magnification [Figure 5.3 (i)] revealed that the synthesized sample has a morphological
structure of nanorods grown in large scale, and at high magnification [Figure 5.3 (ii)], we
observed the existence of nanorods bundles with inhomogeneous distribution. The estimated
diameter of these nanorods has been found as 50 + 30 nm. The selected area electron
diffraction [Figure 5.3 (iii)] pattern showed that the synthesized WO; NRs are single
crystalline and grown along [002], [112], and [204] directions. The TEM image [inset,
Figure 5.3 (iii)] also revealed the existence of bundles of rods with variable length ranging
from hundreds of nanometers to few micrometers and that of diameter in the range of 50 nm

to 100 nm.
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(iii) SAED image of WO; NRs. (Inset: TEM image of WO3; NRs)

5.3.2 Spectroscopic Analysis

Fourier transform infrared (FT-IR) spectroscopic study is performed to investigate the
presence of chemical bonds at the different stages of functionalization and immobilization
process. Figure 5.4 represents the FT-IR spectra obtained at different modified stages of the
electrode. The APTES/WO;3; NRs/ITO electrode spectrum (curve i) exhibited characteristic
bands of WO; at 1408 ¢cm™ and 823 cm'l, which corresponded to v (W-0O) and v (W—Ojpter—
W) stretching vibration of the oxygen, respectively [26-27]. The bands observed at 1623 cm™
and 3437 cm™ indicate the presence of free -NH, groups in APTES molecule [28-29]. The
additional bands observed at 2942 cm™ and 1109 cm™ can be assigned to C—H bonds present
in the APTES molecule surface and stretching mode of Si—O-Si, respectively [30]. After
covalent immobilization of anti-cTnl (curve ii), the bands observed at 1249 cm™ and 1384
cm™ indicate the formation of an amide bond (C-N) between amino groups of APTES and —

COOH groups of anti-cTnl.

Ph.D. Thesis (Deepika Sandil) 118



Chapter 5

Furthermore, we observed bands at 1567 cm™ and 1643 cm™ that can assigned to N—
H bending of amide II and amide I of carbonyl stretching mode [31]. All these results
indicate successful immobilization of antibody biomolecule (anti-cTnl) onto the
functionalized matrix. Lastly, with the incorporation of EA onto the immobilized matrix
(curve iii), we observed no changes in the band's position; rather the intensity of the bands

got reduced due to the insulating nature of EA.

EA/anti-cTnI/APTES/WO,/ITO

1050

anti-cTnl/APTES/WO,/ITO

Transmittance % (a.u)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'1)

Figure 5.4: FT-IR spectra of (i) APTES/WO; NRs/ITO electrode, (ii) anti-
cTnl/APTES/WO; NRs/ITO immunoelectrode, and (iii) EA/anti-cTnl/APTES/WO;

NRs/ ITO immunoelectrode.
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5.3.3 Electrochemical Characterizations

The electrochemical characteristics of the fabricated sensing platform have been
investigated using cyclic voltammetry (CV) and electrochemical impedance spectroscopic
(EIS) techniques. The CV has been widely studied in determining the qualitative information
of electrochemical kinetics of the sensing electrode. The cyclic voltammograms have been
studied at the scan rate of 50 mV s in a PBS solution (pH 7.4) coupled with five milli-molar
[Fe (CN)6]3'/4' is shown in Figure 5.5 (A). The magnitude of the oxidation peak current to the
reduction peak current (i,/ic = 1.05) for APTES/WO;NRs/ITO electrode showed the
reversible process of the redox probe. Furthermore, on immobilization of antibody
biomolecules, the anodic peak current for immunoelectrode (anti-cTnl/APTES/WO;
NRs/ITO, 0.303 mA) got decreased in magnitude with respect to functionalized electrode
(APTES/WO;3NRs/ITO, 0.347 mA). This showed the insulating nature of the immobilized
antibodies of cTnl which might has obstructed the electron transfer kinetics at the electrode
surface. Further, the incorporation of EA molecules onto immunoelectrode surface resulted in
the decrease in peak current value (0.230 mA). This decrease in current can be justified as all
non-active sites present on the antibody immobilized surface got blocked by the EA
molecules. All these results indicate the successful fabrication of immunosensing platform.
Furthermore, the EIS study is also carried out to study the interfacial properties between the
fabricated electrode surface and the electrolyte in the frequency range of 0.01— 10° Hz. The
experimental data of EIS is modeled using an equivalent circuit known as the Randles circuit.
The circuit consists of Warburg impedance (Zw), double-layer capacitance (Cgq), solution
resistance (Rg), and the electron transfer resistance (Rcr).

Figure 5.5 (B) represents the EIS spectra (Nyquist plot) of functionalized and the

antibody immobilized electrodes that have been obtained on an autolab potentiostat/
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galvanostat system. From the EIS spectra, the Rcr value of APTES/WO3 NRs/ITO electrode

is found as 2.15 KQ, which increased to 2.34 KQ after antibody immobilization.
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Figure 5.5: (A) Cyclic voltammograms (CV) of the different modified electrodes
obtained at the scan rate of 50 mV s'l, and (B) The EIS study of the modified electrodes
obtained in the frequency range 0.01-10° Hz.

This increased impedance revealed the insulating nature of the antibody. Furthermore,
with the incorporation of EA molecules that covered the non-specific sites of the
immunoelectrode, the charge transfer phenomenon again got hindered, resulting in the
increase in Rer value to 4.47 KQ. Moreover, these electrodes have been also characterized by

evaluating heterogeneous electron transfer constant (Ko) using Equation (5.2):

RT

Kn= ——
0 ™ n2F2ARrC

(5.2)

where T represents as temperature, R as gas constant, n as total number of electrons
transferring constant, F as the Faraday’s constant, C as the bulk concentration of the redox
couple, and A as the effective surface area. The value of Ko estimated for
APTES/WO;NRS/ITO electrode (9.91 x 10° em s™) was found to be high compared with
that of EA/anti-cTnl/APTES/WO;NRs/ITO immunoelectrode (4.47x10° em s™), thus

demonstrating faster electron transfer kinetics at the interface of the electrode.
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The characteristics of the fabricated immunoelectrode have been further investigated
at different scan rates using cyclic voltammetry technique. Figure 5.6 (A) depicts the scan
rate study as investigated in the broad range of 40 — 160 mV s™. The magnitude of both
anodic peak current (I,,) and cathodic peak current (I,c) of the response revealed the linear
correlation with the square root of scan rate value [Figure 5.6(B)], indicating a diffusion-
controlled process of the electrochemical reaction [Equations (5.3) and (5.4)].

L, =0.022 mA + [0.0287mA(s / mV) x {scan rate (mV/s)} "], R?=0.0990 (5.3)

L. =-0.0528 mA + [- 0.0225 mA(s / mV) x {scan rate (mV/s)} "*], R*=0.0989 (5.4)
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Figure 5.6: (A) Scan rate study of the fabricated immunoelectrode obtained in the range
of 40—-160 mV/s using CV. (B) Variation of peak currents (Ipa and Ipc) with respect to
the scan rate. (C) Variation of redox peak potential difference with respect to the square
root of scan rate.

Further, we observed that with an increase in scan rate, oxidation peak potential (V)
get positive shifted while reduction peak potential (V) get negative shifted. This showed
linearity between redox peak potential shifts (AE = V,,—V,¢) and the square root of the scan
rate as depicted from Equation (5.5). Lastly from Figure 5.6 (C), we observed appreciable
linearity for the electron transfer kinetics at the electrode interfacial surface.

AE (V) =0.422 V + [0.025 V(s / mV) x {scan rate (mV/s)}'?*, R*=0.997 (5.5)
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5.3.4 Electrochemical Response Investigations

The investigation of the electrochemical response studies of the fabricated
immunoelectrode as a function of ¢Tnl concentration (0.01-10 ng mL™") has been performed
by employing EIS technique. Figure 5.7(A) represents the Nyquist plot carried out with PBS
(50 mM, pH 7.4) containing SmM [Fe (CN)6]3'/4' as a redox coupling agent (inset: Randles
circuit). The transportation of electrochemically produced charge at the interface of electrode
and electrolyte has been modeled by measuring the variation in resistance. The value of
charge transfer resistance (Rcr) has been evaluated using NOVA software.
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Figure 5.7: (A) EIS response study of the fabricated immunoelectrode studied as the
function of cTnl concentration (0.01-10 ng/mL);(inset shows Randles equivalent
circuit), and (B) representation of calibration plot obtained between Rcr and c¢Tnl
antigen concentration; inset shows sensing along with control study.

The Rcr value of the EA/anti-cTnl/APTES/WO5; NRs/ITO immunoelectrode
increased with the increase in ¢Tnl concentration. This increase in impedance revealed the
development of insulating antigen-antibody complex resulting from the specific key—lock
interaction of the anti-cTnl and cTnl, which might have hindered the electron motion. The

calibration plot has been obtained between Rt value and the ¢Tnl concentration as shown in
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Figure 5.7 (B). The value of Rey varies linearly with the ¢Tnl concentration up to 1 ng mL™
and obeys Equation (5.6).

Rer = 2.12 (KQ) + 1.723 (KQ mL/ng) x [concentration (ng/mL)], R*=0.995 (5.6)

The analysis of the response study revealed that the APTES/WO3; NRs/ITO-based
immunoelectrode exhibits good sensitivity as 6.81 [KQ mL/ (ng.cm?)] in a linear detection
range of 0.01-1 ng mL™. The high sensitivity exhibited by the immunoelectrode can be
ascribed to the existence of WO3; NRs in the sensing platform that perhaps provided the
enhanced charge conduction channel for the electron transfer kinetics. Moreover, a controlled
study is conducted to study the electrochemical impedance response of APTES/WO; NRs/
ITO immunoelectrode toward the c¢Tnl antigen without using anti-cTnl [Figure 5.7(B),
inset]. It has been found that there is no significant variation in the magnitude of Rt value in
response to the different concentration of c¢Tnl antigen. Hence, we can conclude that the
fabricated immunosensor is highly sensitive and specific to the immuno interactions (cTnl-
anti-cTnl). The proposed immunosensor is able to sensed cTnl concentration as low as 0.01
ng mL™".

The reproducibility of the fabricated immunoelectrode is further investigated by
measuring the Rer values for the four different fabricated immunoelectrodes prepared under
ideal conditions in the presence of 0.5 ng mL™' ¢Tnl antigen. However, no noticeable change
in the Rer value is observed, as seen in Figure 5.8 (A). The reproducibility of the
immunoelectrode has been estimated by evaluating relative standard deviation (RSD %). The
calculated mean value of Rer for these four electrodes (2.19 KQ) with RSD of 4.14% lies
within an acceptable error range, suggesting an excellent reproducibility of the

immunoelectrode.
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Figure 5.8: (A) Reproducibility study of the immunoelectrodes fabricated under
identical conditions, (B) Interference study of the immunoelectrode in the presence of
different interferents. (C) Shelf life study of the EA/anti-cTnl/APTES/WO; NRs/ITO
immunoelectrode.

The selectivity study of the fabricated immunoelectrode is too investigated in the
presence of other interfering biomarkers, such as C-reactive protein, Myoglobin, cytokeratin-
19 antigen, and carcinoembryonic antigen, using EIS measurements. Figure 5.8 (B) shows
the interference study of the immunoelectrode, where no significant change in the Rcrvalue
is observed among different interferents concerning blank immunoelectrode. However, after
the addition of cTnl antigen, we observed remarkable change in the Rcr value, which
signifies the high specificity of the fabricated immunoelectrode for the cTnl biomarker.

Furthermore, we also conducted the shelf life study of the fabricated immunoelectrode
by measuring Rer value in the presence of 0.5 ng mL™ ¢Tnl antigen at the regular interval of
7 days [Figure 5.8 (C)]. The increase in Ret value has been found as 7.3% up to 5 weeks
after which the Rer increased to more than 20% at the end of 6 weeks. Thus, the fabricated
immunoelectrode retained its biological activity for up to 5 weeks. Hence, all these results
indicated that the EIS technique for detection of biomarkers proved to be an efficient, simple,
and fast response technique. In Table 5.1, the sensing characteristics of the fabricated

immunosensor have been compared with those of the reported in the literature.
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Sensing Detection | Detection Sensitivity (S) Detection Reference
platform technique range limit
Gold nano EIS 0.05-500 - 8 32
dumb ng mL" pg mL
Bells
Carbon EIS 0.25-10 - 0.2 33
nanofibres ng mL" ng mL™
ZrO,n.ps Ccv 0.1-100 3.9 0.1 34
ng mL" uA mL/(ng/cm?) ng mL
WO; NRs EIS 0.01-10 6.81 0.01 Present work
ng mL" KQ mL/(ng/cm®*) | ngmL”’

Table 5.1: Sensing characteristics of the WO3; NRs based platform compared to other

reported platforms towards cTnl detection

5.4 Conclusion

We have developed an efficient and a label-free electrochemical sensing platform for
detection of a cardiac biomarker using WO3; NRs as an immobilized matrix. The APTES
functionalized WO3; NRs got deposited onto ITO electrode using electrophoretic deposition
(EPD) technique, and subsequently, the functionalized WO; NRs have been used as an
immobilized matrix for the covalent binding of anti-cTnl biomolecules. The variation in
impedance signal of the fabricated immunosensor is observed on the formation of
immunocomplex between anti-cTnl and cTnl antigen. The experimental results of the
impedimetric studies revealed enhanced sensitivity [6.81 KQ mL ng”' ¢cm?] and good
reproducibility with long term stability (5 weeks). The enhanced characteristics of the
proposed immunosensor can be attributed to the 1-D WO; nanostructures which might has
provided an efficient electrical conduction path between the electrodes and the immobilized

antibody biomolecules resulting in enhanced sensitivity of the biosensing platform. Hence,
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these results direct us toward the realization of integrated and portable diagnostic tool based

on WO3; NRs as matrix.
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CHAPTER 6

Bio-Functionalized WO;-RGO Nanocomposite

for Electrochemical Sensing of Cardiac Biomarker

In this chapter, we demonstrate the fabrication of a facile and efficient biosensing
platform for electrochemical detection of human cardiac biomarker Troponin I (cTnl) using
tungsten trioxide-reduced graphene oxide (WO;3;-RGO) nanocomposite as a matrix. The
WO;-RGO nanocomposite is functionalized with 3-aminopropyl tri-ethoxy saline (APTES) for

the activation of amino groups (-NH,) that can covalently bind to the antibodies of cTnl. The

fabricated immunoelectrode has been studied using contact angle measurement, FTIR and
electrochemical methods. The synergistic behavior between RGO and WQOj3; nanorods has
allowed the immunoelectrode to exhibit enhanced heterogeneous electron transfer rate
constant (K,= 2.4 <107 ems™) resulting in improved biosensor efficiency. Furthermore, the
validation of immunoelectrode with cardiac patient samples demonstrates the clinical

application of this nano-biosensing framework for detection of other biomarkers as well.

The work presented in this chapter is published as:
“Bio-functionalized tungsten trioxide-reduced graphene oxide
nanocomposites for sensitive electrochemical immunosensing of

cardiac biomarker”

Journal of Alloys and Compounds 763 (2018) 102-110
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6.1 Introduction

The novel and distinguishable properties and ease synthesis processes have been
observed as the uniqueness of tungsten trioxide (WO;) nanostructures among other metal
oxide nanostructures. The enhanced electrical and catalytic characteristics of WO;
nanostructures have made it an appropriate subject as an immobilizing matrix for the
development of electrochemical sensors for the detection of biomarkers [1-2]. The strong
adherence to the substrate, non-toxicity, chemically stable, simple synthesis and narrow band
gap (Eg=2.4-2.8 eV) are few of the advantages of WO3 nanostructures which has enabled its
variety of research in wide field of biomedical applications especially in biosensing.
However, for the enhancement in the performance of the biosensors, nanocomposites or
hybrid nanostructures have shown great potential in the development of biosensing devices
[3]. In a recent time, graphene is one of the widely studied nanomaterials in the field of
biosensing. Chemical vapour deposition (CVD), graphite intercalation method and reduction
of graphene oxide are few of the synthesis techniques of graphene [4-6]. However, among all
these, chemically reduction of graphene oxide to produce graphene nanosheets also known as
reduced graphene oxide (RGO) is most appropriate and captivating due to its high yield
production, ease synthesis and low cost [4]. RGO, a 2-D array of carbon atoms exhibits sp*
bonds that contribute toward its unique properties including good electrical conductivity,
larger surface area, and high electrochemical activity [7]. RGO has been found to exhibits
covalently bonded oxygen rich functional groups such as carboxylic groups, hydroxyl and
epoxy groups and carbonyl groups [8]. The presence of these functional groups has
enlightened its hydrophilic characteristics and chemical reactivity [9-10]. These
characteristics of RGO makes it suitable candidate as a functional element or as a substrate
for the immobilization of other molecules. Hence incorporation of semiconducting material

such as RGO with the nanostructured metal oxides would be promising in the biomedical
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applications [11-13]. Nanocomposites based on RGO exhibits striking features such as high
specific surface area, high mechanical strength, enhanced thermal and electrical
characteristics and high electron transfer kinetics [13-14]. In this context, RGO can be
considered as a promising supportive matrix. In recent time, a lot of work has been reported
toward the development of improved sensing platform for the diagnosis of chemical and
biological species based on the WO3-RGO hybrid structures. For instance, Sun et al. had
reported the development of photo-electrochemical sensing platform for the diagnosis of
cysteine using functionalized WO3;-RGO modified electrode [15]. Zhu et al. had fabricated
RGO-WO; nanocomposite for the photocatalytic degradation of sulfamethoxazole [16]. And
similarly, researchers have also employed WO3-RGO based platform for the gas sensing
applications with improved characteristics [17-18]. All these results indicates that WO3-RGO
nano-composite based platform can be a promising platform towards the enhancement in the
performance of biosensor for the detection of cardiac biomarker cardiac Troponin I (cTnl).

In this chapter, we report the synthesis of WO3;-RGO nano-composite using in-situ
hydrothermal synthesis process. For the first time, the synthesized nanocomposite has been
utilized as an immobilized platform for fabrication of simplistic and label-free
electrochemical immuno-sensor for the analysis of ¢Tnl. The proposed mechanism delivers
improved sensitivity, wide detection range, and good stability which have been investigated

comprehensively.

6.2 Experimental Section

6.2.1 Preparation of Graphene Oxide (GO)

The graphene oxide (GO) has been prepared using a modified Hummer’s method [4,
19]. Firstly, a solution of concentrated H,SO4/ H3PO4 has been prepared in a ratio of 9:1. To
this, 3 gm of graphite flakes has been added along with 18 gm of KMnOQOy. The temperature of

the resultant solution raised as the process leads to exothermic in nature. After this, the
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solution has been subjected to the magnetic stirrer for 15 hours at 50 °C. The resultant
reaction has been subsequently quenched on the addition of about 250 mL of ice along with
3mL of 30% H,0,. At last, the solution got centrifuged with the multiple washing with Milli-
Q water until the pH 7 achieved after which it got dried at 70 °C resulting in graphite oxide.
Finally, the prepared graphite oxide on dispersion in Milli-Q water is converted into graphene

oxide using ultra-sonication treatment for 1 hour.

6.2.2 Preparation of Reduced Graphene Oxide (RGO)

The as-synthesized graphene oxide has been chemically reduced to reduced graphene
oxide (RGO) by employing sodium borohydride. For this, 10 mL of aqueous suspension of
GO solution (1 mg mL™) has been prepared. To this, 100 mg of sodium borohydride has been
added and the resultant solution got subjected to stirring for 3 hours at 65 °C. The change in
color of the solution has been observed from brown to black which indicated the reduction of
GO to RGO. To obtain the RGO, the resultant solution got cooled down to room temperature

and centrifuged at 1200 rpm using Milli-Q water.

6.2.3 Preparation of W0O;-RGO Nanocomposite

The preparation of WO3-RGO nanocomposite has been accomplished using in-situ
hydrothermal process. First we prepared a graphene oxide (GO) solution in 20 mL Milli-Q
water followed with half an hour ultrasonication. To this solution, we added 0.1M of
NaW0,4.2H,0 and 0.225 gm of NaCl and stirred firmly for an hour to get the well dispersed
solution. For acidification, HCI solution has been added such that the pH of the resultant
solution reached to 2 values. Later, for the hydrothermal treatment, the solution has been
placed in an autoclave and kept at temperature of 180 °C for 24 hours. After this, the resultant
as prepared WO3-RGO nanocomposite sample got collected through the multiple washing

with Milli-Q water and ethanol followed by drying at 70 °C.
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6.2.4 Functionalization and Fabrication of the WQO;-RGO Nanocomposite

Based Immunoelectrode

The as-prepared WO;-RGO nanocomposite is functionalized with APTES for
providing active amino groups (—NH;,) that can covalently bind to the antibodies. For the
functionalization process, we added 100 mg of WO;-RGO nanocomposite sample to the 30
mL of isopropanol followed with ultra-sonication resulting in a suspended solution. To this,
we added 200 pL of 3-aminopropyl tri-ethoxy saline (APTES) dropwise and kept for stirring
for 45 hours at room temperature (27°C). With the completion of stirring, the unbounded
APTES molecules got removed by filtering the suspension followed with thoroughly washing
with Milli-Q water. Thus, we successfully obtained APTES functionalized WO;-RGO
nanocomposite sample. After this, we obtained thin films of APTES functionalized WO;-
RGO nanocomposite onto the pre-hydrolyzed ITO electrode at optimized potential 45 V for
90 seconds using electrophoretic deposition (EPD) technique.

To fabricate the immunoelectrode, ¢cTnl antibodies are covalently attached to
the APTES/WO3;-RGO nanocomposite/ITO electrode using EDC-NHS chemistry. For this,
we prepared a fresh anti-cTnl solution (50 pg mL"') in a PBS solution. Before
immobilization, the carboxyl groups occurring in antibodies are stimulated using EDC-NHS
technique. The EDC and NHS works as the coupling agent and activator respectively. The
prepared mixture solution (30 mL) got uniformly applied to APTES-modified electrode
through drop casting. The resultant antibody immobilized APTES/WO;-RGO
nanocomposite/ITO electrode existed in a humid chamber for 6 hours followed with the
treatment with PBS solution. Lastly, we used EA solution (0.1 mg mL™") onto the anti-
cTnl/APTES/WO3-RGO nanocomposite/ITO electrode to obstruct non-specific active sites
on the electrode. The as prepared immuno-electrodes got treated with Phosphate buffer saline

solution and stored at 5°C.
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6.2.5 Electrochemical Measurement Procedures

All electrochemical measurements including electrochemical impedance spectroscopy
(EIS) and differential pulse voltammetry (DPV) have been carried out using an
electrochemical Autolab Potentiostat consisting of a three-electrode system. The PBS (50
mM, pH 7.4) solution consisting of SmM [Fe (CN)6]3'/4' as redox couple is used for all the
electrochemical measurements. For EIS measurements, we studied the impedance spectrum
obtained between frequencies 10° to 10” Hz for an input potential of 10 mV. While for the
DPV measurements, we studied the response of the fabricated immunoelectrode in the
potential range of - 0.8 to + 0.8 V at a scan rate of 50 mV s”. A step-by-step fabrication
procedure of EA/anti-cTnl/APTES/WO3;-RGO nanocomposite/ITO immunoelectrode is

shown in Figure 6.1.
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Figure 6.1: Schematic of fabrication of EA/anti-cTnl/APTES/WO3-RGO

nanocomposite/ITO based immunoelectrode for cTnl detection
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6.3 Results and Discussions

6.3.1 Crystallographic and Morphological Studies

The investigation of the crystallinity and the integrity of the phase purity of the as
prepared GO, RGO and RGO-WOj; nanocomposite have been analyzed using powder XRD in
the range of 5° - 80°. Figure 6.2 (a) exhibits an intense peak at 11.7° which corresponded to
the (002) plane (dgg= 7.5 A) of GO which shifted to 23.4° on reduction of GO to RGO (dgg
=3.79 A) [Figure 6.2 (b)]. The decline in the interplanar spacing of RGO as opposed to GO
has been observed due to the removal of oxide clusters which has allowed graphene sheets to
packed more tightly. The XRD pattern of as- prepared RGO-WO;3; nanocomposite [Figure
6.2(c)] showed strong diffraction peaks at 20 =14.3° and 28.1° corresponding to (100) and
(200) planes respectively. The other peaks seen at 34.2°, 37°, 44.8°, 49.6°,52.2° and 59.01°
indexed to (111), (210), (002), (220), (310) and (400) crystal lattice planes, respectively. All
these planes have been well matched with a hexagonal WO; crystal structure (JCPDF 75-

2187) without the presence of any undesired phases.
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Figure 6.2: XRD pattern of GO, RGO, and WO3-RGO nanocomposite
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These high intense peaks of the nanocomposite indicated the good crystallinity of the
synthesized structure. Also, no additional peak is emerged at 20 = 23.4° in the XRD spectrum
of the nanocomposite which suggested that all RGO sheets have been homogeneously
dispersed in the nanocomposite.

The morphological and structural analyses of WO3; and WO3;-RGO nanocomposite
have been studied using FE-SEM and TEM. Figure 6.3 (i) indicates that the proposed
hydrothermal synthesis route resulted in the formation of the uniform 1-D nanostructure of
WO; NRs with a smooth surface and existed in the form of bundles with an average diameter
as 54 nm. The average size of the nanorods as estimated by FESEM is in close agreement

with the TEM image of the WO; NRs [Inset, Figure 6.3 (i)].

Figure 6.3: (i) FESEM image o.f WO3; NRs, inset TEM image of WO3 NRs; (ii) FESEM
image of WO3-RGO nanocomposite

However, for the in-situ grown WO3;-RGO nanocomposite, the RGO affected the
width and uniformity of the 1-D structure of WO; [Comparing Figure 6.3 (i) and (ii)]. The
FE-SEM image depicted the existence of mono-dispersed WO; NRs instead of bundles of
rods. Further, we observed few of the WO; NRs surfaced at the RGO sheets while some of

the NRs got trapped between RGO sheets.
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6.3.2 Spectroscopic Studies

The grafting of the WO3-RGO nanocomposite surface through the APTES and
antibody immobilization have been investigated by studying FTIR spectrum of the WOs-
RGO nanocomposite, APTES/WO3;-RGO nanocomposite, and anti-cTnl/APTES/WO;-RGO
nanocomposite [Figure 6.4 (A)]. The FTIR spectrum of WO3-RGO nanocomposite [curve
(i)] exhibited two distinct peaks observed at 1205 cm™ and 1724 cm™ attributed to C—OH
vibrations of a hydroxyl group and C= O vibration of the carboxylic/carbonyl group
respectively, exhibited by RGO. Peaks observed at 962 cm™ and 1610 cm™ represented the
C—H stretching vibrations and aromatic C=C stretching vibrations, whereas the characteristic
peaks of WO; seen at 1410 cm™ and 766 cm ' correspond to W—O and W—O—W stretching
vibration of the bridging O, respectively [20]. The peaks seen at 3440 cm™ and 1623 cm™ in
curve (ii) have been attributed to the asymmetric stretching and bending of NH, present in
the APTES. Further, peak observed at 1408 cm™ attributed to the bending vibrations
(Si—CH,) present in APTES. All these peaks revealed that APTES has been successfully
grafted onto WO3;-RGO nanocomposite surface [21]. The intensities of Infrared (IR) peaks
got suppressed after the immobilization of cTnl antibodies onto the APTES/WO;-RGO
nanocomposite/ITO [curve (iii)]. The appearance of the additional band at 3462 cm™, 1636
cm™ and 705 em™ indicated the presence of N—H stretching of the amide A, amide I and
amide IV, respectively which confirmed the successful binding of antibody onto
APTES/WO;-RGO nanocomposite/ITO electrode [22].

Raman spectroscopy is also studied to investigate the interaction betweenWO3; NRs
and RGO sheets. Figure 6.4 (B) represents the Raman spectra of RGO, WO3; NRs andWOs-
RGO nanocomposite obtained in the range of 200 cm™ to 3000 cm™. Curve (i) depicts the
Raman spectra of RGO which exhibited well-defined peaks at 1349 cm™ and at 1598 cm™

respectively and are attributable to the presence of characteristic D-band and G-band in RGO
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[23]. Curve (ii) depicts the Raman spectra of WO; NRs which exhibited peaks at 813 cm’,
760 cm™ and 933 cm™ corresponded to the stretching vibrations of W—0; W—O—W and W=
O, respectively. Also, the peaks observed at 242 cm™ and 329 cm'indicated the presence of
bending vibration of O—W—O0 [24]. It is noteworthy that the peaks observed in WO; NRs
have been shifted and broaden in case of WO3;-RGO nanocomposite [curve (iii)] along with
the presence of D and G band. The observed peaks have been attributed towards the
formation of C—O—W bonds during hydrothermal treatment which further confirmed the

decoration of WO3; NRs on the RGO sheets surface.
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Figure 6.4: (A) FT-IR spectra of (i) RGO-WO; NRs, (ii) APTES/RGO-WO; NRs and
(iii) anti-cTnl/APTES/RGO-WO3; NRs and (B) Raman spectra of (i) RGO, (ii) WO3; NRs
and (iii) RGO-WO; NRs

6.3.3 Contact Angle Measurement Studies

The investigation of the hydrophilic and hydrophobic character of the WO3;-RGO
nanocomposite/ITO electrode have been analysed by studying contact angle measurement.
The static sessile drop method is employed to determine the contact angle of the electrode at

different stages of surface modification. For the study of drop image, image analysis
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mechanism is deployed to calculate contact angle (0) value, by the shape of the drop. The
initial contact angle value of the hydrolyzed ITO glass electrode (66.54°) [Figure 6.5 (i)]
found to declined to 31.50° [Figure 6.5 (ii)] after the deposition of WO;3;-RGO
nanocomposite due to the presence of oxygenated hydrophilic groups like —OH and —COOH

in the WO3-RGO nanocomposite matrix.

0,=66.54° l @ 0,=31.50° ' i)

(iii) ©,6.03° (iv)

Figure 6.5: Contact angle measurement of (i) hydrolyzed ITO glass, (ii) RGO-WQO;
NRs/ITO, (iii) APTES/RGO-WO3; NRs/ITO and (iv) anti-cTnl/APTES/RGO-WO;3
NRs/ITO

However, after functionalization with APTES, the contact angle found to increased to
~37° |Figure 6.5 (iii)]. This increase of contact angle value indicated the existence of
hydrophobic alkyl structures in APTES molecules which imparts a hydrophobic character to
the surface of the matrix. Finally, after covalent immobilization of antibody molecules on the

functionalized surface, the contact angle value declined to 6.03° [Figure 6.5 (iv)] showing
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the hydrophilicity nature of the antibody molecules. Thus, all these results indicated the
successful immobilization of antibody over the functionalized matrix APTES/WO;-RGO

nanocomposite.

6.3.4 Electrochemical Characterization

The electrochemical properties of WO; NRs and in-situ grown WO3-RGO
nanocomposite have been investigated by electrochemical impedance spectroscopy (EIS)
studies conducted in frequencies ranging from 10° to 10" Hz at potential measuring 10 V.
The diameter of the semi-circle as shown in the Nyquist plot [Figure 6.6 (A)] measures the
magnitude of Rer that pertains to the di-electric characteristics at the electrode/electrolyte
interface [25]. All these studies have been carried out using Nova (software), provided with
the autolab system. The charge transfer resistance value measured for WO;-RGO
nanocomposite (Rcr= 887 Q) is small as compared to that of WO3; NRs (Rcr= 1350 Q). This
decrease in resistance has been attributed to the excellent electrical conductivity of the RGO
in the nanocomposite matrix that enhanced the electron transfer kinetics at the electrode and
solution interface. Further, we calculated the electron transfer rate constant (K,) value of the

fabricated nanocomposite electrode using Equation (6.1)

RT

Ky = ————
0 ™ n2F2ARrC

(6.1)

The value of K, for the nanocomposite has been found as 2.54 x10™ cm s™' as compared to
WO3 NRs (1.8x10%cms™). This showed that WO3-RGO nanocomposite displayed better
charge transfer properties as compared to WOs; NRs and can give superior analytical

performance in electrochemical biosensing device.

The electrochemical impedance spectra (EIS) study for the different modified

electrodes has been investigated as shown in Figure 6.6 (B). The WO; NRs exhibited

Ph.D. Thesis (Deepika Sandil) 144



Chapter 6

maximum Rcr value as 1.35 KQ. However, the significant reduction in the Rcr value is
observed for WO3-RGO nanocomposite (887 Q). This implied RGO in the nanocomposite
array exhibited enhanced electrochemical conductivity. After immobilization of the antibody,
the as-functionalized matrix (anti-cTnl/APTES/RGO-WO;NRs/ITO) exhibited an elevated
Rer (905 Q) as compared to WO3-RGO nanocomposite due to the insulation offered by the
antibody molecules. Lastly, after the attachment of ethanolamine (EA), which covered the
bulk of the non-specific active sites, the charge transfer process further blocked, resulting in a

higher Rcr (1.6 KQ) of the nanocomposite electrode.
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Figure 6.6: Electrochemical impedance spectroscopy (EIS) of (a) WO3; NRs/ITO and
RGO-WO; NRs/ITO electrodes (Inset: Randles circuit) and (b) EIS spectra of different

modified electrodes in PBS solution (50mM, pH 7.4)containing SmM [Fe(CN)q]*"*

6.3.5 Electrochemical Sensing Studies

The variation in the response current of the as-fabricated electrode has been studied as
a function of ¢Tnl (concentration 0.01 to 250 ng mL™) using DPV technique [Figure 6.7
(A)]. All responses have been carried out with PBS (pH 7.4) containing 5SmM [Fe (CN)e>"*

as a redox coupling agent. For each measurement, we used 20 mL of antigen into the

Ph.D. Thesis (Deepika Sandil) 145



Chapter 6

electrochemical cell with 10 minutes of incubation. The response graph showed the declined
in peak current with the increased in c¢Tnl concentration (0.01- 250 ng mL™). The decreased
in response current remarked the creation of electrically insulating antigen-antibody
complexes formed by the specific interaction of cardiac Troponin I antigen and its antibody
that might have blocked the electron transfer via [Fe (CN)6]3'/ *[34]. In Figure 6.7 (B), the

plot represents the response peak current against different cTnl concentrations.
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Figure 6.7: (A) DPV responses of the EA/anti-cTnl/APTES/RGO-WO3; NRs/ITO
immunoelectrode obtained as a function of ¢Tnl concentrations (0.01-250 ng mL'l). (B)
Calibration plot between the DPV peak current and the logarithm of c¢Tnl

concentrations (0.01-250 ng mL'l); (inset : control study)

The DPV peak current (I) exhibited a linear behaviour against logarithmic c¢Tnl
concentrations in the linearity range of 0.01-250 ng mL™, obeying Equation (2).

I=10.1587 (mA) — 0.01456 (mA) x log [cTnl concentration (ng mL'l)] (6.2)
The sensitivity of 58.24 mA/cm’per decade is estimated from the slope of the calibration
curve with regression coefficient as 0.989. Further, the immunoelectrode detected the cTnl

concentration as small as 0.01 ng mL™". A control experiment [Inset, Figure 6.7(B)] has been
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performed in the presence of ¢Tnl concentrations (0.01 - 250 ng mL™), to check for any non-
specific adsorption of the antigen molecule to the electrode surface, in absence of antibodies.
However, no remarkable variation observed in the current response revealing that cTnl

antigen specifically interacted with the immunoelectrode.
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Figure 6.8: (A) Electrochemical current response of different EA/anti-
cTnl/APTES/RGO-WQO; NRs/ITO electrode fabricated under identical conditions with
c¢Tnl (0.01 ng mL'l), (B) Electrochemical current response of the immunoelectrode in
the presence of different interferents, (C) Real sample analysis study and (D) Shelf life
studies of EA/anti-cTnl/APTES/RGO-WO; NRs/ITO immunoelectrode.

The reproducibility of the immunoelectrode is examined by measuring DPV current

variation in presence of c¢Tnl (0.0l ng mL"') on four independently fabricated
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immunoelectrode prepared under identical conditions [Figure 6.8 (A)]. The relative standard
deviation (RSD) has been calculated to evaluate the reproducibility of the electrodes. It is
found that the immunoelectrode showed good reproducibility for four different electrodes
with low value of RSD% of 4.36% with an average current of 200 mA. The low value of
RSD% obtained for each electrode comes within the acceptable error range under the tested
conditions, suggesting a good reproducibility.

For a clinical purpose, a sensor must exhibits high specificity for the target
biomolecule compared to other interfering protein biomarkers present in the blood serum.
Hence, the specificity of the fabricated immunoelectrode is evaluated using different
interferents such as Carcinoembryonic antigen (CEA), Cytokeratin-19 antigen (CYFRA),
Endotheline one protein (ET), C-reactive protein (CRP) and Myoglobin (Mb) as shown in
Figure 6.8 (B). The magnitude of DPV current response for the EA/anti-cTnl/APTES/WOs-
RGO nanocomposite/ITO immunoelectrode [shown as blank in Figure 6.8 (B)] observed as
0.209 mA. After that, the response of the immunoelectrode evaluated in the presence of
interferents mentioned, each with concentration 50 ng mL™" and 10 min incubation. Although
we observed some signal variation but no prominent alteration in the current response in the
presence of each interferent as compared to the blank electrode is observed. However on the
addition of ¢Tnl protein, a remarkable reduction of current is observed. This specificity of the
immunoelectrode has been attributed to the fact that all other protein biomarkers to bind with
anti-cTnl antibody functionalized on the APTES/RGO-WO3; nanocomposite surface.

Further for clinical application, we investigated the developed immunosensor for cTnl
detection using human serum samples obtained from the pathology laboratory (Dr. Lal path
lab, Rohini, Delhi). The DPV current response has been studied for four different real
samples and those for standard samples of the same concentrations. The results as shown in

Figure 6.8 (C) revealed low RSD% value for the current response obtained for real and

Ph.D. Thesis (Deepika Sandil) 148



Chapter 6

standard samples. Hence, all these results indicate that the developed detection strategy can

be preliminarily applicable for the determination of ¢Tnl in human serum for routine clinical

diagnosis.

Further, we also monitored the shelf life of the fabricated immunosensor by noting

DPV current response in presence of 0.01 ng mL™ ¢Tnl at a regular intermission of 1 week

[Figure 6.8 (D)]. The immunoelectrode retained its activity up to four weeks with the

decrease in current as 8% when stored in refrigerated conditions at 4 °C, implying that cTnl

antibody has been immobilized on APTES/WO3-RGO nanocomposite/ITO matrix with its

bioactivity well preserved. A comparative analysis of presently fabricated immunoelectrode

with previously reported electrode materials is shown in Table 6.1.

Sensing Detection Detection Sensitivity (S) Detection Reference
platform techniq range limit
ue
Conducting (0% 1-100 5.5 - [26]
paper ng mL"’ pA mL ng”' cm?
Porous EIS 0.1-10 - 0.07 [27]
GO/GCE ng mL" ng mL™
Pt/Graphene EIS 0.01-10 80 4.2 [28]
sheet/GCE ng mL" Q/cm’ pgmL
per decade
Auw/GO/GCE Ampero- 0.05-3.0 - 0.05 [29]
metric ng mL ng mL™
APTES/WO;- DPV 0.01-250 58.24 0.01 Present
RGO ng mL™' pA/cm’ per ng mL"’ work
nanocompo decade
site

Table 6.1: Comparative analysis of WO3-RGO nanocomposite based immunosensor

with previously reported electrode materials
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6.4 Conclusions

In summary, a hydrothermally synthesized tungsten trioxide and reduced graphene
oxide (WO;-RGO) nanocomposite-based electrochemical immunosensor is successfully
fabricated and presented for the detection of a cardiac biomarker. A thin film of
APTES/WO;-RGO nanocomposite/ITO has been obtained using electrophoretic deposition,
succeeded by covalent immobilization of c¢Tnl antibody for the label-free electrochemical
detection (of cTnl) through DPV technique. The heterogeneous electron transfer kinetics of
WO;3-RGO nanocomposite found to be superior as opposed to bare WOs; resulting in
enhanced performance of the immunosensor. The electrochemical measurements showed that
the planned immunosensor exhibited heightened sensitivity of 58.24 mA/cm” per decade in a
detection range of 0.01- 250 ng mL™". The superior performance has been attributed to: (i)
strong covalent coupling of antibody molecules to WO3;-RGO nanocomposite matrix through
APTES which leads to the high stability of the device, (ii) large oxygen moieties present in
WOs; leading to increased antibody loading capacity resulting in wider detection range and
lastly, (iii) strong synergistic effect between WO3-RGO nanocomposite that has enhanced the
electron transfer kinetics. The study of real sample analysis has also revealed an excellent
correlation between the current response of standard and real samples of cardiac Troponin I
(cTnl). Thus all these features result in high sensing performance of the proposed

electrochemical immunosensor.
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Conclusion and Scope of Future Work

The work presented in this thesis deals with the synthesis, characterization and
application of the tungsten trioxide (WQj3) nanostructures and it’s composite for the cardiac
detection. The versatile features owe by the WO; nanostructures such as variety of
polymorphic transformation, good electron transport kinetics, chemical stability, high
catalytic activity, ease of functionalization and strong adsorption capability opens its
application path toward the electrochemical sensing mechanism. Thin films of different WOj;
nanostructures were fabricated onto the ITO electrode using electrophoretic deposition
technique (EPD). Employing EPD for the thin film deposition offers advantages in terms of
uniformity, simple processing, low cost, controlled thickness, and homogeneity. Prior EPD,
WQO; nanostructures were functionalized using 3-aminopropyl tri-ethoxy saline (APTES) for
the covalent immobilization of cardiac Troponin I antibody (anti-cTnl). The fabricated
APTES functionalized WOj3; based ITO electrode presents a potential platform to the

immobilization of anti-cTnl biomolecules for the detection of cardiac biomarker Troponin I.
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7.1 Summary

Chapter 1 introduces the characteristic features of WO3 nanostructures, its synthesis
and applications of WO3 nanostructures with special emphasis on its potential and utility in
the development of biosensors. Besides this, efforts have been made to give detailed literature
of the WOs in biosensing and also the salient features of antibodies employed for the

fabrication of immunosensor platform.

Chapter 2 briefs the details of the various experimental techniques such as SEM,
FESEM, X-Ray Diffractometer, FT-IR spectroscopy, AFM, and Raman spectroscopy that
have been employed to characterize functionalized and un-functionalized WO;
nanostructures based electrodes. Further, the electrochemical techniques such as CV, EIS,
and DPV were employed to study electrochemical behaviour of the WO; based electrodes
and immunoelectrodes. The EIS technique was used to study the electrochemical response of
the fabricated immunoelectrode as a function of ¢Tnl concentration. Also efforts have also
been made to explain the procedures and protocols employed to immobilize antibody

biomolecules of ¢Tnl.

Chapter 3 discusses the fabrication of APTES conjugated Tungsten trioxide
nanoparticles (APTES/n-WO;) based platform for cTnl detection. The electrochemical
response studies of the fabricated immunoelectrode show sensitivity as 26.56 Q ng”'mL cm™
in a wide linear detection range 1- 250 ng mL™". Also, the proposed platform shows the

stability of 30 days.

Chapter 4 reports the development of a 2-D WO; based matrix for the detection of
cTnl biomarker. The performance of the fabricated immunosensor (anti-cTnl/APTES/WO;

NS/ITO) has been investigated with the measurement of charge transfer resistance (Rcr) with
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respect to concentrations of ¢Tnl antigen. The immunoelectrode exhibits good sensitivity as
30.8 Q mL ng'lcm'2 along with good stability up to 6 weeks. The enhanced characteristics of
the fabricated immunoelectrode can be attributed to the high loading of c¢Tnl antibodies on

WOs; NS matrix due to the enhanced active surface area provided by WO3 NS.

Chapter 5 deals with the development of an efficient electrochemical sensing
platform for cTnl detection using WOs; nanorods as an immobilized matrix. As
dimensionality plays an important role in tailoring properties of nanostructures and hence its
applications, therefore in this chapter we exploit 1-D WO3 NRs based platform towards the
development of cardiac biosensors. The 1-D WO; nanostructures provide an efficient direct
electrical conduction path between the electrodes and the immobilized biomolecules resulting
in the enhanced sensitivity of the biosensing platform. The electrochemical response study of
the proposed platform (anti-cTnl/APTES/WO; NRs/ITO) demonstrates high sensitivity [6.81

KQ mL ng” ¢cm™] with respect to WO5 nanosheets and nanoparticles as morphology.

Chapter 6 illustrates the advantages of the integration of nanostructured WO3 onto
the electro-active material RGO for the enhancement in biosensor’s characteristics. The high
active surface area of RGO might perhaps provide more electro-active sites and thus
enhanced electron transfer kinetics suitable for the enhancement in the characteristics of the
electrochemical biosensor. The WO3-RGO nanocomposite based immunosensor shows the
remarkable sensitivity (58.24 mA cm™ per decade) in a broad linear detection range of 0.01-

250 ng mL™".

Chapter 7 represents the summary of the complete research work performed
throughout the thesis tenure, and also the major outcomes. Besides this, it also briefs the

future scope of the present research work.
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The sensing characteristics of all the fabricated nanostructured WO; based electrodes used in

the present thesis work has been summarized in Table 7.1

Fabricated Sensitivity Detection Limit | Detection Range Stability
Electrode (ng mL™) (ng mL™)
WO; 26.56 16 1-250 4 weeks
NPs Q mL ng'1 cm™
WO; 30.8 0.1 0.1-100 5 weeks
NS Q mL ng'1 cm™
WO; 6.81 0.01 0.01-10 5 weeks
NRs KQ mL ng'1 cm™
WO;-RGO 58.24 uA cm™ per 0.01 0.01-250 4 weeks
nanocomposite decade

Table 7.1: Sensing characteristics of fabricated different nanostructured WO; based

immunoelectrode for ¢cTnl detection.

7.2 Major Outcomes

» A facile and a cost-effective hydrothermal synthesis process used for the different WO;

nanostructures (nanoparticles, nanosheet, nanorods) and its composite (WO3-RGO).

» Upto the best of my knowledge, this is the first extensive research work reporting WO;

based biosensor for the detection of cardiac biomarker (cTnl) due to its enhanced

electrochemical activity.

» Electrophoretic deposition technique has been employed for the deposition of thin film of

APTES modified WO; nanostructures. Further, covalent immobilization of cardiac

troponin I antibodies (anti-cTnl) on APTES functionalized WO; matrix has been

achieved using EDC —NHS chemistry.

» The analysis of the electrochemical characteristics of the fabricated sensing platforms has

been investigated using cyclic voltammetry (CV) and electrochemical impedance
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spectroscopic (EIS) techniques. The electrochemical impedance spectroscopic (EIS)
study carried out to study the interfacial properties between the fabricated electrode
surface and the electrolyte in the frequency range of 0.01 Hz to 10° Hz.

» The transportation of electrochemically produced charge at the interface of electrode and
electrolyte has been modeled by measuring the change in resistance. The charge transfer
resistance (Rcr) which corresponds to the diameter of the semicircle of the Nyquist plot
has been measured using NOVA software.

» The Rt value of the immunosensor increased with the increase in ¢Tnl concentration.
This increase in impedance revealed the formation of insulating antigen-antibody
complex produced due to the specific key-lock interaction of the anti-cTnl and c¢Tnl that
might have hindered the electron motion.

» The performance of the fabricated immunosensor was studied by investigating sensitivity,
selectivity, reproducibility, and stability studies.

» Among different morphologies, WO; NRs based platform has shown outstanding
sensitivity and detection limit.

» Compared with reported work, electrochemical measurements are much facile and
simpler and easier to miniaturize which makes them more suitable for POC (point of care)

detection.
7.3 Future Prospects

The present studies reveal that tungsten trioxide (WOs) based nanostructures can
efficiently be utilized for the development of high performance electrochemical biosensors
with enhanced sensitivity, stability, and selectivity. A lot of scope is still there to design novel
composite structures with WOs3 nanomaterial by incorporating nanostructured polymers,
carbon based nanomaterials and other oxides. The unique physical and chemical properties

owe by these materials can produce synergistic effect on incorporating with WOs3
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nanostructures and would eventually presents the new class of nano-based materials with the

advancement in applications including biosensors. Briefly, we have planned to accomplish

following work in near future:

» First, we have aimed to work on WO3;/CuO nanocomposite which can provide enhanced
porous structure. The resultant structure will be investigated for different electrochemical
measurements and thereafter can contribute towards the enhancement in performance of
the composite structure for the electrochemical detection of biomarkers.

» Further, to enhance the performance of tungsten trioxide based platform towards
biosensing, we can employ a conducting polymer poly (3,4-ethylenedioxythiophene) also
known as PEDOT to develop a hybrid nanocomposite. The proposed hybrid
nanocomposites will combine the advantages of PEDOT, namely the good conductivity
and electrical transports kinetics, with the sensitivity and selectivity of metal oxide
materials.

» Lastly, it will also be beneficial to explore the application of WO3 based matrices towards
the detection of other biomarkers especially lung cancer. The main challenges in the
diagnosis of this disease are its non-specific symptoms such as coughing, and shortness of
breath and being silence at early stage. Thus, developing an effective diagnosis platform
for the lung cancer biomarkers using WO3 based matrix would be more economical and

cost effective treatment and will definitely improve survival rate.
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We report results of the studies relating to the technological development of 3-aminopropyl tri-ethoxy saline
(APTES) conjugated tungsten trioxide nanoparticles (APTES/n-WO3) based sensor for cardiac Troponin I
(cTnlI) detection. The APTES/n-WOj3 nanoparticles were deposited onto indium tin oxide (ITO) coated glass
electrode via electrophoretic deposition technique and were subsequently functionalized with troponin
antibodies (anti-cTnI). The n-WO3/ITO and anti-cTnI/APTES/n-WO3/ITO electrodes were characterized using

X-ray diffraction (XRD), UV-vis spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, atomic force
microscopy (AFM) and electrochemical impedance spectroscopy (EIS) respectively. This immunosensor
exhibited a wider linear detection range (1-250 ng mL™') with good sensitivity (26.56 Q ng~'mL cm2).

1. Introduction

The fusion of biological molecules and nano-structured metal
oxides is known to play an important role towards the development
of nano-scale devices in clinical diagnostics and electronic applications
[1]. Among the various nanostructured metal oxides, nanostructured
tungsten trioxide (n-WO3) has been found to have interesting physical
and chemical properties [2]. n-WO3 exhibits good electrical conductiv-
ity and catalytic behavior, that may perhaps make them suitable for
application as “electronic wires” to enhance electron transfer between
redox centers in proteins and electrode surfaces [3]. Besides this, the
high surface-to-volume ratio and electrical properties of n-WOj3 can be
used as labels or tracers for electrochemical analysis. The n-WO3 has
been predicted to have biosensing applications. Hariharan et al.
employed WO3; based biosensor for L- dopa detection with high
selectivity and sensitivity [4]. Sun et.al utilized WO3 for the glucose
detection with high efficiency; thus, holding great promises for
applications in bioelectronics [5]. There is thus a good scope to explore
WO; for the efficient detection of other important bio-analytes.

Acute myocardial infarction (AMI) is a major cause of death caused
by necrosis of myocardial tissue due to ischemia. Among the various
biomarkers, cardiac Troponin I (c¢Tnl) has been recognized as a
principle biomarker with high specificity and great selectivity for the
cardio vascular diseases. The level of ¢Tnl in normal subjects is around
1ngmL™! that may increase to 550 ng mL™* in AMI patients [6].

* Corresponding authors.

Hence rapid and sensitive detection of ¢TnI with good detection range
is urgently required for the early treatment of AMI. In the present
work, we demonstrate the development of a simple and label-free
immunosensor to detect myocardial symptomatic biomarker Troponin-
I using nanostructured tungsten trioxide. The proposed detection
strategy is simple, economical and is based on direct immobilization
of an antibody over 3—aminopropyl triethoxy saline (APTES) functio-
nalized n-WO3/ITO electrode. The results of the present studies exhibit
good sensitivity, broad detection range and high storage stability.

2. Experimental

All chemicals of analytical grade were purchased from Sigma-
Aldrich. The XRD (Bruker D-8 Advance), FT-IR (Nicolet 380) and
AFM (Park system XE-100) were used for characterization of materials
and electrodes. The electrochemical studies were carried out on an
Autolab Potentiostat/Galvanostat (Metrohm, Netherlands) using a
three- electrode system. De-ionized water (18.2 MQ) was used for
preparation of solutions.

The details of synthesis of nanostructured tungsten trioxide (n-
WO3) and its functionalization with APTES have been given in the
Supplementary information sheet. [12] Thin films of APTES functio-
nalized n-WOj3 over ITO (APTES/n-WO3/ITO) electrode were prepared
by electrophoretic deposition (EPD) technique. The anti-cTnI antibo-
dies were immobilized over APTES/n-WO3/ITO electrode. The fabrica-
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Scheme 1. Schematic of fabrication of the anti-cTnI/APTES/n-WO3/ITO bioelectrode for Troponin-I detection.

tion of APTES/n-WO3/ITO electrode and anti-cTnl/APTES/n-WO3/
ITO bioelectrode has been given in the Supplementary information
sheet [12]. The Schematic of fabrication of immunoelectrode has been
demonstrated in Scheme 1.

3. Results and discussion

The XRD studies were carried out to investigate crystallinity and
phase of the n-WO3; powder and shown in Fig. 1(i). The presence of
intense characteristic peak at 24.22° and other diffraction peaks at
28.56°, 33.99°, 41.39°, 50.09°, 55.6° and 61.58° are well indexed to
(200), (112), (220), (222), (114), (420) and (134) planes, respectively
(JCPDS 71-0131) .These peaks reveal the presence of orthogonal phase
in WO3 with good crystalline structure. The average crystallite size D of
WO3; nanoparticles was estimated to be 20 nm using Debye-Scherer

equation.

0.9
pCos0

€Y

Fig. 1(ii) shows Fourier transform infrared spectra (FT-IR) of the
(a) n-WO3;, (b) APTES/n-WOs3;, (c¢) anti-cTnI/APTES/n-WOs. The band
seen at 1410 ecm™! [Fig. 1(ii, a)] represents stretching vibration of v (W-
0) whereas broad band at 770 em™ corresponds to v (W-Ojpe—W)
stretching vibration of the bridging O, [7]. In Fig. 1(ii, b), band seen at
3421 cm™! is due to asymmetric (N-H) stretching vibration of NH,
whereas peaks at 1614 cm™ and 1422 em™ corresponds to §(-NH.,)
and & (Si-CH,) respectively present in APTES [8-10]. The peak at
2932 cm™! is attributed to methylene group (-CH,) indicating that
silane agent was grafted onto the surface successfully and the peak at
1122 cm™! is due to stretching mode of Si-O-Si [9]. These results
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Fig. 1. (i): X-ray diffraction pattern obtained for the WO3 nanoparticles. (ii): FT-IR spectra of (a) n-WO3, (b) APTES/n-WO; and (¢) anti-cTnl/APTES/n-WOj;.
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Fig. 2. AFM image of (a) n-WO3/ITO electrode, (b) APTES/n-WO3/ITO electrode and (c¢) anti-cTnI/APTES/n-WO3/ITO bioelectrodes.

suggest that APTES was successfully anchored on the WOj3 surface. In
the FT-IR spectra of antibody immobilized APTES/n-WO3; /ITO
electrode (Fig. lii c), the bands seen at 3462 em™Y, 1636 ecm™! and
733 cm™! can be attributed to the amide B, amide I and amide IV
respectively indicating successful immobilization of the antibody on the
electrode. The bands observed at 2927 em™* (-CH,) and at 1101 cm™!
(Si-O-Si) were found to be shifted after antibody immobilization.

Topography and surface roughness of the electrode are known to
play an important role in determining the conformation of the
adsorbed protein layer [10]. Fig. 2 represents the topographical image
of 3-D height plots for the electrodes. It can be seen that the average
surface roughness of n-WO3/ITO electrode (0.307 nm; Fig. 2a) de-
creased to 0.120 nm (Fig. 2b) after modification with APTES suggest-
ing the formation of a uniform layer due to intermolecular interaction
between APTES and n-WO3/ITO surfaces. Finally after immobilization
of anti-cTnl on APTES/n-WO3/ITO electrode surface (Fig. 2¢), average
roughness increased to 5.9 nm indicating attachment of the antibody
molecules.

Electrochemical impedance spectroscopy (EIS) technique was uti-
lized to determine the interfacial properties between the electrode—
electrolyte boundaries. Fig. 3(a) shows the Nyquist plot obtained for
bare ITO electrode, APTES/n-WO3/ITO and anti-cTnI/APTES/n—
WO3/ITO electrodes in the PBS (pH 7.0) containing 5 mM [Fe
(CN)6]*/3" in the frequency range 10’—1072 Hz at a biasing potential
of 10 mV. The charge transfer process in these electrodes was
investigated by measuring charge transfer resistance (R¢) at the
electrode/electrolyte interface. It was observed that magnitude of R
for ITO electrode (434.07 Q) increased to 543.15 Q for APTES/n-WO3/
ITO electrode indicating modification of the ITO electrode with APTES
modified WO3; nanoparticles. And after the antibody immobilization,
R.: of anti-cTnI/APTES/n-WO3/ITO electrode further increased to
589.36 Q indicating insulating nature of the antibody molecules.

Electrochemical response studies of the anti-¢cTnI/APTES/n-WO3/
ITO immunoelectrode were conducted as a function of ¢Tnl concen-
tration (1-250 ng mL™! using EIS technique (Fig. 3b). R, was eval-
uated from the diameter of the Nyquist plot while fitting the curve
under Randles circuit. It was found that R, of the immunoelectrode
(anti-cTnI/APTES/n-WO3/ITO) increased linearly as a function of
¢Tnl concentration (1-250 ng mL™1). This could perhaps be due to
the formation of electrically insulating antigen—antibody complexes
produced from the specific interaction of the ¢Tnl and antibody that
may block the electron transfer via [Fe(CN)eI>~/# [11]. The linear
variation of the R value obtained from the calibration plot (Fig. 3c)
obeys Eq. (2)

R (Q) = 618.70(Q) + 6.64(Q ng~'mL)* [concentration(ng mL=})] (@)
with regression coefficient (R?) =0.99.
The APTES/n-WO3/ITO based immunosensor exhibits high sensi-
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tivity of 26.56 @ ng”! mLcm™ in the linear detection range of 1-
250 ng mL™!. Furthermore, a control experiment was performed to
investigate the electrochemical response of APTES/n-WO3/ITO elec-
trode towards ¢Tnl without using anti-cTnl. We did not observe any
significant change in magnitude of R, with respect to different
concentration of ¢Tnl. This result indicated that the sensor response
was due to the immunoreactions between anti-cTnI and ¢Tnl molecules
only. Fig. S2 compares R response of anti-cTnl/APTES/n-WO3/ITO
immunoelectrode in presence of serum sample (containing
100 ng mL™ ¢Tnl) and standard sample (100 ng mL™ ¢Tnl) [12].
The estimated low RSD value (2.65%) indicated that the anti-cTnI/
APTES/n-WO3/ITO immunoelectrode could be utilized for real sample
analysis. The storage stability of the anti-cTnI/APTES/n-WO3/ITO
immunoelectrode was investigated by observing the EIS response and
measuring the R, value at a regular interval of five days up to 40 days
in presence of 50 ng mL™! ¢Tnl concentration (Fig. 3d). The Ry value
was found to be 92% of its initial response for up to 30 days, thereafter
it further decreased to 80% at the end of 40 days. This indicated the
storage stability of the fabricated biosensor as 30 days. The reprodu-
cibility and selectivity studies of the fabricated biosensor has been
demonstrated in the Supplementary information sheet [12] Table I
shows the characteristics of the fabricated biosensor along with some
those reported in the literature for ¢Tnl detection [see Supplementary
information sheet] [12]. The APTES/n-WO3/ITO based biosensor
exhibits a much higher sensitivity (26.56 Qng™' mLcm™2), good
stability (30 days), and an extended linearity (1-250 ng mL™') than
some of the other sensors reported in the literature.

4. Conclusion

In summary, we have successfully synthesized and functionalized
nanostructured tungsten trioxide (n-WOs3). Thin films of APTES/n-
WO3/ITO have been fabricated via electrophoretic deposition techni-
que and followed by covalent immobilization of antibody of ¢Tnl for the
detection of c¢Tnl using EIS technique. In comparison with other
reported Troponin biomarker detection methods including biosensors,
the proposed biosensor is simple and label free. It exhibits a wider
detection range as 1-250ngmL™!, sensitivity as 26.56 Q
ng ' mLem™2, storage stability as 30 days and detection limit
as 16 ngmL™'. This may be attributed to high antibody loading
properties and rapid electron transfer kinetics of n-WO3. This superior
sensing performance of the n-WOj3 based immunosensor reveals its
potential for electrochemical biosensing applications. Efforts should be
made to further improve the detection limit of this proposed biosensor.
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We demonstrate the fabrication of a facile and efficient biosensing platform for electrochemical detection
of human cardiac biomarker Troponin I (c¢Tnl) using Tungsten trioxide-reduced graphene oxide (WOs3-
RGO) nanocomposite as a matrix. The in-situ hydrothermal method was employed for the synthesis of
the WO3-RGO nanocomposite. Raman spectroscopy, X-ray diffraction (XRD), high-resolution trans-
mission electron microscopy (HRTEM) and field emission scanning electron microscopy (FE-SEM) were
employed to investigate structural and morphological behavior. The WO3-RGO nanocomposite was
further functionalized with 3-aminopropyl tri-ethoxy saline (APTES) for the activation of amino groups
(-NH;) that can covalently bind to the antibodies of cTnl. This immunosensor was further studied using
contact angle measurement, Fourier transform infrared spectroscopy (FT-IR) and electrochemical tech-
niques. The synergistic behavior between RGO and WOs3 nanorods has allowed the immunosensor to
exhibit enhanced heterogeneous electron transfer rate constant (K,=2.4 x 104 cms™!) resulting in
improved biosensor efficiency. The immuno-sensor exhibit good sensitivity as 58.24 pA/cm? per decade
in an extended linear detection range 0.01—250 ng/mL with the stability up to 30 days. Besides this, the
fabricated immuno-sensor exhibits good reproducibility and excellent selectivity towards the detection
of the cTnl biomarker. Furthermore, the validation of immunosensor with cardiac patient samples
demonstrates the clinical application of this nano-biosensing platform for the detection of other bio-
markers too.
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1. Introduction clinical research, cardiac biomarkers play an important role in un-

derstanding and identification of myocardial infarction concerning

Cardiovascular disease (CVD), a heart and blood vessel disease
has become the primary cause of morbidity and mortality across
the world. Among different CVDs, Myocardial Infarction (MI), an
acute coronary syndrome (ACS) cause adverse cardiac injury in the
myocardium such as irreversible damage to tissues. Electrocardio-
gram (ECG) currently preferred for the measurement and diagnosis
of cardiac injuries. However, ECG has some limitations and sensi-
tivity issues which suggests for an alternative approach for the
diagnosis purpose [1]. Hence, a sensitive and rapid diagnosis is
crucial for the early prognosis of Myocardial Infarction (MI). In
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other cardiac diseases, which might help in the diagnosis of CVD.
Currently, creatine Kinas-MB, myoglobin and cardiac troponin
(cTnT and cTnl) considered as remarkable MI diagnostic bio-
markers. Among these, cardiac troponin I (cTnl) had highest cardio-
specificity and considered as a principal diagnostic biomarker for
MI [2]. Cardiac troponin I is a protein found in cardiac muscles and
is made up of 209 amino acid residues with a molecular weight as
22.5kDa [3]. After myocardial infarction, the systemic blood con-
centration of this protein rises and remains elevated for 8—10 days,
hence serving longer window of detection for MI. The level of cTnl
in normal blood serum is below 0.6 ng/ml which could potentially
rise to 1—4 ng/ml at the onset of AML. It can increase up to 100 ng/
ml or more within 3—6 h and remains elevated for 5—9 days. For the
detection of ¢Tnl many conventional methods such as fluoro-
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immunoassay, enzyme-linked immunosorbent assay (ELISA),
radioimmunoassay and spectrophotometric methods have been
used. However, these assays are time-consuming, expensive,
laborious and demands small volume of blood for testing [4,5].
Thus for the safe and rapid diagnosis of the AMI, biosensors can be
used as a faster and cheaper means for its detection. Among
different biosensors, electrochemical biosensors based on immuno-
chemical reactions such as specific antibody-antigen interaction
considered as the most sensitive detection tool due to its precise
measurement, fast driven analysis and simple preparation [6,7].
Also, they allow automation, miniaturization, development of
disposable devices and require very small sample volumes [8—11].
While fabricating an electrochemical immunosensor, biomolecular
immobilization is a crucial step to achieve efficient performance.
For the successful antibody immobilization, an ideal immunosensor
should permit high loading and retain its biological activity for the
long term. Nanomaterials in this context can be preferred as a
substantial matrix for the immobilization of antibodies [12]. A lot of
nanomaterials such as gold, metals, carbon and metal oxides with
variable morphology have been utilized to fabricate the biosensing
platform owing to their distinctive physiochemical features, good
biocompatibility, and large electro-active surface [13]. Among
different nanomaterials, nanostructured metal oxides exhibit good
catalytic properties, high electron —transfer kinetics and firmed
adsorption capability that can provide appropriate microenviron-
ments for the immobilization of biomolecule. Tungsten trioxide
nanostructures (n-WOs3) have been considered as a promising
material as an immobilized matrix because of its enhanced catalytic
activity, chemical stability, simple synthesis and strong adherence
to the substrate [14].

The incorporation of semiconducting materials such as carbon
nanotubes and graphene with the nanostructured metal oxides
provide improved biosensing characteristics [15]. In this context,
graphene or chemically reduced graphene oxide (RGO) considered
as promising supportive matrix [16]. RGO, an array of carbon atoms
are covalently connected via sp? bonds to form a two-dimensional
honeycomb sheet that contributes toward its exceptional proper-
ties such as good electrical conductivity, large surface area, and
high electrochemical activity [17].

Herein, we report the synthesis of a WO3-RGO nanocomposite
with simultaneous reduction of GO. And for the first time, the
synthesized nanocomposite has been utilized as an immobilized
matrix for the fabrication of a facile and label-free electrochemical
immuno-sensor for the detection of a cardiac biomarker cTnl.
Further, EDC-NHS chemistry was employed for the activation of
carboxyl groups of an antibody of cardiac troponin I. The proposed
mechanism delivers improved sensitivity, wide detection range,
and good stability.

2. Experimental section

2.1. Synthesis of WO3-RGO nanocomposite and functionalization of
electrodes

WO3-RGO nanocomposite was synthesized by employing the In-
situ hydrothermal method. In brief, a defined amount of as-
synthesized graphene oxide (GO) [See Supplementary
information sheet] was dispersed in 20 mL of DI water and kept
for half an hour ultrasonication. Then, 0.1 M of NaWOg4-2H;0 and
0.225 g of NaCl were added to the resultant dispersed solution and
kept on stirring for one hour. The pH value of the resultant sus-
pension was adjusted to 2 using HCI solution. After this, the sus-
pension was transferred to 50 mL Teflon —lined stainless steel
autoclave and placed in a hot air oven at temperature 180° C for
24 h. Latterly, the autoclave was cooled naturally to the room

temperature, and the sample was collected through multiple
washing with deionized water and ethanol followed by drying at
70° C.

The as-synthesized WO3-RGO nanocomposite was further
functionalized with APTES for providing active amino groups
(-NHy) that can covalently bind to the antibodies. Electrophoretic
deposition technique (EPD) was used for deposition of APTES
functionalized WO3-RGO nanocomposite thin films on the pre-
hydrolyzed ITO electrode at optimized potential 45V for 90s. The
fabricated APTES/WO03-RGO nanocomposite/ITO electrodes were
washed with DI water and dried at room temperature.

2.2. Fabrication of the immuno-electrode

Subsequently, the cTnl antibodies were covalently attached to
the APTES/WO3-RGO nanocomposite/ITO electrode using EDC-NHS
chemistry. A fresh stock solution (50 pg/mL) of anti-cTnl was pre-
pared in phosphate buffer solution (PBS, pH = 7.4). Prior to immo-
bilization, the carboxyl groups present in antibodies were activated
by using EDC-NHS chemistry. EDC (0.2 M) worked as a coupling
agent and NHS (0.05M) as an activator. 15 pL of anti-cTnl was
mixed with 7.5 uL of 0.2 M EDC and 7.5 pL of 0.05 M NHS. Subse-
quently, this solution (30 pL) was uniformly spread onto APTES/
WOs3-RGO nanocomposite/ITO electrode by drop-casting. The
electrode was kept in a humid chamber at room temperature fol-
lowed by washing with PBS to remove any unbound antibody
molecules. Lastly, ethanolamine (EA) solution (0.1 mg/mL) was
used for blocking the non-specific active sites present on the
electrode. The fabricated EA/anti-cTnl/APTES/WO3-RGO nano-
composite/ITO immunoelectrode was washed with PBS solution
and stored at 4 °C when not in use.

2.3. Electrochemical measurement procedure

The electrochemical measurements such as electrochemical
impedance spectroscopy (EIS) and differential pulse voltammetry
(DPV) were performed using an electrochemical Autolab Poten-
tiostat (Netherlands) employing a three-electrode system that
consists of the fabricated immuno-electrode as the working elec-
trode, platinum (Pt) as the counter electrode and Ag/AgCl as the
reference electrode. The phosphate buffer saline (PBS, 50 mM, pH
7.4) containing 5 mM [Fe(CN)g]>/* as redox couple was used for all
the electrochemical measurements. The impedance spectrum was
measured in the frequency range of 10° to 10~ Hzat a biasing
potential of 10 mV. The Nyquist plot was studied in which X-axis
and Y-axis represent the real part, and the imaginary part of the
impedance and the curve consists of the semi-circle and the
straight line. The straight line at low frequency signifies the diffu-
sion process whereas the semicircle at high frequency signifies the
charge transfer resistance (Rcr). For the differential pulse voltam-
metry measurements, the response was measured at the scan rate
of 50 mV/s in the potential range of —0.8 to 0.8 V.

A step-wise fabrication process of EA/anti-cTnl/APTES/WOs3-
RGO nanocomposite/ITO immunoelectrode is shown in Scheme 1.

3. Results and discussion
3.1. Crystallographic and morphological studies

The crystallinity and phase purity analysis of RGO and RGO-WO3
nanocomposite was examined by powder X-ray diffractometer
(XRD) in the range of 5°—80°. The XRD spectrum of graphene oxide
(GO) shown in Fig. 1(a) exhibits a characteristic peak at 11.7° cor-
responding to (002) plane (dgg2 = 7.5 A), which shifts to 23.4° in the
XRD spectrum of RGO (dggz = 3.79 A) (Fig. 1(b)). The reduction in
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Scheme 1. Fabrication of anti-cTnI/APTES/WO3-RGO nanocomposite/ITO based immunosensor for cTnl detection.
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Fig. 1. XRD pattern of (a) GO (b) RGO and (c

the interplanar spacing of RGO as compared to GO is due to the
removal of the oxide groups that allow graphene sheets to be
tightly packed. The XRD pattern of synthesized RGO-WO3; nano-
composite (Fig. 1(c)) shows strong diffraction peaks at
20 =14.3°and 28.1° corresponding to (100) and (200) planes
respectively. The other peaks are seen at 34.2°, 37°, 44.8°, 49.6°,
52.2° and 59.01° are indexed to (111), (210), (002), (220), (310) and
(400) crystal lattice planes, respectively. All these planes are well
matched with a hexagonal WOs crystal structure (JCPDF 75-2187)
without the presence of any undesired phases. The intense high
peaks of the nanocomposite indicate good crystallinity of the
structure. Additionally, no peak emerges at around 26 = 23.4° in the
XRD spectrum of the nanocomposite, suggesting that the RGO

30 40 80

2 theta ( Degree)

) WO3-RGO nanocomposite composite.

sheets are homogeneously dispersed in the nanocomposite. The
average crystallite size of W03 nanorods in nanocomposite was
found to be 32 nm using Debye-Scherrer's equation.

The morphological and structural analysis of the synthesized
WOs3 NRs and RGO-WO3 nanocomposite have been studied using
field-emission scanning electron microscopy (FE-SEM) and Trans-
mission electron microscopy (TEM), respectively, shown in Fig. 2.
From Fig. 2 a, it can be seen that the proposed hydrothermal syn-
thesis route has obtained a uniform 1-D nanostructure of WO3 NRs
with a smooth surface and exist in the form of bundles with an
average diameter as 54 nm. The average size of the nanorods as
estimated by FESEM is in close agreement with the TEM image of
the WOs3 NRs (Inset, Fig. 2(a)). However, in the in-situ grown RGO-
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Fig. 2. (a) FESEM image of WO3 NRs, inset TEM image of WO3 NRs and (b) FESEM image of W0O3-RGO nanocomposite composite.

WO3 nanocomposite, the RGO affects the width and uniformity of
the 1-D structure as can be observed by comparing Fig. 2(a) and b.
Instead of bundles, monodispersed WO3 NRs was observed in this
case. Also, the WO3 NRs are visible on the surface of the graphene
sheets while some of these are found to be trapped between the
RGO sheets.

3.2. Spectroscopic studies

The grafting of the WO3-RGO nanocomposite surface through
the APTES and antibody immobilization was investigated by
studying FT-IR spectrum of the WO3—RGO nanocomposite, APTES/
WO3-RGO nanocomposite, and anti-cTnl/APTES/WO3-RGO nano-
composite [Fig. 3(a)]. The FT-IR spectrum of WOs3-RGO nano-
composite (curve (i)) exhibits the two distinctive peaks at
1205 cm~! and at 1724 cm™! which can ascribe to C—OH stretching
vibrations of a hydroxyl group and C=0 stretching vibration of
carboxylic/carbonyl groups respectively present in RGO. The peaks
observed at 962 cm~! and 1610 cm ™! represents the C—H stretching
vibrations and aromatic C=C stretching vibrations, whereas the
characteristic peaks of WO3; seen at 1410cm~! and 766 cm™!
correspond to W—0 and W—O—W stretching vibration of the

bridging Oy [18]. The peaks at 3440 cm~! and 1623 cm™~! in curve
(ii) can be ascribed to asymmetric (N—H) stretching and bending of
the NH; present in the APTES revealing that APTES has been suc-
cessfully grafted on the WO3-RGO nanocomposite surface [19]. The
1408 cm™! peak corresponds to bending vibrations (Si—CH,) pre-
sent in APTES. The intensities of IR peaks are found to be sup-
pressed after immobilization of antibody onto the APTES/WO3-RGO
nanocomposite/ITO (curve (iii)). The appearance of the additional
band at 3462 cm ™, 1636 cm ™! and 705 cm ™! indicate the presence
of N—H stretching of the amide A, amide I and amide IV, respec-
tively, confirming the successful binding of antibody onto APTES/
WO3-RGO nanocomposite/ITO electrode [20].

The Raman spectroscopy has also investigated the interaction
between WO3 NRs and RGO sheets. Fig. 3 (b) represents the Raman
spectra of RGO, WO3 NRs and W0O3-RGO nanocomposite obtained in
the range of 200cm™~' to 3000 cm™. The Raman spectra of RGO
(curve (i)) indicates well-defined peaks at 1349cm~! and at
1598 cm~! respectively that can be attributed to the presence of
characteristic D-band and G-band in RGO. The intense peaks
centered at 813 cm ™, 760 cm~! and 933 cm ™! (curve (ii)) indicate
stretching vibrations of W— 0, W—0—W, and W=O0 respectively.
Whereas, peaks observed at 242cm~! and 329cm™! can be
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Fig. 3. (a) FT-IR spectra of (i) WO3-RGO nanocomposite, (ii) APTES/WO03-RGO nanocomposite and (iii) anti-cTnl/APTES/WO03-RGO nanocomposite and (b) Raman spectra of (i) RGO,

(ii) WO3 NRs and (iii) WO3-RGO nanocomposite.
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assigned to the bending vibration of 0—W—0 [21]. It is noteworthy
that the peaks observed in WO3 NRs are shifted and broaden in case
of WO3-RGO nanocomposite composites (curve (iii)) along with the
presence of D and G band. The observed change can be attributed to
the formation of C—O—W bonds during the hydrothermal treat-
ment, which further confirms the decoration of WO3 NRs on the
RGO sheets surface.

3.3. Contact angle measurement studies

The investigation of the hydrophilic and hydrophobic character
of the WO3-RGO nanocomposite/ITO electrode has been done using
contact angle measurement. The static sessile drop method has
been employed to determine the contact angle of the electrode at
different stages of surface modification. For the study of drop im-
age, an image analysis system is used to calculate the contact angle
(0) value from the shape of the drop. The initial contact angle value
of the hydrolyzed ITO glass electrode (66.54°) [Fig. 4(a)] is found to
decrease to 31.50° [Fig. 4(b)] on the deposition of WO3-RGO
nanocomposite film due to the presence of oxygenated hydrophilic
groups like —OH and — COOH in the WO3-RGO nanocomposite
matrix. However, after functionalization with APTES, the contact
angle is found to increase to ~37° [Fig. 4(c)]. This increase of contact
angle value indicates the presence of hydrophobic alkyl chains in
APTES molecules which imparts a more hydrophobic character to
the surface of the matrix. Finally, after covalent immobilization of
antibody molecules on the functionalized surface, the contact angle
value decreased to 6.03° [Fig. 4(d)] showing the hydrophilicity
nature of the antibody molecules. Thus, the successful immobili-
zation of antibody over the functionalized matrix APTES/W03-RGO
nanocomposite was accomplished.

3.4. Electrochemical characterization

The electrochemical properties of WO3NRs and in-situ grown
WO3-RGO nanocomposite have been investigated by electro-
chemical impedance spectroscopy (EIS) studies conducted in the
frequency range of 10° to 10~' Hz at a biasing potential of 10 mV.

0= 66.54° | (a)

The electrochemical system has modeled with an equivalent circuit
(Randles circuit) comprising of solution resistance (Rs), charge
transfer resistance (Rct), Warburg impedance (W) and double layer
capacitance (Cpp). The diameter of the semi-circle as shown in the
Nyquist plot (Fig. 5(a)) measures the magnitude of charge transfer
resistance Rer that depends on the dielectric characteristics at the
electrode/electrolyte interface [22]. All these studies have been
done using software Nova provided with the Autolab system. The
charge transfer resistance value measured for WO3-RGO nano-
composite (Rcr =887 Q) is small as compared to that of WO3 NRs
(Rer = 1350 Q). This decrease in resistance can be attributed to the
excellent electrical conductivity of the RGO in the nanocomposite
matrix that enhances the electron transfer kinetics at the electrode
and solution interface.

The heterogeneous electron transfer rate constant (ko) of the
WO3 NRs/ITO and WO’3-RGO nanocomposite has been calculated
using equation (1)

RT

ko= m AR S

(1)

where R represents as the gas constant, T as absolute temperature
(K), F as the Faraday constant, A as the specific electrode area (cm?),
S as the bulk concentration of redox probe (mol cm~3) and n as the
number of transferred electrons per molecule of the redox probe.
The K, value of the WO3-RGO nanocomposite has been estimated as
2.54 x 10~%cms~! which is better than that of the WOs3 NRs
(1.8 x 10~*cms™1). This indicated that the WO3-RGO nano-
composite exhibits faster charge transfer property as compared to
that of WO3 NRs and can give a superior analytical performance in
electrochemical biosensing device.

Further, the electrochemical impedance spectra (EIS) obtained
for different modified electrodes is shown in Fig. 5(b). The
maximum R¢r value is found for WO3 NRs as 1.35 KQ. However, the
significant reduction in the Rt value is observed in the case of the
WO3-RGO nanocomposite (887 Q). This can be ascribed to the
enhanced electrochemical conductivity of the RGO in the nano-
composite  matrix. After antibody immobilization, the

0,=31.50° (b)

0.26.03° (d)

Fig. 4. Contact angle measurement of (a) hydrolyzed ITO glass, (b) WO3-RGO nanocomposite/ITO, (c) APTES/WO3-RGO nanocomposite/ITO and (d) anti-cTnl/APTES/WO5-RGO

nanocomposite/ITO.
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Fig. 5. Electrochemical impedance spectroscopy (EIS) of (a) WO3 NRs/ITO and WO3-RGO nanocomposite/ITO electrodes (Inset: Randles circuit) and (b) EIS spectra of different

modified electrodes in PBS solution (50 mM, pH 7.4)containing 5 mM [Fe(CN)6]3'/4'

functionalized matrix (anti-cTnl/APTES/RGO-WO3NRs/ITO) exhibi-
ted a higher Rer (905 Q) as compared to WO3-RGO nanocomposite
which shows the insulating nature of the antibody molecules.
Lastly, after attachment of ethanolamine (EA) which covers most of
the non-specific active sites of the immunoelectrode surface, the
charge transfer process is again hindered, resulting in a higher Rct
(1.6 KQ) of the EA/anti-cTnl/APTES/WO03-RGO nanocomposite
electrode.

3.5. Electrochemical sensing studies

The variation in the response current of the immunoelectrode as
a function of cTnl concentration (0.01 ng/mL to 250 ng/mL) was
studied using differential pulse voltammetry (DPV) technique
(Fig. 6(a)). The response study was carried out in phosphate buffer
saline (PBS, 50 mM, pH 7.4) containing 5 mM [Fe(CN)g]>/*" as redox
coupling agent. For each measurement, 20 pL of diluted antigen was
added into the electrochemical cell with 10 min of incubation. The
response graph shows that the magnitude of the peak current de-
creases with the increase in cTnl concentration in the detection

(i) 0.01 ng/mL
0.20 - (a) (ii) 01 ng/mL
" (ii)1  ng/mL
@ (iv) 10 ng/mL
(v) 100 ng/mL
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range 0.01—250 ng/mL. This decrease in response current attribute
towards the formation of electrically insulating antigen-antibody
complexes produced from the specific interaction of cardiac
troponin I antigen and its antibody that might have blocked the
electron transfer via [Fe(CN)s]>/4" [23]. In Fig. 6(b), calibration plot
was obtained between response peak current and different cTnl
concentration. It was observed that the DPV peak current varies
linearly with a logarithmic cTnl concentration in the linearity range
of 0.01—250 ng/mL, obeying equation (2).

I = 0.1587 (mA)

—0.01456 (mA)*log [CTTII concentration (ng mL”)] (2)

The sensitivity of 58.24 pA/cm?per decade is estimated from the
slope of the calibration curve with regression coefficient as 0.989.
Further, this immunosensor can detect cTnl concentration as low as
0.01 ng/mL. A control experiment (inset, Fig. 6 (b)) was performed
in the presence of c¢Tnl concentrations (0.01—250 ng/mL), to check
for any non-specific adsorption of the antigen molecule to the
electrode surface in the absence of antibodies. However, no

(b)
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Fig. 6. (a) The differential pulse voltammetry (DPV) responses of the EA/anti-cTnI/APTES/WO3-RGO nanocomposite/ITO immunoelectrode obtained as a function of cTnl con-
centrations (0.01-250 ng/mL) and (b) Calibration plot between the DPV peak current and the logarithm of cTnl concentrations (0.01-250 ng/mL); inset: control study.
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remarkable change was observed in the current response revealing
that cTnl antigen specifically interacts with the EA/anti-cTnl/
APTES/WO03-RGO nanocomposite/ITO immunoelectrode.

The reproducibility of the EA/anti-cTnI/APTES/WOs3-RGO nano-
composite/ITO immunosensor was examined by measuring the
DPV current response in the presence of cTnl (0.01 ng/mL) on four
independently fabricated immunoelectrode prepared under iden-
tical conditions (Fig. 7(a)). The relative standard deviation (RSD)
was studied to evaluate the reproducibility of the electrodes. It was
found that the immunoelectrode shows good reproducibility for
four different electrodes with low value of RSD of 4.36% with an
average current of 200 pA. The low value of RSD obtained for each
electrode comes within the acceptable error range under the tested
conditions, suggesting a good reproducibility.

For a clinical purpose, a sensor must possess high specificity for
the target biomolecule compared to other interfering protein bio-
markers present in the blood serum. Hence, the specificity of the
fabricated immunosensor was evaluated using different interfer-
ents such as Carcinoembryonic antigen (CEA), Cytokeratin-19 an-
tigen (CYFRA), endotheline one protein (ET), C-reactive protein
(CRP) and Myoglobin (Mb) as shown in Fig. 7(b). The magnitude of
DPV current response for the EA/anti-cTnl/APTES/WO3-RGO
nanocomposite/ITO immunoelectrode (shown as blank in Fig. 7(b))
has been observed as 0.209 mA. After that, the current response of
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the immunoelectrode has been taken in the presence of above
interferents each of concentration 5 ng/mL with 10 min incubation.
Although we observed some signal variation, there was no prom-
inent alteration in the current response in the presence of each
interferent as compared to the blank electrode. However, on the
addition of cTnl protein, a remarkable reduction of current was
observed. This specificity of the immunoelectrode can be attributed
to the fact that all other protein biomarkers could not able to bind
with anti-cTnl antibody functionalized on the APTES/RGO-WOs3
nanocomposite surface.

Further, for clinical application, the developed immunosensor
was utilized to measure cTnl concentration in human serum ob-
tained from pathology laboratory (Dr. Lal path lab, Rohini, Delhi).
The DPV current response is recorded for four different real sam-
ples and those for standard samples of the same concentrations.
The results are shown in Fig. 7(c) reveals a low RSD value for the
current responses obtained for real and standard samples. This
indicates that the developed detection strategy might be prelimi-
narily applicable for the determination of cTnl in human serum for
routine clinical diagnosis.

The shelf life of the proposed immunosensor was also moni-
tored by measuring DPV current response in the presence of
0.01 ng/mL cTnl with a regular interval of 1 week. The immunoe-
lectrode retains its activity up to four weeks with the decrease in
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Fig. 7. (a) Electrochemical current response of different EA/anti-cTnl/APTES/WO03-RGO nanocomposite/ITO immunoelectrode fabricated under identical condition with cTnl
(0.01 ng/mL), (b) Electrochemical current response of the immunoelectrode in the presence of different interferent (c) Real sample analysis study and (d) Shelf life studies of EA/

anti-cTnl/APTES/W03-RGO nanocomposite/ITO immunoelectrode.
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Table 1

Comparative analysis of fabricated immunosensor for the detection of cardiac biomarker troponin I along with those reported in the literature.
Sensing platform Detection technique Detection range Sensitivity (S) Detection limit Stability Reference
Conducting paper v 1-100 ng/mL 5.5uA/ngmL'cm 2 - - [24]
Porous GO/GCE EIS 0.1-10 ng/mL - 0.07 ng/mL - [25]
Pt/Graphene sheet/GCE EIS 0.01-10 ng/mL 80 Q cm? per decade 4.2 pg/mL [26]
Au/GO/GCE Amperometric 0.05—-3.0 ng/mL - - 0.05 ng/mL 30 days [27]
APTES/WO03-RGO nanocomposite DPV 0.01-250 ng/mL 58.24pA/cm’per decade 0.01 ng/mL 30 days Present work

current as 8% when stored in refrigerated conditions at 4°C, References

implying that cTnl antibody has been immobilized on APTES/WOs3-
RGO nanocomposite/ITO matrix with its bioactivity well preserved.
A comparative analysis of presently fabricated immunoelectrode
with previously reported electrode materials has shown in Table 1.
The proposed WO3-RGO nanocomposite based immunosensor ex-
hibits improved linearity and sensitivity as compared to these
methods.

4. Conclusions

In summary, a hydrothermally synthesized tungsten trioxide-
reduced graphene oxide (WO3-RGO) nanocomposite based elec-
trochemical immunosensor was fabricated for the cardiac
biomarker detection. A thin film of APTES/WO03-RGO nano-
composite/ITO was obtained using electrophoretic deposition
technique, followed by covalent immobilization of antibody of cTnl
for the label-free electrochemical detection of cTnl using DPV
technique. The heterogeneous electron transfer kinetics of WO3-
RGO nanocomposite found to be superior as compared to that of
bare WOs resulting in the high performance of the immunosensor.
The electrochemical measurements showed that the proposed
immunosensor exhibit a good sensitivity of 58.24 pA/cm? per
decade in a wide detection range of 0.01—250 ng/mL. This superior
performance can be attributed to: (i) strong covalent coupling of
antibody molecules to W0O3-RGO nanocomposite matrix through
APTES which leads to the high stability of the device, (ii) large
oxygen moieties present in W03 leading to increased antibody
loading capacity resulting in wider detection range and lastly, (iii)
strong synergistic effect between WO3-RGO nanocomposite that
has enhanced the electron transfer kinetics. The study of real
sample analysis has also revealed an excellent correlation between
the current response of standard and real samples of cardiac
troponin I (cTnl). Thus all these features is responsible for high
sensing performance of the proposed electrochemical
immunosensor.
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We report the development of a sensitive and a label-free electrochemical immunosensing platform for the
detection of cardiac biomarker troponin | (cTnl) using tungsten trioxide nanorods (WO NRs). The low-

temperature hydrothermal technique was employed for the controlled synthesis of WO; NRs. Thin films of
3-aminopropyltriethoxy saline (APTES)-functionalized WO; NRs were deposited on indium tin oxide (ITO)-coated
glass substrate (0.5 cm x 1 cm) using electrophoretic deposition technique. The covalent immobilization of cTnl
antibody onto functionalized WO3 NRs electrode was accomplished using EDC-NHS [1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimide hydrochloride and N-hydroxysulfosuccinimide] chemistry. The structural and

morphological characterizations of WO; NRs and functionalized WO; NRs were studied using X-ray diffraction,

field emission scanning electron microscopy, transmission electron microscopy, Fourier transform infrared
spectroscopy, and electrochemical techniques. The impedimetric response study of the proposed immunosensor
demonstrates high sensitivity [6.81 KQ mL-cm?)] in a linear detection range of 0.01-10 ng/mL. The excellent
selectivity, good reproducibility, and long-term stability of the proposed immunosensing platform indicate WO3

NRs as a suitable platform for the development of a point-of-care biosensing device for cardiac detection.

In recent times, nanotechnology-based research has uncovered
a multitude of novel materials suitable for the designing of
biosensors. Among the numerous nanomaterials, metal oxide—
based nanomaterials have been considered significant due to
their great efficacy, nontoxicity, functional biocompatibility,
and catalytic behavior [1, 2]. And among different morphol-
ogies, one-dimensional (1D) materials such as nanowires,
nanorods, and nanofibers possess distinct features, such as
enhanced electronic properties, unique catalytic activities, and
high surface area. Such excellent properties of 1D material
make it a promising platform for the development of bio-
sensors by providing high signal-to-noise ratio, higher sensi-
tivity, large surface area, and shorter response time [3, 4, 5, 6].
Recently, Augustine et al. have developed the 1D metal oxide-
based platform for cancer detection [7]. Zhao et al. had
developed ZnO nanowire-based electrochemical biosensor for

© Materials Research Society 2019

L-lactic acid amperometric detection [8]. All these results
indicate that 1D metal oxide-based materials can be ideal
candidates for the development of sensitive biosensors.

The nanostructured tungsten trioxide (n\WO3) is an n-type
semiconductor and has gained increasing attentions due to its
potential in various fields such as electrochromic devices,
photo-oxidation, solar cell devices, and sensors [9, 10, 11, 12].
It belongs to the family of transition metal oxide with
electronic conformations of d° and d'°, which exhibits stimu-
lating characteristics and steadiness important for the sensing
uses. High electroactive surface area, fast electron transfer
kinetics, and enhanced electrochemical properties are some of
the important characteristics of nWO; that makes it an ideal
candidate as a sensing electrode [13, 14, 15]. Owing to these
exclusive electrochemical properties, nWO; can be consid-
ered as an ideal platform for sensing applications. Zhou

et al. demonstrated the use of Na-doped tungsten trioxide
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nanorods (WO; NRs) as a sensing platform for the detection of
BPA [16]. Santos et al. fabricated nitrite biosensor based on
WO; nanoparticles [14]. Indeed, the versatile properties of
nWOs, such as high sensitivity, biocompatibility, and reversible
kinetics, make nWO; as a promising platform for the con-
struction of biosensing electrodes. WO; nanostructures, such as
nanorods, nanofibers, and nanobelts, have shown remarkable
performance by providing high electrical and thermal electron
transport kinetics due to the quantum confinement along with
flexibility that can enable the physical manipulation of its
structure. Also, electrical conductivity of these highly confined
structures becomes very sensitive to the presence of ions and
other carriers [17]. In this work, we report the synthesis of
hexagonal phase WO; NRs using a facile hydrothermal
method. And as-synthesized WO; NRs were used as an
immobilized matrix for the fabrication of biosensing platform.
Acute myocardial infarction (AMI) is one of the severe
cardiac vascular diseases. Bad cholesterol, saturated fats, trans-
fat, and high blood pressure are few of the leading causes of the
AMLI. Different conventional methods have been in use for the
detection of AMI, including enzyme-linked immunosorbent
assay (ELISA), radioimmunoassay, and fluoroimmunoassay.
However, these methods are complex, expensive, and time-
consuming and need experts for the analysis. The biosensor in
this regard can be seen as an alternative technique for the
detection of AMI diseases as it offers simplicity in processing,
low cost, high sensitivity, small sample volume, and portability
[18]. It confers the exquisite specificity and sensitiveness of
biomolecules in conjunction with a physicochemical trans-
ducer, which carries out the biointeraction measurements with
real-time, ease, and simple-to-use formats. Among the various
studied biosensors, such as optical, electrical, and electro-
chemical, the electrochemical immunosensors are gaining
significant attention as a label-free, fast, portable, and reliable
analytical tool for clinical diagnostics and environmental
monitoring and in health care [19, 20, 21]. The electrochemical
immunosensors are based on specific antigen-antibody in-
teraction and considered as a most sensitive detection tool in
diagnosis because of its fast driven analysis, simplicity in its
functioning, precise measurement, and ease of fabrication. For
successful development of an electrochemical immunosensor,
the immobilization of biomolecules and amplification of re-
sponse signal are the primary requisite [22]. Nanostructured
metal oxides in this context have been preferred as an
immobilized matrix due to their strong adherence behavior,
chemical stability, and high catalytic activity [1, 2, 22].
Cardiac biomarkers are known to play a significant role in
the development of biosensors as point-of-care (POC) devices
[23]. They are used in the diagnosis of AMI by detecting the
myocardial damage in the cells. These cardiac biomarkers are

helpful in the diagnosis of the patient with ischemic chest pain

© Materials Research Society 2019

not only with diagnostic ECG but also with non-diagnostic
ECG. Among different cardiac biomarkers studied, myoglobin
(Mb), creatine kinase-MB (CK-MB) isoenzyme, and cardiac
troponin I (cTnl) have been found to be specific biomarkers
present only in cardiac muscles. However, cardiospecificity of
cTnl and long persistence of it in the blood circulation make it
a principal biochemical marker of the cardiac injury [24, 25].
cTnl is a protein with a molecular weight of 29 kDa and is one
of the subunits of troponin complex present in cardiac muscles.
It gets released into the blood serum within 3-5 h after the
onset of cardiac injury, crossing the normal limit value of the
healthy humans (<0.5 ng/mL) and remains elevated for
6-10 days. The concentration of ¢Tnl in patients ranging from
0.6 to 1 ng/mL indicates minor damage to the cells, whereas
more than 1 ng/mL remarks the risk for future heart injuries.
Thus, monitoring the concentration of ¢Tnl in serum at an early
stage will be clinically significant as the diagnostic tool [26].

Here, we demonstrate the application of WO; NR-based
immunosensing platform for the label-free electrochemical
detection of cardiac biomarker. The structural and electro-
chemical characteristics of the fabricated platform have been
characterized using various spectroscopic techniques. Through
this work, the author has strived to present the suitability and
applications of nWOj in the field of biosensing.

Microscopic and structural studies

The crystallinity of the hydrothermally synthesized WO3;NRs
was studied using X-ray diffraction (XRD) pattern, as shown in
Fig. 1. The high-intense diffraction peaks observed at two-theta
value 23.1°, 28.22°, 36.75° 49.8°, and 56.2° correspond to (002),
(200), (202), (220), and (204) crystal planes of WO; of

200 WO, nanorods
JCPDS: 85-2459

202 204

Intensity (a.u.)

20 (Degree)

Figure 1: XRD pattern of hydrothermally synthesized nWOs.
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hexagonal phase, respectively. The other major diffraction peaks
observed at 14.01°, 24.3°, 27.2°, 33.8°, 47.4°, 58.12°, 61.98° and
63.45° correspond to (100), (110), (102), (112), (004), (400),
(214), and (402) crystal planes, respectively, indicating the
formation of pure hexagonal WO; phase (JCPDS 85-2459).
The average crystallite size of WO; NRs was calculated using the
Debye-Scherrer’s equation given as follows:

d=0.891/BcosO (1)

where X (1.540 A) corresponds to X-ray wavelength and B and
0 represent full width at half maximum and Bragg’s angle,
respectively. The calculated crystallite size of WO3; NRs was
found to be 68 nm.

Figure 2 represents the micrographs depicting the mor-
phological structure of the synthesized WO; sample, as
examined under a field emission scanning electron microscope
(FESEM) and transmission electron microscope (TEM).
FESEM micrograph observed at low magnification [Fig. 2(a)]
revealed that the synthesized sample has a morphological
structure of nanorods grown in large scale, and at high
magnification [Fig. 2(b)], we observed existence of nanorods
bundles with inhomogeneous distribution. The estimated di-
ameter of these nanorods was found as 50 * 30 nm. The
selected area electron diffraction [Fig. 2(c)] pattern showed that
the synthesized WO; NRs were single crystalline and grown
along [002], [112], and [204] directions. These results were in
good agreement with the XRD studies. The TEM image [inset,
Fig. 2(c)] also revealed the existence of bundles of rods with
variable length ranging from hundreds of nanometers to few

micrometers and that of diameter in the range of 50-100 nm.

Spectroscopic analysis

Fourier transform infrared (FT-IR) spectroscopic study was

performed to investigate the presence of chemical bonds at the

different stages of functionalization and immobilization pro-
cess. Figure 3 represents the FT-IR spectra of the (i)
3-aminopropyltriethoxy saline (APTES)/WO; NRs/ITO (indium
tin oxide), (ii) cardiac troponin I antibody (anti-cTnI)/APTES/
WO; NRs/ITO, and (iii) ethanolamine (EA)/anti-cTnl/APTES/
WO; NRs/ITO. The APTES/WO; NRs/ITO electrode exhibited
characteristic bands of WO; at 1408 cm™' and 823 cm™},
which correspond to v(W-0) and v (W-Ojyer~W) stretching
vibration of the oxygen, respectively [27, 28]. The bands
observed at 1623 and 3437 cm ™' indicate the presence of free
-NH, groups in APTES molecule [29, 30]. Also, the additional
band seen at 2942 cm™ ' and 1109 cm ™" can be assigned to C-H
bonds of aldehydes groups present on the APTES molecule
surface and stretching mode of Si-O-Si, respectively [31]. After
covalent immobilization of anti-cTnl, the bands observed at
1249 and 1384 cm™ " indicate the formation of an amide bond
(C-N) between amino groups of APTES and ~-COOH groups
of anti-cTnl. Furthermore, the bands observed at 1567 and
1643 cm ™' can assign to N-H bending of amide II and amide I
of carbonyl stretching mode [32]. Also, few of the bands were
found to be shifted on antibody immobilization. All these
results indicate successful immobilization of antibody bio-
molecule on the functionalized matrix. Furthermore, with the
incorporation of EA on the immobilized matrix, we observed
no changes in the band’s position, rather the intensity of the

bands get reduced due to the insulating nature of EA.

Electrochemical characterizations

The electrochemical characteristics of the fabricated sensing
platform were investigated using cyclic voltammetry (CV) and
electrochemical impedance spectroscopic (EIS) techniques. CV
has been widely studied in determining the qualitative in-
formation of electrochemical kinetics of the fabricated elec-
trode. The cyclic voltammograms of (i) APTES/WO;NRs/ITO,

. (204)
. (112)
» (002)

Figure 2: FESEM micrograph of WO; NRs (a) at low magnification and (b) at high magnification, and (c) selected area electron diffraction image of WO3 NRs. Inset:

TEM image of WO3 NRs.
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(ii) anti-cTnI/APTES/WO;NRs/ITO, and (iii) EA/anti-cTnl/
APTES/WO;3NRS/ITO, as shown in Fig. 4(a), were obtained at
the scan rate of 50 mV/s in a phosphate buffered saline (PBS,
pH 7.4) coupled with five millimolar [Fe(CN)g]>~"*". The
magnitude of the oxidation peak current to the reduction

EA/anti-cTnl/APTES/WO,/ITO

1050
1 1 1 L 1 1 L

anti-cTnl/APTES/WO,/ITO

Transmittance %

L 1 1
APTES / WO4/ITO

1029
(a) 823
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber{cm'1]

Figure 3: FT-IR spectra of (a) APTES/WO3 NRs/ITO electrode, (b) anti-cTnl/
APTES/WO; NRs/ITO immunoelectrode, and (c) EA/anti-cTnl/APTES/WOs NRs/
ITO immunoelectrode.

0.0004

(a)

0.0003 |- () APTESIWO3ITO

(b) anti-cTnI/APTES/WO3/ITO
(c) EA/anti-cTnl/APTES/WO4TO

(b)
0.0002

Current (A)
e o
=] =
g 2
T

<0.0001

-0.0002

-0.0003 |-

0.0004 1 1 1 1 1 1 1 I 1
-0 08 06 04 02 00 02 04 06 08 1.0

Potential (V)

(a)

peak current (i,/i. = 1.05) for APTES/WO;NRs/ITO elec-
trode showed the reversible process of the redox couple
[Fe (CN) ¢]*>/*". Furthermore, the anodic peak current for
anti-cTnl/APTES/WO;3;NRs/ITO immunoelectrode (0.303 mA)
was found to be lower than that for APTES/WQO; NRs/ITO
electrode (0.347 mA), indicating decreased in electron transfer at
the electrode interface due to the insulating nature of the
immobilized antibodies of c¢Tnl. The incorporation of EA on
immunoelectrode further decreases the magnitude of the current
value to 0.230 mA. This was due to the nonspecific adsorption of
EA that blocked the non-specific active sites present on the
antibody immobilized surface of the immunoelectrode. All these
results indicate the successful fabrication of immunosensing
platform.

Furthermore, the EIS study was also carried out to study
the interfacial properties between the fabricated electrode
surface and the electrolyte in the frequency range of 0.01-
10°> Hz. The experimental data of EIS were modeled using an
equivalent circuit known as Randles circuit. The circuit con-
sisted of Warburg impedance (Zy), double-layer capacitance
(Cq), solution resistance (Rg), and the electron transfer re-
sistance (Rcr). Figure 4(b) represents the EIS spectra (Nyquist
plot) of the (i) APTES/WO;NRs/ITO, (ii) anti-cTnl/APTES/
WO;NRs/ITO, and (iii) EA/anti-cTnl/APTES/WO3; NRs/ITO
immunoelectrode that was obtained on an Autolab potentio-
stat/galvanostat system. From the EIS spectra, the Rcr value of
APTES/WO; NRs/ITO electrode was found to be 2.15 KQ,
which increased to 2.34 KQ after antibody immobilization.
This increased impedance revealed the insulating nature of the
antibody. Furthermore, with the incorporation of EA molecules
that covered the nonspecific sites of the immunoelectrode, the
charge transfer phenomenon again gets hindered, resulting in

4500 |-
ry
4000 |- (a) R, APTES/WO,/ITO= 2.15KQ L
3500 L (B) Rey anti-cTnAPTESIWO,/ITO= 2.34K0
(c) R, EAlanti-cTnI/APTESWO4/ITO= 4.47TKQ
L ]
3000 |- i .3
_. 2500 | n *
(o] - L A
= [ ]
N 2000 A
o 4
A
1500 | “““‘J‘l‘“
Y
1000 |- A (b) @ ()
seve®
s00 | S (2)
0L | | | 1 1 1 1 1

0 1000 2000 3000 4000 5000 6000 7000 8000

(b) (%)

Figure 4: (a) Cyclic voltammogram (CV) of the different modified electrodes in PBS (pH = 7.4) at the scan rate of 50 mV/s. (b) The EIS spectra of the modified

electrodes in the frequency range 0.01-10° Hz.
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increase in Rcr value to 4.47 KQ. Moreover, these electrodes
were also characterized by evaluating heterogeneous electron
transfer constant (Ko) using Eq. (2):

B RT
T 2F?ARcC

Ko (2)
where T represents temperature, R is the gas constant, n is the
total number of electrons transferring constant, F is the
Faraday’s constant, C is the bulk concentration of the redox
couple, and A is the effective area of the electrode. The value of
Ko estimated for APTES/WO;NRs/ITO electrode (9.91 x
10~° cm/s) was found to be high compared with that of EA/
anti-cTnl/APTES/WO;NRs/ITO immunoelectrode (4.47 X
10~° cm/s), thus demonstrating faster electron transfer kinetics
at the interface of the electrode. The cyclic voltammogram
response of EA/anti-cTnl/APTES/WO; NRs/ITO immunoelec-
trode was also studied as a function of scan rate (40-160 mV/s),
as shown in Fig. 5(a). The magnitude of both anodic peak
current (I,,) and cathodic peak current (I,.) of the response
exhibited a linear relationship with the square root of scan rate
[Fig. 5(b)], revealing a diffusion-controlled process of the

electrochemical reaction [Egs. (3) and (4)].

I, = 0.022 mA
+ {0.0287 mA(s/mV) x (scan rate [mV/s])"/? R* = 0.0990] ,
3)

Ipe = —0.0528 mA
+ [—0‘0225 mA(s/mV) x (scan rate [mV/s])!/? R* = 0.0989}
(4)

Also, it was observed that with an increase in scan rate, there
was a positive shift in the oxidation peak potential (V) and
negative shift in the reduction peak potential (V),), and
linearity was seen between redox peak potential shifts (AE =
Vpa — Vpo) and the square root of the scan rate for the EA/anti-
cTnl/APTES/WO;3; NRs/ITO

immunoelectrode, satisfying

Eq. (5). From Fig. 5(c), we observe an appreciable linear fitting,
suggesting a facile electron transport from electrolyte to the
electrode surface.

AE(V)=0.422 V+ (0.025 V(s/mV) x (scan rate [mV/s])l/z} ,
R*=0.997
()

Electrochemical response investigations

The investigation of the electrochemical response studies of the
fabricated immunoelectrode as a function of ¢Tnl concentra-
tion (0.01-10 ng/mL) was performed using the EIS technique.
Figure 6(a) represents the Nyquist plot of EIS performed in
a PBS solution [pH = 7.4, containing [Fe(CN)s]> /4] (inset:
Randles circuit). The transportation of electrochemically pro-
duced charge at the interface of electrode and electrolyte has
been modeled by measuring the change in resistance. The
charge transfer resistance (Rcr), which corresponds to the
diameter of the semicircle of the Nyquist plot, has been
measured using NOVA software. The Ry value of the EA/
anti-cTnl/APTES/WO3; NRs/ITO

creased with the increase in c¢Tnl concentration. This

immunoelectrode in-

increase in impedance revealed the formation of insulating
antigen-antibody complex produced due to the specific key-
lock interaction of the anti-cTnl and cTnl, which might
have hindered the electron motion. The obtained calibration
plot between Rt value and the ¢Tnl concentration is shown
in Fig. 6(b). The value of Rcr varies linearly with the ¢Tnl
concentration up to 1 ng/mL and obeys Eq. (6).

Rer = 2.12 (KQ) + 1.723 (KQ - mL/(ng - cm?)
X [concentration (ng/mL)] (6)

with regression coefficient (R*) = 0.995.
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Figure 5: (a) CV response of EA/anti-cTnl/APTES/n-WO5/ITO immunoelectrode as a function of scan rate (40-160 mV/s). (b) Variation of anodic peak current (/,,) and
cathodic peak current (/) with respect to square root of the scan rate. (c) Variation of redox peak potential difference with respect to square root of scan rate.
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We observed that APTES/WO3; NRs/ITO-based immunoe-
lectrode exhibits good sensitivity as 6.81 [KQ-ml/(ng-cmZ)] in
a linear detection range of 0.01-1 ng/mL. This high sensitivity
exhibited by the immunoelectrode can be attributed to the
presence of WO; NRs in the matrix that perhaps provided the
enhanced charge conduction channel for the electron transfer
kinetics. Moreover, a controlled study was conducted to investigate
the electrochemical impedance response of APTES/WO; NRs/
ITO immunoelectrode toward the c¢Tnl antigen without using
anti-cTnl [Fig. 6(b), inset]. It was found that there was no
significant change in the magnitude of Rcr value in response to
the different concentration of cTnl antigen. Hence, we can
conclude that the fabricated immunosensor response was due to
immunoreactions between cTnl antigen and anti-cTnI only.

The reproducibility of the EA/anti-cTnl/APTES/WO3 NRs/
ITO-based immunoelectrode was investigated by measuring
the charge transfer resistance (Rcr) on four different fabricated

immunoelectrodes prepared under ideal conditions in the

—— "
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presence of 0.5 ng/mL c¢Tnl. However, no noticeable change
in the Rcr value was observed, as seen in Fig. 7(a). The
reproducibility of the immunoelectrode was estimated by
evaluating relative standard deviation (RSD %). The calculated
mean value of Ror for these four electrodes (2.19 KQ) with
RSD of 4.14% was found to be within an acceptable error range,
suggesting an excellent reproducibility of the immunoelectrode.

The selectivity study of the fabricated immunoelectrode
was investigated in the presence of other interfering bio-
markers, such as C-reactive protein, Mb, cytokeratin-19 anti-
gen, and carcinoembryonic antigen, using EIS measurements.
Figure 7(b) shows the interference study of the immunoelec-
trode, where no significant change in the Rcr value was
observed among different interferents (concentration of each
biomarker as 10 ng/mL) concerning blank immunoelectrode.
However, after addition of cTnl antigen, there was a remarkable
change in the Rcr value, which signifies the high specificity of
the fabricated immunoelectrode for the ¢Tnl biomarker.

4.0
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3.8 - Sensitivity= 6.88 K /(ng/mL)/cm’
36 L Regression coefficient = 0.995
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Figure 6: (a) EIS response study of the immunoelectrode as a function of cTnl antigen concentration (0.01-10 ng/mL); inset shows Randles equivalent circuit.
(b) A calibration plot obtained between Rcr and cTnl antigen concentration; inset shows sensing along with control study.
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Figure 7: (a) Reproducibility study of the immunoelectrodes fabricated under identical conditions with cTnl (0.5 ng/mL). (b) Interference study of the
immunoelectrode in the presence of different interferents. (c) Shelf life study of the EA/anti-cTnl/APTES/nWOs/ITO immunoelectrode.
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Furthermore, the shelf life study of the fabricated immu-
noelectrode was conducted by measuring Rcr value in the
presence of 0.5 ng/mL cTnl antigen at the regular interval of
7 days [Fig. 7(c)]. The increase in Rcr value was found to be
7.3% up to 5 weeks after which the Ry increased to more than
20% at the end of 6 weeks. Thus, the fabricated immunoelec-
trode retained its biological activity up to 5 weeks. Hence, all
these results indicated that the EIS technique for detection of
biomarkers proved to be an efficient, simple, and fast response
technique. In Table I, the sensing characteristics of the
fabricated immunosensor are compared with those of other

reported in the literature.

We have developed an efficient and a label-free electrochemical
sensing platform for detection of cardiac biomarker using
nWO; NRs as an immobilized matrix. The APTES-
functionalized WO; NRs were deposited on ITO electrode
using electrophoretic deposition (EPD) technique, and sub-
sequently, the functionalized WO; NRs were used as an
immobilized matrix for the covalent binding of anti-cTnl
biomolecules. The variation in impedance signal of the fabricated
immunosensor was observed on formation of immunocomplex
between anti-cTnl and cTnl antigen. The experimental
results of the impedimetric studies reveal high sensitivity
[6.81 KQ-ml/(ngcmz)] and good reproducibility with long-
term stability (5 weeks). The better performance of the
proposed immunosensor can be attributed to the enhanced
electrochemical and high electrocatalytic activity of WOj;
NRs, which provide high aspect ratio for increased antibody
loading onto WO; NRs matrix. Hence, these results direct us
toward the realization of integrated and portable POC di-

agnostic tool based on WO; NRs matrix.

Materials and reagents

Sodium tungstate (Na,WO,-2H,0), NaCl, and HCI were used as
reagents for the synthesis of WO3; NRs. APTES, water-soluble
EDC [1-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hy-
drochloride], EA, and N-hydroxysulfosuccinimide (NHS) were

used for the functionalization and immobilization process and

were procured from Sigma-Aldrich and Fisher Scientific.
Potassium ferricyanide K;[Fe(CN)¢] and potassium ferrocya-
nide K [Fe(CN)s]-3H,O were also procured from Fisher
Scientific. ¢Tnl antigen and anti-cTnl were obtained from
Ray Biotech, Inc. (India). PBS (pH 7.4) solution was used for
the dilution of biomolecules and washing, and it was prepared
using sodium monophosphate (NaH,PO,, 0.02 mol/L) and
sodium diphosphate dihydrate (Na,HPO,-2H,0, 0.02 mol/L),
which were procured from Fisher Scientific. All the reagents
and chemicals were used without any further purification. The
Milli-Q water having a resistivity of 18.3 MQ was used for the

preparation of all buffers and solutions.

Instrumentation

The crystallography of the as-synthesized material was studied
using powder XRD analyzer obtained on a Bruker D-8
Advances equipped with Cu K, radiation wavelength, A =
0.154 nm. The morphological and structural studies were
investigated using FESEM (TESCAN), TEM (JEOL), and FT-
IR spectrometer (PerkinElmer). The CV and EIS studies were
carried out at ambient temperature (24 °C) on an Autolab
Potentiostat (the Netherlands) using NOVA software. The
standard three-electrode cell configuration was used for con-
ducting the electrochemical measurements with the fabricated
electrode as the working electrode, platinum (Pt) wire as the
counter electrode, and silver/silver chloride (Ag/AgCl) elec-
trode as the reference electrode. PBS solution (50 mM, pH 7.4)
containing 5 mM of [Fe(CN)s> 747 as redox species was used

as an electrolyte.

Synthesis and functionalization of WO3; NRs
Synthesis of WOs NRs

nWO; was synthesized using a hydrothermal method. First,
0.5 M sodium tungstate (Na,WO,-2H,0) solution was pre-
pared in 30 mL of Milli-Q water and was stirred continuously.
The pH value of the resultant solution was reduced to “2” with
the addition of 6 M HCI dropwise. Further 1.2 g of NaCl was
added to the solution and stirred for two hours. After two
hours, the resultant solution was transferred to a 50-mL
Teflon-lined vessel and placed in a stainless steel autoclave.

This autoclave was then placed in an oven at 180 °C for about

TABLE I: Sensing characteristics of the WO3; NR-based platform compared with those reported in the literature.

Sensing platform Detection technique Label Detection range Sensitivity (5) Detection limit Stability Reference
Zn0 n.ps FET No 1 ng/mL-10 pg/mL 35.3 nA/(g/mL) 3.24 pg/mL [34]
Gold nanodumbbells EIS . 0.05-500 ng/mL e 8 pg/mL ... [35]
Carbon nanofibers EIS No 0.25-10 ng/mL 0.2 ng/mL [36]
ZrO; n.ps v No 0.1-100 ng/mL 3.9 pA-mL/(ng-cm?) 0.1 ng/mL .. [26]
WO5 NRs EIS No 0.01-10 ng/mL 6.81 [KQ-mL/(ng-cm?)] 0.01 ng/mL 5 weeks Present work
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10 h for hydrothermal reaction. After this reaction period, the
stainless steel autoclave was allowed to cool naturally to room
temperature, and the sample was collected after centrifuging it
4-5 times with Milli-Q water. The as-synthesized sample was

used for further characterization and functionalization process.

Functionalization and preparation of electrodes

The as-synthesized nanostructures were chemically modified to
activate functional groups on their surfaces for the immobili-
zation of the biomolecules. APTES is an amino-silane com-
pound that customarily provides active amino groups (-NH,)
that can covalently bond with carboxyl groups (-COOH) of the
antibody biomolecules [33]. APTES was thus used for the
functionalization process. In brief, 100 mg of WO; NRs was
dispersed in 30 mL of 2-propanol and sonicated to obtain
a well-dispersed suspension. Next, 250 puL of APTES (98%) was
added to the suspended solution and was stirred at 280 rpm for
40 h at room temperature (24 °C). The resultant functionalized
WO; NRs were filtered and washed thoroughly with Milli-Q
water to remove the unbound APTES. EPD technique was
employed for the deposition of functionalized WO; NRs
(APTES/WO3 NRs) onto ITO glass substrate. Before deposi-
tion, a highly dispersed colloidal suspension of functionalized

WO; NRs (1 mg/mL) was prepared in acetonitrile via

ultrasonication. An optimized DC potential (48 V) for 120 s
was considered for the deposition of the APTES/WO; NRs film
onto the hydrolyzed ITO electrode using a two-electrode
system, where a hydrolyzed ITO and platinum wire were taken
as an anode and a cathode, respectively. Finally, the as-
prepared electrode (APTES/WO;NRs/ITO) was washed with
Milli-Q water and kept in a covered Petri dish for further
modifications.

Fabrication of immunosensor

For immobilization of anti-cTnl, 20 pL of anti-cTnl solution
(see supplementary sheet) was uniformly spread on the surface
of the APTES/WO; NRs/ITO electrode by drop casting. The
prepared electrode was kept in a humid chamber at room
temperature for 6-7 h. The -NH, groups of APTES molecules
can be covalently bound with ~-COOH groups of anti-cTnI that
were activated using EDC and NHS chemistry, resulting in the
formation of a strong amide bond (OC-NH). Last, EA (0.01 M)
was used for blocking the all nonspecific active sites of the
fabricated electrode. The resulting EA/anti-cTnl/APTES/WO;
NRs/ITO immunosensor was kept at 5 °C when not in use. A
stepwise fabrication of immunosensor and immobilization of
antibodies on the surface of APTES/WQO3; NRs/ITO electrode is
shown in Scheme 1.
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Scheme 1: Schematic representation of fabrication of immunoelectrode for electrochemical biosensing.
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