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Abstract

Smart biosensors find potential applications in biomedical, environmental as well
as in food sectors. Unlike their conventional counterparts, smart biosensors possess
multifunctionality rendering them myriads of advantages. Barium titanate nanoparticle is
one such multifunctional material well known for its piezoelectric as well as dielectric
properties. It has been widely exploited as a dielectric ceramic material. The
semiconducting and piezoelectric properties of BT NPs are well reported by means of
piezoelectric nanogenerators for harvesting energy. Being lead free, this biocompatible
piezoelectric material seems to be more useful in biological applications unlike its
counterpart, PZT (Lead zirconatetitanate). Only recently, few studies have been reported
on BT NPs application in biology such as vectors, nanocarriers, imaging probes (second
harmonic generation; SHG) tissue engineering, implantable devices etc. These
interesting facts have prompted to investigate this material for biosensing applications.
No extensive research has been undertaken previously for discovering the biosensing
property of BT NPs. Hence, the present thesis work was framed with the focus on
unraveling the biosensing properties of BT NPs and its application in smart biosensing

systems.

With this in focus, the first study was to develop a self-powered glucose sensor,
where the non-enzymatic glucose sensing property of the BT NPs is reported. The main

focus in this chapter 11 is to investigate the semiconducting properties of the BT NPs in

XX



sensing glucose. BT NPs synthesized through solid state reaction were used for this
study. The change in resistance across the device with the introduction of different
glucose concentrations were analyzed through (current-volatge) I-V technique. The
interaction between lewis acid sites in BT NPs and lewis base in glucose leads to the
oxidation of glucose to gluconic acid, thus changing the resistance across the device due
to release of free electrons. Further, self-powered glucose sensor was realized by
external integration of the sensor to that of a piezoelectric nanogenerator. The potential
drop across the sensor with increase in glucose concentration was obtained as the self-
powered biosensing signal. This is the first report of BT NPs film based self-powered

glucose sensor.

This preliminary investigation of the BT NPs ability in biosensing further
prompted to study its stimuli responsive behavior. The ability of the BT NPs to respond
to different stimuli such as pH will be of immense help in developing smart,
multifunctional biosensors. Therefore, the NH; functionalizedBT NPs were employed in
detecting Cysteine molecules as discussed in chapter 1V. Direct detection of cysteine
could have considerable significance over the currently available approaches. In this
chapter, investigation on the self-powered cysteine sensor is demonstrated by externally
integrating a Ag/BT-NH,(Agarose/amine-functionalized BaTiO3z; NPs) film-based

cysteine sensor with a piezoelectric nanogenerator (BT/Ag PNG).

As the above two chapters were focused on external integration of the sensor and

piezoelectric nanogenerator, chapter V describes about the internal integration of the
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sensor and piezoelectric nanogenerator. Here, a stand-alone, fully integrated, one stop
device was used for detecting biomolecule (glucose). AI/BT/ITO piezoelectric
nanogenerator (Aluminum (Al)/Barium titanate (BT)/Indium Tin Oxide (ITO) was
fabricated as an active biosensor for detecting glucose molecules. The novelty in this
work lies in the fact that the active sensor has dual functions both as biosensor and
energy harvester. The sensor does not require an external power source for operation
rather functions as an active sensor. The piezoelectric output produced from this
nanogenerator serves as the energy source as well as the biosensing signal. The principle
behind this piezoelectric based sensing is that, the chemisorption of biomolecules on to
the BT film will change its free-carrier density and eventually influence the piezoelectric
output of the NG. This is first report as such on BT NPs based active sensor for

biomolecule detection.

Chapter VI deals with the investigation of BT NPs in proof of concept
theranostic application.Casein, a globular phosphoprotein, has been well utilized for
conventional drug delivery applications taking advantage of its self-assembled micellar
structure. Casein micelle (CAS)based solid-state device through metal-protein-metal
electrical junctions designed for elucidating protein-drug interaction as well as proof-of-
concept theranostics are the highlights of this chapter VI.This biocompatible electronic
platform has multifunctionality, transducing interactions between protein and
drug/analyte into electrical signals providing a sophisticated interface between
nanoelectronics and biological information processing systems. Agarose biopolymer

serves as the matrix for device fabrication in the present work because of its ability to
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form a three-dimensional network and being inert to biomolecules at the same time
serving as an alternate electrode material. The successful conjugation between CAS,
cysteamine (CYST; model drug), and amine functionalized Barium titanate
nanoparticles (BT NPs) confirmed through current-voltage (I-V) technique complies
well with the spectroscopic results. ConjugatespH-responsivebehavior and the
interaction between CAS and CYST (protein-drug) were confirmed through this
multifunctional biosensing platform. Moreover, CAS-CYST conjugate based solid-state
device demonstrated a good response to cysteine (CYS) analyte observed through 1-V
curves, led to the realization of proof-of-concept theranostics. Additionally,
investigationof thepiezoelectric response of the bioconjugates for prospects in the self-
poweredapplicationwas demonstrated using piezoelectric nanogenerator (PNG).All of
the above mentioned investigations presented in the thesis provide an unconventional
and facile alternative for diagnostic and therapeutic applications and their future

prospects are briefed in the final chapter VII.
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CHAPTER I

Introduction

1.1 Background

In the era of personalized medicine and sophisticated diagnostic procedures,
development of smart biosensing systems is much welcomed and more than just a
necessity. Smart biosensing systems are nothing but biosensors having more than one
function™ and they are mostly integrated systems. It is evident from the term smart that
it is different and advanced compared to its conventional counterparts. One such feature
of smart biosensing system is the self-powered?IE] concept where the sensor operates
without a battery. Piezoelectric nanogenerators (PNG) are well utilized for harvesting
energy and it can serve as the power source for these sensorsl¥l. Piezoelectric
nanogenerators (PNG) are among the older, more established energy harvesters
converting mechanical energy into electrical energy. Thus by either external
integration®®! or internal integrationt®7, the sensor devices can be coupled to PNGs
which act as the power source to drive these sensors (Figure 1.1). Such battery free
sensors are one such example of smart biosensing systems. Apart from this concept,
combination of more than one application such as diagnostic and therapeutic; stimuli
responsive behaviorl®: protein drug interactions; biomimetic sensing systems[®l®l:
wireless diagnostic systems; intelligent logic aptasensorsi*® etc contribute to smart

sensing. The realization of such a smart nanosystem is quite challenging, but highly



desirable for next-generation diagnostic and theranostic applications. Such
unconventional diagnostic tools can be realized from conventional principles existing in
everyday applications, such as piezoelectricity. Barium titanate (BaTiO3) nanoparticles
are one such multifunctional material well known for its dielectric and piezoelectric
propertiestyl. Though it has been much explored in materials aspect and related
applications, detailed studies on biological applications such as biosensing have not been
reported previously. Taking into account of its properties in advantage to biological
applications!'>*®l BaTiOz nanoparticles can serve as potent nanomaterial in developing
smart biosensors. In this thesis, demonstration of such applications has been undertaken.
These studies can further open up new avenues in biomedical sector as well as in

advanced diagnostic approaches.

/d energy
arvesting

\ Pressufe / &%
sensor P/ Tissue W
irraiation

&

Fig. 1.1. Overview of smart biomedical devices (Image source: Adv. Sci. 2017, 4)



1.2. Biosensors

A biosensor is an analytical device comprising of a biological recognition
element with a physio-chemical transducer. They are simple, inexpensive measurement
systems that fuse the exquisite sensitivity and specificity of living systems with the
processing power of microelectronics. It comprises of three main parts (Figure 1.2)

namely,

(i) Biological recognition element that renders specificity to the target molecule amidst

potent interfering species,

(if) Transducer which converts these biorecognition events into a sensible measurable

signals, and
(iii) Signal processing system responsible for converting these signals into readable data.

| Elements of a Biosensor |

T =
)‘ .:: > } c) Signal

FET Devices

E Nucleic Acids =
A “\v‘ ¥ ,
l - o

Cell Cultures
Amplifier

Human Samples \ AN Nanowire Arra <
(Blood, Urine, Saliva) o L} Y taa d) Signal
Cells Processor
2 |
N\ Q9
| : Antibodies Nanoparticles i
Food Samples > —
. hl\\ " —
DR v \ {. / B
M Electrodes . 1
Y /%" Enzymes v m m ow m m . om
Environmental Samples Yyt s ot
(A, Water, Sol, Vegitation) a) Bioreceptor(s) b) Electrical Interface(s) e) Display
Samples Transducers Electronic System

Fig. 1.2. Schematic representation of the elements of a typical biosensor



There are a huge class of biomolecules considered as molecular recognition elements

which includes,

Enzymes

Receptors

Antibodies

Nucleic acids (RNA, DNA)

Microbial organisms

vV VvV VvV ¥V V¥V V

Clinically important analytes etc.

In general transducer can be classified in to five principle classes namely,

» Electrochemical
Generally, in electrochemistry, the biorecognition is either through generating a
current (amperometric), a potential (potentiometric) or through altering the
conductivity of a medium (conductometric) between electrodes. It typically
consists of three electrodes namely a reference electrode, a counter and a
working electrode. The reference electrode, is used to maintain a known, stable
potential; working electrode serves as the transduction element in biochemical
reaction; and counter electrode establishes a connection to the electrolytic
solution so that a current can be applied to the working electrode. These
electrodes should possess properties like both conductivity and chemical

stability.



» Optical transducer
The optical biotransducers, use photons as source of information about the
analyte after its interaction with the bio recognition element. The detection
mechanism of optical biotransducer includes evanescent field detection principle
which enables the detection of fluorophores in close proximity of the optical
fiber. These transducers are highly specific and sensitive.

» Thermometric
These transducers are based on the thermostats. They monitor the temperature
produced / changes due to the interaction of analyte with bio-recognition
element. Such changes in temperature are monitored and given as sensing signal.

» Piezoelectric transducer
Piezoelectric based biosensors use the basic principle of a change in mass as
observed in QCM (quartz crystal microbalance) and SAW (surface acoustic
waves). Biomolecules, such as proteins or antibodies can bind and its change in
mass gives a measureable signal proportional to the presence of the target analyte
in the sample.

» Electronic transducer
Electronic transducers convert chemical or biological binding events into
electrical signals favourable for highly sophisticated interface between
nanoelectronics and biological information processing systems. Such examples

include FET based and solid state devices (biosensors). The change in surface



charge of the material due to binding of target analyte or related properties are

converted in to readable electronic signals as current or voltage.

1.3. Properties of Barium titanate (BaTiO3)

Fig. 1.3. Multifunctional properties of Barium titanate (BaTiOz)

The Barium titanate (BaTiOs) is a well-known, lead free, metal oxide with an
ABO:3 perovskite structure, having (n-type) semiconducting and high level of inherent

piezoelectric properties [3], [13].
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Fig. 1.4. Tetragonal crystal structure of Barium Titanate (BaTiO3)

First detailed report on crystal structure of BaTiOsz ferroelectric phase at high
temperature was proposed by Megaw (1945) [14] and its interrelationship between
anomalous electromechanical, structural, and thermal properties was modeled
phenomenology by A.F. Devonshire [15] (Figure 1.4). BaTiOs (BT) is one of the most
studied ferroelectrics. At room temperature it has a tetragonal structure, a dielectric
constant equal to 200 in the c direction and 4000 in the a direction, a piezoelectric
sensitivity (ds3 = ~200pC/N), a permanent polarization of 26 uCcm2, a coercive field
value between 500 and 2000 V cm™ and a refractive index of 2.4, The piezoelectric
coefficient can be enhanced even up to ~420pC/N, almost equal to PZT by appropriate
doping. However, the physical properties of thin films grown on a variety of substrates

are affected by the surface tension, surface dipole layers, impurities and polycrystalline



nature so that they can be quite different from the bulk properties. As a well-known
dielectric material it has been used as an insulating material to fabricate MIS structures.
It exhibits several advantages by possessing properties such as high charge storage
capacity, good insulating property, low leakage current density and high dielectric
breakdown strength. Though it is well-known as piezoelectric, dielectric ceramic
material, it still remains less exploited as a bio-sensing and theranostic agent. This
invoked great interest to study its bio-sensing property by utilizing its semiconducting
nature and to couple its piezoelectric property (for harnessing electrical energy) which
can be used for driving (power source) the sensor. BTO nanostructures has comparable
and better functional properties than well utilized ZnO nanostructures with respect to
high piezoelectric coefficient [3], [13] low dielectric constant, stability at large electric
fields and low electrical noise. In near future, BTO can find potential applications in
various fields just as ZnO (semiconductor/piezoelectric) been greatly exploited for

sensing [16], [17], self-powered systems [2], [18] for continuous monitoring and so on.

Apart from materials aspect, it has unique features, such as biocompatibility,
second-harmonic generation (SHG) 2% etc. Unlike PZT, its counterpart, BT NPs are
biocompatible, cytocompatible, making them a potential candidate for applications in
biosensing [ theranostics [, bioimaging [, and piezoelectric-based energy
harvesting 21, drug delivery, in vivo imaging %l cancer therapy [, and self-powered
nanosystems!*”l (Figure 1.3). Furthermore, such ceramic perovskite-structured metal
oxides have applications in electrical and electronic devices. As yet, the fact that this has

still not been exploited extensively for biological applications renders great interest for



self-powered biosensing and theranostic applications. This background prompted us to

investigate BT NPs in the field of biosensing for developing self-powered sensors.
1.4. Piezoelectric nanogenerators (PNG)

Piezoelectric nanogenerators (PNG) are among the older, more established
energy harvesters converting mechanical energy into electrical energy 8. Much
research has been focused on harvesting mechanical energy in living environments, and
scavenging biomechanical energy, and their conversion to electrical power for powering
low-power electronic gadgets and sensors 1, Few reports on PNGs as implantable
devices for health monitoring are available 2% 21 PNGs are made of piezoelectric
materials such as BT NPs, ZnO NPs, PZT etc which has considerable piezoelectric
coefficient. The piezoelectric material either deposited as a thin film or as a composite
film is sandwiched in between two electrodes as current collectors. When a compressive
force is applied, orientation of dielectric poles in the piezoelectric material will occur,
generating a piezoelectric potential. The perpendicular force acting on the piezoelectric
material (film) generates a piezopotential on both sides of the film, which, in turn,
induces inductive charges on the top and bottom electrodes. The charge carriers create a
potential difference, which drives electrons through the external circuitry. This potential
difference in form of voltage or current can be collected through external leads. Thus

they are useful as efficient energy harvesters.



1.5. Self-powered systems

Self-powered diagnostic systems have advantage over conventional sensors
(MEMS/NEMS) in such a way that it can operate without a battery which is made up of
highly toxic chemicals with limited life time. Self-powered systems with novel features,
such as battery-less operation, portability, point-of-care diagnosis, and implantable
applications [, can be developed using piezoelectric nanogenerators (PNG), a relatively
old energy-harvesting technology in which mechanical energy is converted into
electrical energy. Self-powered nanosensors combine the nanogenerator with a sensor,
through internal or external integration. Thus, the energy harvested from the
nanogenerator is used to drive the sensor either directly or by storing it in proper power

management systems and then utilized later.

Multi-functional, self-powered, piezoelectric-based active sensors have potential
in the development of medical devices for health-monitoring purposel??2%l. The
realization of such a smart nanosystem is quite challenging, but highly desirable for
next-generation diagnostic and theranostic applications. Such unconventional diagnostic
tools can be realized from conventional principles existing in everyday applications,
such as piezoelectricity. Self-powered application can be achieved in either of two ways;

through external integration or internal integration (Figure 1.5).

10
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Voltage Requirement
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. Energy conversion devices
Powering Stretchable
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Energy storage devices

Fig. 1.5. External integration between energy conversion devices and biomedical

devices. (Image source: Adv. Energy Mater. 2017, 1700648)

Multi-functional, self-powered, piezoelectric-based active sensors have potential in the
development of medical devices for health-monitoring purposel?>?%l. The realization of
such a smart nanosystem is quite challenging, but highly desirable for next-generation
diagnostic and theranostic applications. Such unconventional diagnostic tools can be

realized from conventional principles existing in everyday applications, such as

11



piezoelectricity. Self-powered application can be achieved in either of two ways;

through external integration or internal integration.
1.5.1. External and internal integration

Operation any device needs appropriate energy (power consumption) as shown
in Figure 1.6. In case of external integration, the power source (PNG) is externally
integrated to the sensor/ lower power devices (through parallel connection). Thus the
energy from the PNG can act as the power supply to drive the sensor. Instead of
harvesting energy separately and integrating it externally with a sensor, a one-stop
device having dual functions may be possible. This constitutes the internal integration
where the PNG itself acts the sensor. This is highly desired in developing self-powered
medical devices. Moreover, vital biomedical information could be determined from the
piezoelectric output of a nanogenerator by tailoring its piezoelectric properties for
monitoring or sensing biologically important molecules. This suggests a new era of
piezo-based biosensing where piezoelectric, piezotronic, and semiconducting properties
could play a major role 2411511261 Thys, tailoring these properties by means of

biomolecules can result in a novel biosensing mechanism 241 271171,

12
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Fig. 1.6. Power consumption value of generic integrated circuit components and sensors

as well as implantable devices (Image source: Trends in Biotechnology 2017, 35, 610-624)

With limitations in the operational lifetime of the conventional batteries used for
powering implantable devices, continuous monitoring over long periods is almost
impossible. Surgeries are needed to replace batteries, leading to complications and
morbidity. Implantation of both an energy harvester and a monitoring system could be a
solution but it would occupy more space inside the recipient animal or patient, involving
complex surgical procedures. Thus, developing a stand-alone, fully integrated, one-stop

device (an active biosensor) is a desirable solutionf],
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1.6. Research objectives/ scope of thesis

The objectives of the research undertaken in this thesis can be categorized as follows.

» The primary objective of this research is to realize BaTiOs nanoparticle for
biosensing application.

» To develop self-powered glucose biosensor using BaTiOs nanoparticles by
means of solid-state device (metal-semiconductor-metal configuration).

> Development of BaTiOs nanoparticles based piezoelectric nanogenerators (PNG)
for self-powered biosensing application.

» To develop externally integrated systems by connecting the sensor to
piezoelectric nanogenerator through parallel connection (self-powered systems).

» To functionalize BaTiOz nanoparticles with functional groups like -OH, -NH>
(through, silane coupling agents) for stimuli responsive direct detection of
cysteine biomolecule.

> Development of BaTiOz nanoparticles based composite film for fabricating
PNGs which can serve as the power source for driving the sensor.

» To develop BaTiOs nanoparticles based internally integrated, one-stop device as
an active sensor for biomolecule detection (glucose). Here, the PNG itself acts as
both power source (energy harvester) and biosensor. The piezoelectric output
from the device has dual functions as biosensing signal as well as energy source.

> Finally, to study BaTiOs nanoparticles in developing biocompatible electronic

platform for analyzing protein-drug interactions and proof-of-concept thernostic

14



applications. This opens up new avenues for transducing chemical or biological
binding events into electrical signals favourable for highly sophisticated interface

between nanoelectronics and biological information processing systems.

1.7. Structure of this thesis

The entire thesis is systematically divided in to seven chapters as follows:

Chapter | gives brief information about the overall thesis, background
information on biosensors in general, the unique and general properties of Barium
titanate nanoparticles with respect to the proposed thesis work, role of piezoelectric
nanogenerators and self-powered systems and finally the scope and structure of the

thesis.

Chapter 1l contains information about the chemicals and reagents used while
carrying out this research work, general information on the synthesis methodology,
functionalization of nanoparticles , techniques involved in characterization of the
nanoparticles and instrumentation for device characterization and relevant electrical

measurements.

Chapter 11l deals with exploring the biosensing property of BaTiO3
nanoparticles. Here, for the first time, a self-powered BaTiO3z nanoparticles film based
nonenzymatic glucose sensor using a metal-semiconductor-metal (M-S-M) device
structure has been demonstrated. |-V based detection technique was utilized for

confirming the glucose sensing ability of the BaTiOz nanoparticles film based sensor

15



with constant bias voltage under different glucose concentrations. Self-powered glucose
sensor was demonstrated by establishing a parallel connection between the sensor and a
flexible piezoelectric nanogenerator (PNG). The PNG which serves as the external
power source is made up of BaTiO3z nanocubes along with PVDF polymer formed as a
thin film and two electrodes were attached on both sides of the film for electrical
connection. The proposed self-powered glucose sensor and BaTiO3z nanoparticles film
based glucose sensor have similar electrical behavior where conductivity increases with
increase in glucose concentrations. A self-powered glucose sensor by means of an

external integration between the sensor and PNG was achieved.

Chapter IV is about exploring the stimuli responsive behavior of functionalized
BaTiOsz nanoparticles in cysteine detection. Here, a self-powered cysteine sensor was
demonstrated by externally integrating a cysteine sensor with a PNG. Ag/BT-NH; film-
based cysteine sensor with metal-semiconductor-metal (MSM) configuration was
connected in parallel to a BT/Ag film-based piezoelectric nanogenerator (BT/Ag PNG).
The cysteine sensor’s analytical outputs were analysed using a current-voltage (I-V)
technique. In a self-powered cysteine sensor, the voltage across the sensor decreases
with an increase in the cysteine concentration; this potential drop is measured as the
sensing signal, in accordance with -V studies.

Chapter V deals with the fabrication of Barium titanate nanoparticles (BT NPs)
based piezoelectric nanogenerator (PNG) as an active sensor for biomolecule detection.
This smart biosensor is based on piezoelectric and semiconducting properties of Barium

titanate nanoparticles (BT NPs). An AI/BT/ITO NG (Aluminum (Al)/ Barium titanate

16



(BT) / Indium Tin Oxide (ITO) nanogenerator) was devised as a self-powered biosensor
for actively detecting glucose. The piezoelectric output generated from this NG has dual
functions, as both an energy source and a biosensing signal. The novel self-powered
glucose biosensor has good selectivity (~6-fold increase in response vs. interferents) and
the approach demonstrated here can serve as a prototype for the development of next-
generation smart/self-powered nanosystems for theranostic applications.

ChapterV1 deals with the investigation of BT NPs in proof of concept theranostic
application. Casein micelle (CAS) based solid-state device through metal-protein-metal
electrical junctions designed for elucidating protein-drug interaction as well as proof-of-
concept theranostics are the highlights of this chapter VI. This biocompatible electronic
platform has multifunctionality, transducing interactions between protein and
drug/analyte into electrical signals providing a sophisticated interface between
nanoelectronics and biological information processing systems. The successful
conjugation between CAS, cysteamine (CYST; model drug), and amine functionalized
Barium titanate nanoparticles (BT NPs) confirmed through current-voltage (I-V)
technique complies well with the spectroscopic results. Conjugates pH-responsive
behavior and the interaction between CAS and CYST (protein-drug) were confirmed
through this multifunctional biosensing platform. Moreover, CAS-CYST conjugate
based solid-state device demonstrated a good response to cysteine (CYS) analyte
observed through 1-V curves, led to the realization of proof-of-concept theranostics.

Additionally, investigation of the piezoelectric response of the bioconjugates for
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prospects in the self-powered application was demonstrated using piezoelectric

nanogenerator (PNG).

Finally, in chapter V1I, the summary and overall view of the thesis is briefed and

the suggestions for future work is also discussed.
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CHAPTER 11

Materials and characterization techniques

For successful completion of the proposed work, the experimental work which
includes material synthesis, device fabrication and characterization were carried out in
the laboratory. The physico-chemical characterization of as prepared nanomaterials were
also performed. Chapter Il contains such relevant information. It includes information on
synthesis methodology, materials, chemicals and apparatus used, the characterization

techniques involved and so on.
2.1. Chemicals and apparatus

High purity research grade chemicals were used for carrying out experiments
discussed in this thesis work. Details on the chemicals and apparatus used in each
experiment is given under the respective chapters.

2.2. Synthesis method

The barium titanate (BaTiOs) nanoparticles used in this research were
synthesized using solid state reaction method. Apart from solid state reaction method,
attempts were also made to synthesize through hydrothermal method. But solid state
reaction yielded higher quantity as well as quality of nanoparticles with good
crystallinity and tetragonal phasell. Hence, throughout the research work BaTiOs

nanoparticles synthesized through solid state reaction were employed. The overall
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synthesis methodology is briefed in this chapter and specific synthesis conditions are

given in detail under each chapter respectively.

2.2.1. Solid state reaction

Solid state reactions are usually performed in the absence of solvents by either
grinding or melting the starting materials together or simply applying heat to a mixture
of starting materials. This type of reaction is usually performed in order to obtain
polycrystalline inorganic solids but may also be used in organic synthesis. Solid state
reactions offer reduced costs, decreased amounts of chemical waste and, sometimes, an
increase in yield. This is one of the established routes for synthesizing high crystalline
BaTiOz nanoparticles. Solids do not react together at room temperature over normal time
scales and it is necessary to heat them to much higher temperatures, often to 1000 to
1500 °C in order for the reaction to occur at an appreciable rate. The factors on which
the feasibility and rate of a solid state reaction depend include, reaction conditions,
structural properties of the reactants, surface area of the solids, their reactivity and

the thermodynamic free energy change associated with the reaction.

2.2.2. Hydrothermal synthesis

The most widely adopted method for synthesizing nanoparticles is hydrothermal
method. Hydrothermal synthesis can be defined as a method of synthesis of single
crystals that depends on the solubility of minerals in hot water under high pressure.
The crystal growth is performed in an apparatus consisting of a steel pressure vessel

called an autoclave, in which a nutrient is supplied along with water (Figure 2.1.). A
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temperature gradient is maintained between the opposite ends of the growth chamber. At
the hotter end the nutrient solute dissolves, while at the cooler end it is deposited on a
seed crystal, growing the desired crystal. Advantages of the hydrothermal method over
other types of crystal growth include the ability to create crystalline phases which are
not stable at the melting point. Also, materials which have a high vapour pressure near
their melting points can be grown by the hydrothermal method. The method is also
particularly suitable for the growth of large good-quality crystals while maintaining
control over their composition. Disadvantages of the method include the need of

expensive autoclaves, and the impossibility of observing the crystal as it grows.

Black: PPI

Fig 2.1. Autoclave apparatus used for hydrothermal synthesis.

For synthesis of BaTiOs nanoparticles equimolar concentration of precursors namely
TiO2 nanoparticles and BaCl, of high purity (99.9%) were dissolved in 20 ml of 10M
NaOH. This mixture was then transferred to Teflon-lined stainless autoclave and

maintained at 200 °C for 72 h. After completion of reaction, it was allowed to cool to
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room temperature and washed multiple times with deionized water (centrifuge at 6000
rpm for 20 min). The as obtained powder is dried and further characterized for analyzing

physico-chemical properties.

2.2.3. Functionalization of nanoparticles

The functionalization of nanoparticles renders them specialized functions such as
stimuli responsive behavior, specificity to target molecules etc. Linker agents like silane
coupling agents can be used to link an inorganic particle to an organic particle. In this
work, the as synthesized BaTiOz nanoparticles were functionalized with NH> group
using silane coupling agent namely (3-aminopropyl) triethoxysilane (APTES). Detailed

functionalization procedure is given in the corresponding chapters.

2.3. Characterization techniques

Physico-chemical characterization techniques are important for analyzing the as
synthesized materials (nanomaterials) properties like phase, structure, morphology,
elemental composition, thickness, successful conjugation or interaction between
materials, optical properties, electrical characteristics of the materials and so on. The
detailed information on these characteristic tools used in this research project (thesis)

and the relevant experimental conditions are given below.

2.3.1. X-ray diffraction (XRD)
X-ray diffractometer (XRD) is one of the physico-chemical characterization tools

which is non-destructive in nature, employed for determining the materials phase, size
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and purity. The as synthesized samples were measured by using Rigaku X-ray
diffractometer (XRD) operated at the power of 40 KeV and 40 mA with Cuka radiation
in the range of 10-80° with a step of 0.02°.
2.3.2. Raman spectroscopy

Among the different spectroscopic methods that can efficiently characterize
material structures (proteins) and phase, Raman spectroscopy has the potential to
identify even ensemble of structures compared to single conformation. It is a non-
destructive tool used for detecting the structural defects and disorders, phase of
nanomaterial, the interaction or nature of bonding between materials or conjugates. The
as prepared materials were measured using the Model: LabRam HR800 micro Raman
spectroscope (manufacturer: Horiba Jobin-Yvon, France). The Raman spectrum was
operated at an excitation wavelength of 514 nm at the different laser power using Ar*
ion laser. The spectral region used for study is 100-3500 cm™* and the data were

collected using a 10-s data point acquisition time.

2.3.3. Fourier transform infrared (FT-IR) spectrometer

FT-IR spectroscopy is one another characterization technique used for
confirming the successful functionalization of nanomaterials or adsorption of molecules
on to the material. The samples were measured at room temperature with an FT-IR
spectrometer (Thermo Scientific Systems, Nicolet- 6700) using the KBr pellet technique

in the range of 400 to 4000 cm-1.
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2.3.4. Field-emission scanning electron microscopy

FESEM is used for analyzing the as synthesized nanoparticles and materials
morphology, structure, thicckenss (film) and size. The samples were analyzed using FE-
SEM (Model: FE-SEM, JSM- 6700F, JEOL Ltd) with a 5 kV of acceleration voltage and
10 pA of filament current. Prior to measurement, the as-prepared samples were fixed
onto a double-face conductive tape mounted on a metal stud and coated with platinum
with a sputter coater (Cressington sputter coater -108 auto).

2.3.5. Energy dispersive X-ray spectroscopy analysis (EDS)

The elemental composition of the prepared samples was measured using Energy
Dispersive X-ray Spectroscopy (EDS). The EDS analysis was done with the
Fieldemission Scanning Electron Microscopy (FE-SEM) instrument (Zeiss ultra FE-
SEM instruments) with a separate EDS detector (INCA) connected to that instrument.
2.3.6. X-ray photoelectron spectroscopy (XPS)

The chemical composition and the state of elements present in the outermost part
of samples can be determined using X-ray photoelectron spectroscopy (XPS) technique.
It is also useful in confirming the successful binding or functionalization of materials by
observing the presence of individual components. The samples were measured using the
model ESCA- 2000, VG Microtech Ltd and Theta Probe AR-XPS system (Thermo
Fisher Scientific, U.K). Here a monochromatic X-ray beam source at 1486.6 eV
(Aluminum anode) and 14 kV was used to scan upon the sample surface. A high flux X-
ray source with Aluminum anode was used for X-ray generation, and a quartz crystal

monochromatic was used to focus and scan the X-ray beam on the sample.
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2.3.7. UV-Vis spectrophotometer (UV-Vis)

UV-Vis spectroscopy is one of the important spectroscopic techniques for
detecting the optical properties of nanomaterials and also for confirming the interaction
or type of bonding between materials by shift in the wavelength (blue or red shift). The
samples were measured using (Hewlett Packard HP-8453) with a quartz cuvette path
length of 1 cm. The data was collected in the wavelength range of 200 to 800 nm.

2.3.8. Frequency variable CV-1V System

This semiconductor parameter analysis instrument is used for analyzing current-
voltage characteristics of the devices. It can be either a two probe system or four probe
system. The type of contact (ohmic or schottky) can be determined from the I-V
characteristics graph. I-V measurements for the as fabricated devices were made using a
Frequency Variable CV-1V System (B 1500A).

2.3.9. Linear motor

Linear motor is an instrument used for giving a compressive force. Desired load
(force) can be given by changing the acceleration with which the shaft hits the device.
This is desirable for analyzing the piezoelectric response of devices (piezoelectric
nanogenerators). When a compressive force is applied, the mechanical energy is
converted in to electrical energy. The devices were measured using linear motor model

(E1100).

27



CHAPTER Il

BaTiOs Nanoparticles as Biomaterial Film for Self-Powered

Glucose Sensor Application
Highlights

4+ Novel BTO NP’s film based self-powered glucose sensor is proposed for the first
time.

4+ Reasonable sensitivity, LOD (= 7.94uM) and detection range (0.1uM-1mM) is
achieved.

4 Multifunctional properties of BTO NP’s have been harnessed for bio-sensing as
well as for energy harvesting.

4+ Realization of facile, solid-state devices for self-powered, theranostic

applications.

Graphical overview
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3.1. Introduction

Combination of nanotechnology with biology and material science provides
versatile platform for developing state of the art diagnostic devices[1], self-powered
systems[2], energy harvesting devices[3], theranostic systems etc. Glucose, being a vital
biomolecule in human metabolic process and source of energy, has to be regulated
properly, if otherwise leads to diseases like diabetes mellitus. There is an ever-growing
demand for glucose sensors with good sensitivity, selectivity, portability, low cost and
practical applications. They are found to be inevitable with applications ranging from
diagnostics to food industry [5]. Until now, glucose sensors (1% to 3™ generation) share
85% of the world market of bio-sensors [1] developed by various detection techniques
namely electrochemical, chemiluminescence, phenylboronic acid based volumetric
changes (hydrogels), solid state (conductivity-based, transistor-like switchable glucose
sensing devices) techniques and so on. In recent years, field effect transistor (FET) based
devices are been considered good candidates for sensor applications which operates
based on the change in resistance across the device when chemical/biochemical species
interacts with the biosensing element [6]. Enzymatic glucose sensors have limitations
like instability, complicated enzyme immobilization process, sensitivity to pH,
temperature and etc. Hence to complement these disadvantages, it is highly desirable to
develop a non-enzymatic glucose sensor using eco-friendly and multifunctional metal
oxide materials which has low cost, good reproducibility, facile fabrication, user friendly
and higher stability resisting aggressive environments like high temperature and pH [7-

9.
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Numerous metal oxides namely CuO, NiO, MnO. were utilized for non-
enzymatic glucose detection which have their own merits. In our present work,
polycrystalline barium titanate nanoparticles (BaTiO3) NP’s having transition metal
centers making it a potential candidate for non-enzymatic glucose sensor has been
harnessed for sensing as well as for energy harvesting (power source). BaTiOz NP’s find
interesting application in the field of energy harvesting [3], drug delivery, in-vivo
imaging [10] cancer therapy [11-12] and so on. BTO is a well-known, lead free, ABOs
perovskite material with high level of inherent piezoelectric properties [3], [13]. First
detailed report on crystal structure of BaTiOs ferroelectric phase at high temperature was
proposed by Megaw (1945) [14] and its interrelationship between anomalous
electromechanical, structural, and thermal properties was modeled phenomenology by
A.F. Devonshire [15]. Though it is well-known as piezoelectric, dielectric ceramic
material, it still remains less exploited as a bio-sensing and theranostic agent. This
invoked great interest to study its bio-sensing property by utilizing its semiconducting
nature and to couple its piezoelectric property (for harnessing electrical energy) which
can be used for driving (power source) the glucose sensor. Self-powered diagnostic
systems have advantage over conventional sensors (MEMS/NEMS) in such a way that it
can operate without a battery which is made up of highly toxic chemicals with limited
life time. BTO nanostructures has comparable and better functional properties than well
utilized ZnO nanostructures with respect to high piezoelectric coefficient [3], [13] low
dielectric constant, stability at large electric fields and low electrical noise. In near

future, BTO can find potential applications in various fields just as ZnO
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(semiconductor/piezoelectric) been greatly exploited for sensing [16], [17], self-powered
systems [2], [18] for continuous monitoring and so on. Recent report from our group
shows BTO nanocubes along with polyvinylidene fluoride (PVDF) matrix has better
energy harvesting capability than ZnO and its suitability as self-powered fluid sensor

[19].

In our present work, for the first time, a self-powered BTO film based glucose
sensor using a metal-semiconductor-metal (M-S-M) device structure has been
demonstrated. A high temperature conventional solid state reaction was employed to
prepare tetragonal crystalline phase of BaTiOs nanoparticles (> 100 nm). I-V based
detection technique was utilized for confirming the glucose sensing ability of the BTO
film based glucose sensor with constant bias voltage under different glucose
concentrations. We further extended to self-powered glucose sensor studies by
establishing parallel connection between BTO film based glucose sensor and flexible
piezoelectric nanogenerator (PNG). The PNG was made up of BTO nanocubes along
with PVDF polymer formed as a thin film and two electrodes were attached on both
sides of the film for electrical connection. Frequency dependent energy harvesting of
PNG with constant mechanical load (11 N) is reported. Generated piezoelectric potential
was used to drive the BTO film based sensor and with increasing glucose concentrations
the sensor exhibits voltage decrement behavior. The proposed self-powered glucose
sensor and conventional glucose sensor have similar electrical behavior where
conductivity increases with increase in glucose concentrations. Proposed working

mechanism for glucose sensor using energy band diagram of M-S-M device structure
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has been discussed. This work demonstrates a promising approach for other relevant

theranostic applications in the near future.

3.2. Experimental details

3.2.1 Synthesis of BaTiO3 Nanoparticles

BTO nanoparticles used in this experiment were synthesized via conventional
solid state reaction method. The High-purity precursors BaCOz (99.95%, High purity
chemicals) and TiO2 (98%, DAEJUNG chemicals) were taken according to the atomic
ratio of BaTiOs. Raw materials were mixed well by hand-grinding using a pestle and
mortar in acetone medium for 30 minutes to achieve the homogeneous powder and
placed inside a combustion alumina boat, heated to 1200 °C for 2 hr in the open tube
furnace at a heating rate of 2.5 °C/min. The obtained final product was taken out of the
furnace after reaction and allowed to cool naturally. The as synthesized particles have
random shape ranging few 100 nm in size with tetragonal phase, confirmed by Raman

and XRD analysis.

3.2.2. Fabrication of BaTiOs NP’s film based glucose sensor

The schematic representation of BTO film based glucose sensor is given in Fig.3.1. BTO
NP’s film based glucose sensor was fabricated by attaching two sliver electrodes onto
the BTO film. PVA (poly vinyl alcohol) polymer was used as a matrix to assist in BTO
film formation. A facile, drop casting method was adopted to fabricate a thick film of
BTO nanoparticles on a glass slide. A homogeneous solution was achieved by dispersing

highly crystalline BTO NP’s of 20 % (W/V) (>100 nm) in 5% (W/V) of PVA matrix.
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This composite solution was then drop casted on to a clean glass slide within a pre-
defined area (1 cm x 1 cm) and heat treated at 150 °C for 1 hour in a hot oven so that a
uniform, polycrystalline film is formed with maximum amount (95%) of PVA matrix
been removed. Silver paste was used to make contacts diagonally with the film and
electrical contacts were made using copper wires. An epoxy layer was used to cover the
electrodes completely in order to avoid possible contacting between electrodes and
glucose solution. This Ag-BTO-Ag device could be treated as a metal-semiconductor-

metal (M-S-M) structure[1],[20-21].

&

10

+—>oo

" Cu wire

Fig. 3.1. Schematic of BTO NP’s film based glucose sensor.

3.2.3 Fabrication of piezoelectric nanogenerator (PNG)

The PNG comprises of piezoelectric composite film (BTO nanocubes/PVDF matrix),

two Al electrodes and a packaginag layer[19]. The composite film was fabricated using
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the solution cast technique. Initially, clear, transparent PVDF solution was prepared by
mixing 1 gm PVDF powder, 5 ml DMF solution and 3 ml acetone by subjecting to 1 hr
ultrasonication. After cooling down to room temperature, the prepared PVDF solution
was mixed with 25 wt% of BTO nanocubes and ultrasonicated for 1 hr to achieve
homogeneous white solution. As synthesized composite solution was poured into a clean
glass petridish and heat treated at 70 °C for overnight in a hot oven. The obtained
composite film was peeled off from the petri dish and taken according to the required
dimensions for fabricating PNG device. Highly crystalline BTO nanocubes were
synthesized via molten salt method [19]. In present work, PVDF is considered as
supporting polymer for BTO nanocubes to fabricate a composite film. The fabricated
composite film was taken according to the PNG device dimensions (2.5 cm X 2.5 cm).
Two Al electrodes were deposited (by thermal evaporation) on top and bottom of
composite film for acquiring the developed charge carriers. For external circuitary, two
copper wires were attached on top and bottom of the Al electrodes by using the silver
paste and heat treated at 60 °C for 15 minutes. Finally, the fabricated Al/PVDF-BTO
nanocubes/Al has been packed with PDMS matrix layer and heat treated at 70 °C for 30
minutes to protect the device from physical damage, interactions with environments
such as humidity and temperature. The fabricated device was electrically poled by
applying 8 kV for 24 hr at room temperature for improving polarization property.
Similar method was adopted to fabricate pure PVDF (without BTO nanocubes) based

nanogenerator.
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3.2.4 Characterization and measurement

The crystalline phase formation of BTO nanoparticles and BTO-PVA film were
confirmed with an X-ray diffractometer (XRD, Rigaku) operated at 40 kV and a current
of 10 mA pattern recorded using Cu Ka radiation (26 range from 20° to 80°) at room
temperature. Raman spectra for all samples were recorded from 100 to 3000 cm™ with
an excitation source of 514 nm using a high throughput single stage spectrometer (Lab
RAM HR Evaluation, Japan). The surface morphology of as prepared samples were
characterized by a field emission-scanning electron microscope (FE-SEM, JEOL, and
JSM-6700F).The 1-V measurements were made using Frequency Variable CV-1V
System(B 1500A). The open circuit voltage (\Voc) and short circuit current (Isc) of PNG
were recorded by a nanovoltmeter (Keithley 2182A) and picoammeter (Keithley 6485)
respectively. Measurement of PNG’s output was triggered by an electrodynamic shaker

(ET-126) with different frequencies (3, 11, and 21 Hz) at fixed input amplitude of 5 V.
3.3. Results and discussion
3.3.1. BTO NP’s film based sensor’s structural characterization

The crystalline phase of BTO NP’s was confirmed by XRD pattern and Raman
spectra. The XRD spectra of BTO NP’s matched well with the reference ICDD 98-001-
3771 pattern and tetragonal phase of BTO has been confirmed by the splitting nature of
diffraction peak at 45° represented as (200/002) [22] as shown in Fig.3.2 a . At the same
time, strong peaks at 305 cmand 518 cm™ in Raman spectra of BTO NP’s indicates the

presence of Ti*" ion in parent lattice and confirms the tetragonal phase [19] as given in
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Fig.3.2 b. There is no crystalline phase variation between the diffraction peaks of BTO
and BTO-PVA composite film which indicates that most of the PVA matrix has been

removed during the heat treatment as shown in Fig.3.2 a.
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Fig. 3.2. (a) X-ray diffraction patterns of pure crystalline BTO NP’s (> 100 nm) and
BTO NP’s film via PVA matrix. (b) Raman spectrum of pristine BTO NP’s and BTO-

PVA film (after heat treatment at 150 9C/ 1hr).

The active area of glucose sensor is 1 cm? and the solubility of the film was
tested by immersing in 0.1M PBS (pH =7) bath for 24 hr. The film was highly stable
without any dispersion in PBS bath. The thickness of the film was measured to be
around ~ 200 um using FE-SEM (Fig. 3.3 a). Fig. 3.3 b shows the surface morphology
of as synthesized BTO-PVA film with good crystallinity and random particle size > 100
nm been well distributed. FE-SEM images showing surface morphology of

polycrystalline BTO NP’s and PVA film is given in Fig. 3.3 c, d respectively. The XRD
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pattern and Raman spectra for both BTO NP’s and film has good correlation confirming

the single tetragonal phase without any secondary impurity peaks (like BaCO3).

JEJUNU i .5mm JEJUNU

Fig. 3.3. FE-SEM images of (a) BTO film (cross-sectional view) having thickness ~ 200
um and (b) Surface morphology of BTO film after heat treatment at 150 °C for 1 hr. (c)
Random structured BTO nanoparticles at 1 pm scale. (d) FESEM image of PVA film at

10 um scale.
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3.3.2. 1-V characterization for glucose measurement

The electrical response (I-V curves) of BTO film based glucose sensor in the
absence and presence of glucose at an applied bias voltage of + 4 V is given in Fig. 3.4
a. Initially, in the absence of glucose, the device I-V curve shows ohmic contact
behavior (resistor) with 150 pA current at an applied bias voltage of + 4 V. The ohmic
nature of sensor deviated to non-ohmic nature (schottky) in the presence of glucose
molecules (0.1uM to 1 mM), as shown in Fig. 3.4 a. The current response of the sensor
increased significantly from pA to several pA with increase in glucose concentrations
(OuM to ImM). BTO films with different weight ratio of BTO NP’s (5, 10, 15 and 20%
weight/volume (W/V)) in fixed PVA weight percentage were made and their
corresponding glucose sensing behavior was observed (Fig. 3.5 a-c). Correlation
between the sensor’s current response, BTO NP’s concentration and glucose

concentration is illustrated in the form of 3D graph in Fig. 3.4 b.
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Fig. 3.4. Electrical response of BTO NP’s film based glucose sensor. (a) I-V

characterization of glucose sensor (20 % W/V of BTO NP’s) in absence (inset Fig.) and
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presence of glucose (50 uM to 1 mM) . (b) 3D graphical analysis of sensor’s current
response under different concentrations of BTO NP’s (5, 10, 15, 20 % (W/V)) and

glucose.

As expected, BTO film based sensor with 20% W/V has higher current response (pA to
several pA) for glucose concentrations (OuM to 1mM) compared to BTO film based
sensor with 5% W/V which has lower current response (pA to several nA) for similar
glucose concentration range (Fig. 3.5 a-c). This indicates that 20% W/V based device
has higher sensing ability as compared to other three devices. Here, the % W/V of BTO
NP’s was fixed not only based on sensor performance but also by factors like uniform
film formation capability. BTO NP’s greater than 20% W/V, resulted in non-uniform
film formation and thickness due to agglomeration of particles in limited amount of
PVA matrix (wt%). Hence, BTO film based sensor with 20% W/V was used for further
experiments. The correlation between BTO NP’s concentration and glucose sensing
efficiency with respect to the sensor’s current output at a bias voltage of + 4 V for lower
(50 uM) and higher (1000 pM) glucose concentrations is depicted as 2D graph in Fig.

3.5d.
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Fig. 3.5. -V curves of BTO NP’s film based glucose sensor (different weight ratios)
under various glucose concentrations ranging from 0 pM to 1000 pM. (a) 5 % (W/V) of
BTO NP’s film based device (b) 10 % (W/V) of BTO NP’s film based device (c) 15 %
(W/V) of BTO NP’s film based device. (d) 2D graph depicting the correlation between
BTO NP’s concentration and glucose sensing efficiency with respect to the sensor’s
current output at a bias voltage of + 4 V for lower (50 pM) and higher (1000 pM)

glucose concentrations.

3.3.3 Proposed working mechanism of BTO NP’s film based sensor

The sensing mechanism is directly based on change in conductivity of the BTO

NP’s film with respect to the change in glucose concentration from 0 uM to 1 mM
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respectively. Here the glucose molecule acts as an electron donor to the BTO NP’s film
decreasing the depletion layer width across the metal- semiconductor interface. Glucose
molecules has lewis base site namely OH™ group whereas BTO NP’s film has Ba?* and
Ti** ionic species which are lewis acids. When glucose interacts with BTO NP’s film,
the lewis base (OH- groups) reacts with lewis acid sites (Ba?* and Ti**) on BTO NP’s
and release electrons (e7) [23-24]. This leads to the chemisorption of glucose molecules
on to BTO NP’s whereby glucose gets oxidized and releases electrons. These released
electrons will increase the charge carrier density of the film resulting in lowering the
schottky barrier height at the drain side (%/;) significantly increasing the output current
of BTO film based glucose sensor. Here the metal(M) - semiconductor(S)- metal (M)
interface has been formed by BTO film (n-type) and silver (Ag) electrodes schematically

shown in Fig. 3.6 a-b.
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Fig. 3.6. Proposed working mechanism (using energy band diagram) of BTO NP’s film
based glucose sensor. (a) Energy band diagram in absence of glucose (presented as solid
black lines in Fig. 3.6 a and dashed yellow lines in Fig. 3.6 b). (b) Energy band diagram

in presence of glucose (presented as solid black lines in Fig. 3.6 b).

The proposed working principle can be illustrated using band structure of device
(Fig. 3.6 a-b), which is almost analogous to ZnO energy band analysis due to its similar
band gaps (= 3.2 eV) [25]. The energy barrier at M-S interface is relatively low since the
work funtion of silver (4.26 eV) do not vary significantly from the electron affinity of
BTO as shown in Fig. 3.6 a. Fig. 3.6 b shows the band structure of the BTO film based
device in the presence of glucose molecules. Glucose molecules releases e” to BTO NP’s
film which will increase the charge carrier density of the film resulting in lowering the
schottky barrier height at the drain side (®}) thus significantly increasing the output
current of BTO film based glucose sensor as shown in Fig. 3.6 b. Thus with increase in

glucose concentrations, the device output current increases.
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3.3.4. I-T characteristics of the sensor

To estimate the sensitivity and low detection limit (LOD) of BTO film based
glucose sensor we carried out current vs time analysis (I-T curve) under lower (0.1uM to
30 uM) and higher glucose concentration ranges (50uM to 1mM) at an applied bias
voltage of +0.5 V. For lower glucose concentration range (0.1uM to 30 puM), linear
current response with increasing glucose concentrations could be observed as shown in
Fig. 3.6 a. The inset shows the calibration plot indicating the linearity between glucose
concentration and current with a correlation coefficient of 0.9843 and the limit of
detection (LOD) obtained is 7.941 uM. The LOD was calculated from the calibration
curve by 3s/m method (s is the standard deviation, m is the slope of the calibration
curve) [26].The sensitivity of BTO film based glucose sensor is found to be
23.79uA/mM cm?. Similar kind of response was observed for higher range of glucose
concentration (50uM to 1mM) and the observed calibration plot with correlation
coefficient 0.9913 is as shown in Fig. 3.6 b. Single calibration plot including two linear
fittings for lower and higher glucose concentration ranges (0.1 uM — 1000 uM) is given
in Fig. 3.6 c. It suggests that the proposed BTO film based glucose sensor has a good
linear response at lower and higher range of glucose concentrations. Moreover, the
initial response for proposed glucose sensor is around 30 seconds and maximized current
(saturated current response) was observed in < 2 minutes for each concentration. The
response time was not only depending on the inherent glucose sensing property of BTO

NP’s but also on the thickness of BTO film.
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Fig. 3.7. Current-time response of BTO NP’s film based glucose sensor at an applied
bias voltage of +0.5 V. (a) For lower glucose concentration range (0 UM to 30 uM)
having correlation coefficient of 0.9843. (b) For higher glucose concentration range (50
UM to 1000 pM) having correlation coefficient of 0.9913. (c) Single calibration plot
including two linear fittings for lower and higher glucose concentration ranges (0.1 uM
— 1000 pM). (d) I-T curve for interference study with 5 mM glucose and interferents
such as 0.1 mM galactose and 0.1 mM uric acid. (Inset shows the current response of the

sensor for human saliva spiked with 100 uM of glucose).

Main factor controlling the response time is the film thickness. The glucose

sensor is made up of thick film of BTO nanoparticles. If film thickness is high, it results
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in too long electronic transmission paths [16]. This might be the main reason for the
delayed response time. Here, we assisted the drop casting method to fabricate BTO
nanoparticles film. The thickness is around ~ 200 um and very typical to control as
compared to other existing techniques like physical vapor deposition (PVD),
hydrothermal techniques etc. Even though the film thickness is high, the proposed
sensor has sensitivity, LOD and responsivity comparable (or higher) to previous
published reports [Table 1]. The response time of glucose sensor based on BTO NP’s
has the possibility to improve when fabricated with single micro wires around < 50 pm
length or by directly growing BTO nanostructures on substrates. In near future these

techniques will be implemented to overcome this issue.

3.3.5. Interference and real sample analysis

In normal physiological sample, level of glucose is much higher than the level of
interfering species. The glucose level is 3-8 mM and the interfering species level is not
more than 0.1 mM. Though the level of interference species is low compared to glucose,
the current response produced by them are comparable to that produced by glucose since
interference species have higher electron transfer rate at an applied potential and hence,
interference study is necessary to check the selectivity of the sensor [27-30]. Therefore,
to check the selectivity of the sensor, 5 mM of glucose (the level of glucose in normal
physiological sample) and 0.1 mM of interfering species namely galactose and uric acid
(level of interferents in normal physiological sample) were taken for comparison [8],

[31-32] Conclusion from this study is reliable as it is equivalent to the normal
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physiological conditions. From I-T response curve as shown in Fig. 3.6 d, it could be
observed that, galactose and uric acid had negligible current response when compared to
glucose. Addition of glucose on to the device had approximately four fold increments in
current response compared to the current response obtained with addition of galactose
and uric acid. Additionally, we have also studied the I-V characteristics of the glucose
sensor in the presence of ascorbic acid and comparative analysis of the current response

of glucose to that of the ascorbic acid (~ fourfold difference) is given in Fig. 3.7 a-c.
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Fig. 3.8. Interference study (glucose vs ascorbic acid). I-V curves of BTO NP’s film
based glucose sensor at a potential window of 0 to +4V under (a) 5 mM glucose (b) 0.1
mM ascorbic acid. (c) Comparative analysis for current response of BTO NP’s film

based glucose sensor measured at +4V under 5 mM glucose and 0.1mM ascorbic acid.
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Hence, the proposed sensor has good specificity to glucose even in the presence
of potent interfering species. For real time glucose monitoring, human saliva sample was
subjected to study. The inset of Fig. 3.6 d shows sensor current response to human
saliva spiked with 100 M of glucose. This is compared with calibration plot for higher
glucose concentrations (50uM to 1mM) (Fig. 3.6 b) and the obtained recovery
percentage of glucose was found to be ~ 87.5% respectively. The efficiency of the
sensor can be further improved by reducing the matrix effect and improving the
wettability of the film in reference to the saliva sample. With further optimization, there
is a feasibility of real sample analysis of glucose using saliva making the sensor to be

applicable for non-invasive glucose testing.

3.3.6. Working mechanism of PNG

In our present work, we utilized a flexible PNG using composite film (BTO
nanocubes/PVVDF) whose mechanical energy can be converted to electrical energy [19].
The schematic represention for generating piezoelectric potential from PNG device
when a mechanical force is acted up on is shown in Fig. 3.8 a. The observed peak to
peak open circuit voltage (and short circuit current) for PNG device upon the mechanical
force 11 N with a cyclic frequency of 3Hz is around = 3 V (=750 nA) and this may be
due to the capacitance behaviour of composite film. This electrical output voltage
increased to 5 V (900 nA), and 11 V (1.7 pA) by increasing the variable cyclic
frequecies to 11 Hz and 21 Hz respectively at constant mechanical force (11 N) as

shown in Fig. 3.8 b-c. This indicates the frequency dependent electrical response of
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PNG device. The working mechanism mainly depends on the stress induced poling
effect i.e. orientation of electric dipoles in PVDF/BTO nanocubes composite film. The
generation of piezoelectric potential across the Al electrodes is due to perpendicular
force acting on PNG device, which drives the flow of electrons through external
circuitry. The development of charge carriers will depend on electrical poling, frequency
dependent mechanical load, piezoelectric nanostructures in polymer and piezoelectric
charge coefficient of film. We experimentally proved that the generated piezoelectric

potential have the capability to drive five commercial green LEDs (Inset Fig. 3.8 d).
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Fig. 3.9. Electrical response of PNG device. (a) Schematic diagram represents the

measurement of PNG device output upon mechanical force of 11N. (b, c¢) Frequency
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dependent open circuit voltage and short circuit current of composite PNG device upon
the mechanical load (11N). (d) Comparative open circuit voltage of PVDF and

PVDF/BTO nanocubes upon on mechanical load (11 N) at a frequency of 21 Hz.

To investigate the effect (role) of PVDF for energy harvesting, we fabricated
PVDF (without BTO nanocubes) film based devices and characterized with constant
force 11 N at a cyclic frequency of 21 Hz as shown in Fig. 3.8 d (Fig. 3.9 a). These
devices have very less output as compared to the composite film PNG output. So the
major contribution for harvesting energy is from the piezoelectric nature of BTO
nanocubes. Here PVDF has two roles, one as a supporting polymer to fabricate desired
film along with piezoelectric BTO nanocubes and other as a piezoelectric material
(considerable piezoelectric property) that can possibly contribute to (or increase) energy
conversion along with BTO nanocubes. The evaluation of the PNG device stability
around 500 seconds with a mechanical load 11 N having cyclic frequency of 21 Hz

shows no degradation in the open circuit voltage confirming PNG’s good stability (Fig.

3.9b).
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Fig. 3.10. (a) Comparison of short circuit current for PVDF and composite film
(PVDF/BTO nanocubes) based PNG devices upon the mechanical force 11 N at a cyclic
frequency 21 Hz. (b) Stability test for the composite PNG device during 500 seconds

upon the mechanical force 11 N at a cyclic frequency 21 Hz.

3.3.7. Integration of PNG and glucose sensor

In our present work, the self-powered glucose sensor (battery less) was
demonstarted by utilizing the energy harvested (peak to peak Voc~5V @ 11 N and 11
Hz) from PNG device to drive the BTO film based glucose sensor (M-S-M device
configuration) by establishing a parallel connection between them as shown in Fig. 3.10
a. Here the voltage drop across the sensor was measured as a function of different

glucose concentrations (0 uM to 1 mM) as shown in Fig. 3.10 b.
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Fig. 3.11. (a) Schematic representation of self-powered glucose sensor by establishing
parallel connection between the PNG device (BaTiOs nanocubes / PVDF film) and BTO
NP’s film based glucose sensor. The inset shows the BTO nanocubes at 200 nm scale.
(b) The open circuit potential drop across glucose sensor was measured as a function of
different glucose concentrations (0 uM to 1 mM). (c) The non-linear behavior of self-

powered glucose sensor under different glucose concentrations (0 UM to 1 mM).

In absence of glucose, the sensor’s resistance is approximately equal to the PNG
device resistance (= 1 to 50 MQ). It can be confirmed by observing the PNG output and
PNG/glucose sensor (self-powered) output (under 0 pM glucose),which are equal upon
the mechanical load 11 N at 11 Hz frequency as shown in Fig. 3.11. With increasing

concentrations of glucose, the PNG/glucose sensor output shows decreasing trend at
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same force (11 N at 11 Hz), which is quite less compared to pure PNG output indicating
that the glucose sensor’s resistance drastically decreases with increasing glucose
concentrations. For qualitative analysis the glucose sensor’s response was evaluated by
considering positive peak output value (in terms of average voltage) with respect to
glucose concentrations upon the constant mechanical force (11 N @ 11 Hz) as shown in
Fig. 3.10 c. Interestingly we observed a slight non-linear behavior of glucose sensor
(self-powered) when it was powered by the PNG device with constant force (Fig. 3.10

c).
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Table 3.1. Comparison of analytical parameters of proposed BTO NP’s film based
glucose sensor with well reported glucose biosensors (different detection

techniques).

Material Detection technique  Sensitivity Detection limit ~ Linear range Reference
employed (LA/mM cm?)
BaTiOs film I-V technique 23.79 7.941 uM 0.1uyM-1mM Present
(non-enzymatic) work
Spherical Amperometric 64.29 0.82 mM 1to 10 mM [4]
ZnO (non-enzymatic)
ZnO nanotube Amperometric 21.7 1uM 50 uM to 12 mM [33]
(enzymatic)
PtNCs/graphene Amperometric 1.21 30 uM - [34]
(non-enzymatic)
Pyramid-shaped Amperometric - 10uM 0.05t0 8.2 mM [35]
porous ZnO (enzymatic)
Nanostructured Amperometric 0.3 - 150 uM to 1.2 mM [36]
TiO2 (enzymatic)
PtNi-Graphene Amperometric 20.42 10 uM upto 35mM [8]
(enzymatic)
Lamellar-ridge- Amperometric 29 0.87 uM 2 UM to 23mM [32]
Au (non-enzymatic)
Pt- nanotubule Amperometric 0.1 1uM 2-14 mM [7]
arrays (enzymatic)
Boronic acid FET - 300nM 1 uM -100 mM [37]
functionalized CNT (non-enzymatic)
Ni/VCNTs/G Amperometric 950.6 30 uM. 0.05t0 1.0 mM [31]

(non-enzymatic)
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Fig. 3.12. Open circuit voltage (Voc) of PNG device and self-powered glucose sensor

(under 0 uM glucose concentration) upon the mechanical load 11 N at frequency 11 Hz.

But from the I-T characteristics of the sensor (Fig. 3.6 a-b), we observed a linear
relationship (under DC bias voltage of +0.5V) between the glucose concentration and
the current response in both lower and higher ranges of glucose concentration. The non-
linearity of self-powered glucose sensor is possibly due to the instantaneous voltage
generated from PNG device upon the mechanical force with periodic intervals. Here,
small time lag behavior is observed between the PNG device output (whenever
mechanical force is acted on device) and continuous glucose sensor response. This may
be the reason behind the nonlinearity of self-powered glucose sensor, even though

sensor response is linear. All the above mentioned results indicate that the proposed
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multifunctional polycrystalline BTO NP’s has glucose sensing as well as energy

harvesting capability to serve as a reliable self-powered bio-sensor.

3.4. Conclusions

Facile fabrication of self-powered BTO NP’s film based device (M-S-M device
configuration) as glucose sensor has been reported for the first time. The proposed work
is cost effective, eco-friendly and non-enzymatic. The performance of BTO film based
glucose sensor depends on factors like concentration of BTO NP’s, film thickness,
fabrication temperature and resistance of film. The recovery percentage of glucose from
human saliva is around 87.5 % and possible to improve by reducing the matrix effect.
Comparing the physiological level of glucose (38 mM) to that of the interfering agents
(0.1 mM), the sensitivity (23.79 pA/mM! cm?), low detection limit (7.941 pM) and
linear concentration range (0.1uM to 1000uM) are obviously good enough for clinical
applications without enzymes. Further investigations on the properties of barium titanate
as theranostic agent and their practical applications as self-powered systems are in

progress.
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CHAPTER IV

Direct Detection of Cysteine Using Functionalized BaTiO3

Nanoparticles Film Based Self-Powered Biosensor

Highlights

+ First report on facile and direct detection of cysteine through 1-V technique.

4+ Functionalized BaTiO3z NPs for self-powered cysteine biosensing system.

4+ Biocompatible BaTiOs NPs and agarose biopolymer paves way for green
chemistry.

4+ Proposed sensor has good selectivity and detection limits down to 10 uM
(3 s/m).

4+ The findings may further lead to novel piezoelectric-biosensing devices.

Graphical overview

| Cysteine
lForce (HO), - Si— NH,
PDMS (HO), - i~ NH, I
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4.1. Introduction

Cysteine, an essential amino acid containing a thiol group, has vital roles in
homeostasis and as a precursor; it has also been used as a biomarker [1]. Deviations in
cysteine concentration from physiological levels (30-200 pM) has been linked to
chronic diseases, such as rheumatoid arthritis, Parkinson’s disease, Alzheimer’s disease,
and even adverse pregnancy outcomes [2-5]. Thus, a facile, direct method for cysteine
detection could have considerable significance, given the currently available approaches,
such as those based on high-performance liquid chromatography [6], colourimetric and
fluorescence spectroscopy [2], capillary electrophoresis, and electrochemical
voltammetry [7]. The existing methods have certain drawbacks such as complex sample
preparation before measurement, time-consuming processes, and the need for
sophisticated instrumentation. With this in mind, there is a continuing need for the
development of a simple and rapid sensor capable of identifying cysteine in routine
analysis.

One possible approach is a stimulus-responsive nanodevice; these devices have
gained much attention among researchers due to their vital applications in theranostics,
biomolecule detection [8], and drug delivery [9], avoiding off-target effects and false-
positive results. A promising route to a stimulus-responsive system involves
nanocomposites, comprising nanoparticles and polymers. Nanocomposites have been
used in diverse applications in bio-sensing, electronics, drug delivery, nano-medicine,
and catalysis [10] due to their enhanced functionality. Typically, the polymer plays the

role of a matrix (substrate) and functionalized nanoparticles (NPs) are involved in
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sensing the target molecule. In this study, an agarose (Ag) biopolymer was used as the
substrate and amine-functionalised BaTiOsz NPs (BT-NH2 NPs) were used for the
selective detection of cysteine for the first time. Agarose, a polysaccharide consisting of
alternating residues of o-1,3-linked D-galactose and R-1,4-linked 3,6-anhydro-R-L-
galactopyranose, forms left-handed helices as a linear polymer. These helices aggregate
into long fibres, which, in turn, associate in three dimensions to form a three-
dimensional (3D) gel network [11]. Agarose has considerable chemical, thermal, and
physical stability and is less likely to interact with biomolecules, making it a preferred
matrix for use with protein and nucleic acids. Agarose films have higher stiffness than
poly(vinylidene fluoride) films due to inter- and intra-hydrogen bonding of its functional
groups. Also, the unique chemical functionality of agarose has prompted its use as an
alternate electrode material and multifunctional green battery material [12].

The BaTiOz (BT) nanoparticles used here are a well-known metal oxide with an
ABO3z perovskite structure, having (n-type) semiconducting [13] and inherent
piezoelectric properties [14]. Its unique features, such as biocompatibility, second-
harmonic generation (SHG) [15], low dielectric constant, and high piezoelectric
coefficient, make it a potential candidate for applications in biosensing [13], theranostics
[16], bioimaging [17], and piezoelectric-based energy harvesting [18]. Furthermore,
such ceramic perovskite-structured metal oxides have applications in electrical and
electronic devices. As yet, the fact that this has still not been exploited extensively for
biological applications renders great interest for self-powered biosensing and theranostic

applications. Self-powered systems with novel features, such as battery-less operation,
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portability, point-of-care diagnosis, and implantable applications [19], can be developed
using piezoelectric nanogenerators (PNG), a relatively old energy-harvesting technology
in which mechanical energy is converted into electrical energy. Self-powered
nanosensors combine the nanogenerator with a sensor, through internal or external
integration. Thus, the energy harvested from the nanogenerator is used to drive the
sensor. Based on the novel approaches mentioned above, in the present work, a self-
powered cysteine sensor was demonstrated by externally integrating a cysteine sensor
with a PNG. Ag/BT-NH: film-based cysteine sensor with metal-semiconductor—metal
(MSM) configuration was connected in parallel to a BT/Ag film-based piezoelectric
nanogenerator (BT/Ag PNG). The cysteine sensor’s analytical outputs were analysed
using a current-voltage (I-V) technique. In a self-powered cysteine sensor, the voltage
across the sensor decreases with an increase in the cysteine concentration; this potential
drop is measured as the sensing signal, in accordance with -V studies. To our
knowledge, this is the first report of a self-powered cysteine sensor based on a direct
detection technique and BT NPs. The as-fabricated sensor demonstrated comparable or
enhanced performance, compared with conventional sensors. The novelty in our work
stems from the direct, self-powered detection method using functionalized BT NPs,
harnessing both its semiconducting and piezoelectric properties. The proposed sensor
can be developed as a possible prototype for implantable and point-of-care diagnostic
devices in the near future.

4.2. Experimental section

4.2.1. Synthesis of BT NPs
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Pristine, tetragonal-phase BT NPs were synthesised via a conventional solid-state
reaction method. The high-purity precursors BaCOz (99.95%, High Purity Chemicals)
and TiO2 (98%, Daejung Chemicals) were taken according to the atomic ratio of BaTiO3
and mixed well using a pestle and mortar in acetone for 30 min until a homogeneous
powder was obtained. It was then placed inside a alumina combustion boat and heated to
1200°C for 2 h in an open-tube furnace at a heating rate of 2.5°C/min [13]. The final
product was taken out of the furnace after the reaction was complete and cooled
naturally. The as-synthesised NPs’ phase and surface morphology were confirmed by
Raman spectroscopy, X-ray diffraction (XRD), and field-emission scanning electron

microscopy (FE-SEM) analyses.

4.2.2. NH2 functionalization of BT NPs

The BT NPs obtained were functionalized with NH,. A two-step process was
used whereby the BT NPs were first functionalized with OH groups and then with NH:
groups via (3-aminopropyl) triethoxysilane (APTES) treatment [16-17]. First, 120 mg of
BT NPs were treated with 1M nitric acid for 2 h and then washed until neutral pH was
attained. They were further treated with H202 overnight and centrifuged (5000 rpm, 5
min). To the hydroxylated BT (BT-OH) NP product, 140 pL of APTES, 250 pL
ammonium solution, and 36 mL of anhydrous ethanol were added and treated at 70°C
for 8 h. After cooling, the sample was washed three times with ethanol to remove

unwanted reactants. The resulting BT-NH2 nanoparticles were dried and stored in a
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vacuum environment. NH; functionalization of the BT surface reduced aggregation of

the NPs, resulting in a more dispersed solution [20].

4.2.3. Fabrication of the cysteine sensor

A schematic diagram of the Ag/BT-NH: film-based cysteine sensor is provided
in Fig. 4.1. The fabrication protocol is facile and straightforward, requiring no
sophisticated equipment or process. The film was fabricated through a simple solution-
casting technique. Specifically 0.2% (w/v) of BT-NH2 NPs were dispersed in 1%
predissolved agarose (Ag was dissolved in twice-distilled water in a microwave oven for
1 min) and allowed to gel in situ after casting the composite solution in Petri dishes. The
film was then dried at 45°C for 24 h and later sliced according to the device dimensions
(0.5 x 1 cm). Polyethylene terephthalate was used as the substrate on to which the film
was attached. Electrical contacts were established using silver paste, and external
connections were made using copper wires. An epoxy layer was used to cover the

electrodes to prevent possible contact between the electrodes and buffer solution.
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Figure 4.1. Schematic illustration of the as-fabricated cysteine sensor.

4.2.4. Fabrication of the BT/Ag PNG

Fabrication of the BT/Ag PNG involved three simple steps: composite film
formation, establishment of electrodes and external connections, and finally device
packaging, as shown in Fig. 4.2. The BT/Ag film was formed by a simple solution-
casting technique as described for the fabrication of the sensor. Specifically 0.1, 0.2, and
0.4 % (w/v) BT NPs in 1% Ag were used for composite film fabrication and 1% Ag for
pure Ag film fabrication. To the as-fabricated composite film (3 x 3 cm), Al foil-based
electrodes were attached on the top and bottom; electrical contacts were made using
silver paste. External connections were established using copper wires. The device was
finally packed with a polydimethylsiloxane stamp to protect it from external factors,

such as humidity and temperature.
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PDMS

Figure 4.2. Schematic illustration of the as-fabricated BaTiOs/agarose (BT/AgQ)

nanogenerator.

4.2.5. Instrumentation

An X-ray diffractometer (XRD, Rigaku), operating at 40 k\V//10 mA using Cu Ka
radiation (20 range, 20-80°) at room temperature, was used to confirm the crystalline
phase formation in the BT NPs and composite films. Raman spectra for all samples were
recorded from 100 to 3000 cm™ with an excitation source of 514 nm, using a high-
throughput, single-stage spectrometer (Lab RAM HR Evaluation, Japan). The surface
morphology of all samples was characterised using FE-SEM (JEOL, JSM-6700F). A
Prizmatiz multi-wavelength light-emitting diode (LED) light source was used as the
ultraviolet (UV) source (365 nm). |-V measurements were made using a Frequency

Variable CV-IV System (B 1500A). The open circuit voltage (Voc) and short circuit
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current (lsc) of the PNG were recorded with a nanovoltmeter (Keithley 2182A) and a
picoammeter (Keithley 6485), respectively. The PNG output was measured by triggering

with a mechanical load of 2 N.

4.3. Results and Discussion
4.3.1. Structural characterisation

The successful NH: functionalization of BT NPs using APTES (a silane coupling
agent) was confirmed through Fourier-transform infrared (FTIR) analysis. The
corresponding FTIR spectra of BT NPs before and after surface modification are shown
in Fig. 4.3A. The BT NP’s characteristic Ti-O stretch can be observed at 550 cm™2. Prior
to amine functionalization, BT NPs were hydroxylated, which was confirmed by —OH
stretching and vibrational modes at 3450 cm™ and 1650 cm™. The peak around 1430
cm™}, indicating the adsorbed carbonate group, was eliminated after surface
hydroxylation. The Si-CHjs stretch at around 800 cm™ and the double overlapping peak
between 1000 and 1200 cm™* corresponding to the Si-O-Si bond, indicates appropriate
silane coating of the BT NPs [17]. Primary amine bending at 1550 cm™ and the alkane
group stretching vibrational mode at 2960 cm ™ further confirmed the successful surface

modification of BT NPs using APTES [21].
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Figure 4.3. (A) Fourier-transform infrared spectra of BT nanoparticles (NPs) before and
after NH: functionalization and (B) X-ray diffraction spectra for pristine BT NPs, BT-

NH2 NPs, Ag/BT-NH: film, and pristine Ag.
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Figure 4.4. Raman spectra for pristine BT NPs, BT-NH2 NPs, pristine Ag film and

AgQ/BT-NH: film.

The phases of individual components and the composites were determined using

Raman and XRD characterisation. Pristine BT NPs and BT-NH2 NPs have tetragonal
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phases. No change in phase was observed, even after composite film formation (Ag-BT-
NH), as shown in the XRD spectrum (Fig. 4.3B). The diffraction peak splitting at 45°
(200/002), observed with BT, BT-NHz, and Ag/BT-NH: film demonstrated the
tetragonal nature of BT NPs, consistent with the reference ICDD 98-001-3771 pattern
[18]. In the case of the agarose film, the peak at ~19° illustrates a high degree of
crystallinity [22]. Moreover, the characteristic peaks at 305 cm™ and 518 cm™ in the
Raman spectrum (Fig. 4.4) confirmed the tetragonality of BT NPs, indicating the
presence of Ti*" ions in the parent lattice; the peaks were assigned to Al and B1 modes,

respectively [23].

200 nm

Figure 4.5. Scanning electron microscopy images of (A) pristine Ag film, (B) Ag/BT-
NH: film (inset shows BT-NH2 NPs of size <200 nm), Ag/BT-NH; film at (C) 1um

scale (D) 200 nm scale.
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Figure 4.6. FE-SEM images of (A) BT NPs at 200 nm scale, (B) a cross-sectional view

of Ag/BT-NH: film with a film thickness of ~50 pm.

The surface morphology of individual components and the composites were
analysed through FE-SEM characterisation. The low-magnification SEM image in Fig.
4.5A shows that pure agarose film has a smooth surface in the top view. Because
gelation of agarose occurred in the presence of BT-NH2 NPs, the NPs are in intimate
contact with the polymer matrix, being embedded within the densely packed
microstructure of the agarose matrix, as confirmed by SEM images (Fig. 4.5B: the inset
shows BT-NH> NPs of <200 nm, and Fig. 4.5 C-D). As-synthesised BT NPs have
random shapes with size <200 nm (Fig. 4.6 A). The cross-sectional view of the Ag/BT-
NH: film showed a uniform film thickness of ~50 um (Fig. 4.6 B). Possible interactions
between NPs and the agarose polymer could be mediated through hydrogen bonding or
electrostatic interactions, resulting in intimate contact between them [24]. Thus, the
agarose matrix served as a supporting medium (binder) for the BT-NH2 NPs and

connected them to the current collector (electrodes) [12].

73



4.3.2. Device characterisation and investigation of its sensing feasibility
To confirm the sensing feasibility of the Ag/BT NPs film, the surface charge

properties of the film were examined with respect to pH (range: 3-7) using |-V

technique [8].
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Figure 4.7. 1-V curves of (A) Ag/BT film based device and (B) Ag film based device

under different pH values (pH 7 to 3) at a bias voltage of £ 1V.

Figure 4.7A shows that for the Ag/BT NP film-based device, the change in pH from 7 to
3 resulted in an increase in current at —1 V from —50 pA to —175 pA, respectively. In
contrast, for the Ag film alone (Figure 4.7B), the increase in current was negligible (—0.5
nA to —4.5 pA) at —1 V. This confirmed that the agarose served as a matrix for the
suspended BT NPs and that it does not make a significant contribution to sensing.

We also investigated the effect of BT-NH2> NP concentration and UV light

exposure in cysteine detection. To confirm whether UV light could catalyse the reaction,
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the Ag/BT-NH: film-based sensor was irradiated with a UV source (365 nm) after the
addition of cysteine at different concentrations (Figure 4.8A). As a control, the
experiment was carried out under the same conditions with no UV irradiation (Figure

4.8B).
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Figure 4.8. I-V curves of Ag/BT-NH: film based cysteine sensor under different
cysteine concentrations (100 um to 400 um) in (A) presence and (B) absence of UV at +

4V.

UV irradiation catalysed the reaction and enhanced the output, showing more
than a two-fold increase (relative current at —4 V; I-lo/lo) versus the control (Figure
4.9A). Thus, the 365-nm UV source was used in subsequent experiments.

The effect of BT-NH2 NP concentration in cysteine detection was studied by
comparing two concentrations of BT-NH2 NPs (0.1 and 0.2% w/v). The output current

increased (relative current at —4 V) with BT-NH2 NP concentration, as shown in the 3D

75



graph in Figure 4.9B. From this, 0.2% w/v of BT-NH> NPs was taken to be the optimum

concentration, as the output current obtained was sufficient for cysteine detection.
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Figure 4.9. Cysteine detection using a current—voltage (I-V) technique. (A) Two-
dimensional (2D) graph depicting the performance of a cysteine sensor in the absence
and presence of ultraviolet (UV) light (365 nm). (B) Three-dimensional (3D) graphical
representation of the cysteine sensor’s relative change in current (I-lo/lo) with respect to
BT-NH> NP and cysteine concentrations. (C) I-V curves of Ag/BT-NH film-based

cysteine sensor (0.2% wi/v) in response to various cysteine concentrations (10-1000
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uM). (D) Normalized current value (|I-lo|) of the sensor at —4 V for different cysteine

concentrations (10-1000 pM; calibration plot obtained from I-V curves).

4.3.3. Cysteine detection by an |-V technique

The cysteine response of the Ag/BT-NH: film-based sensor was determined
using an I-V technique. 1-V curves were measured over a potential range of —4 to +4 V
in phosphate buffer solution (0.1 M PBS; pH 7) containing various cysteine
concentrations (10 pM to 1mM), as shown in Figure 4.9C. The inset of the figure shows
an enlarged portion at —4 V. The device current output was normalised (saturated) with
PBS before taking measurements with different concentrations of cysteine. After the
AgQ/BT-NH: film-based sensor was exposed to UV light (365 nm) for 15 min in the
presence of 10 UM cysteine, there was an increase in the current output at —4 V.
Furthermore, with an increase in cysteine concentrations (10 pM to 1 mM), the current
at —4 V increased. This increase in current showed a linear relationship with cysteine
concentrations (correlation coefficient: 0.9999), as in the calibration curve (Figure
4.9D). The limit of detection (LOD) was ~10 pM; LOD was calculated from the
calibration curve by the “3s/m” criteria, where s is the standard deviation and m is the
slope of the calibration curve. With physiological levels of cysteine of the order of 30—
200 uM [1], the as-fabricated sensor with a sensitivity of ~506 uA/mM should be
sufficient for practical, routine analysis. As a control, the experiment was also performed
using only PBS to ensure that the current signal obtained was due to cysteine and was

not from ions present in the PBS (electrolyte), as shown in Figure 4.10 A-B. From
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Figure 4.10 C, it can be seen that with an increase in the PBS concentration, there was
no significant increase in current output at —4 V, compared with the current change ratio
in the presence of cysteine (100 to 400 uM). The Ag/BT-NH: film has a positive surface
charge in the absence of cysteine under the given experimental conditions. A rapid
increase in current occurred at —4 V upon addition of cysteine, as expected from the pl
of cysteine (5.07), because it would be negatively charged at the given pH of our
experimental conditions, leading to the binding of negatively charged species to the film
and the depletion of positively charged species [8]. With an increase in cysteine
concentration, the negative charge on the film surface increased, resulting in a

significant increase in current at —4 V.
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Figure 4.10. 1-V curves of Ag/BT-NH: film based cysteine sensor in presence of
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different concentrations of (A) PBS buffer and (B) cysteine (100 pm to 400 pm) (C)

Comparison between their relative change in current (%) at -4V.

4.3.4. Proposed working mechanism of the Ag/BT-NH: film-based cysteine sensor

B H,N-Si-(OCH,), +3H,0 = H,N-Si-(OH),+3CH,OH (1)

ll,N—fi—(()H),
OH o

H,N-Si-(OH); + —_— +H,0 2)
Figure 4.11. Schematic representation. (A) Proposed mechanism of cysteine detection
(B) Reaction scheme for amine functionalization of BT NPs using (3-aminopropyl)

triethoxysilane (APTES, a silane coupling agent).

An increase in negatively charged species (cysteine) on the film will increase the

charge carrier density (electrons) and thus eventually decrease the resistance across the

film, leading to an increased output current [13]. This typical MSM device behaviour

was observed in the I-V data [13], [19]. In absence of buffer or cysteine, Ohmic
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behaviour was observed ; with the introduction of different concentrations of cysteine,
the I-V curves became non-linear. The increase in charge carrier density (electrons) in
the film lowers the Schottky barrier height on the drain side (M-S interface), resulting in
a significant increase in the output current of the Ag/BT-NH> film-based sensor.

A possible response mechanism can be explained as follows. R-SH (thiol) in the
presence of BT-NH: (positive residue) loses a H" ion and becomes a thiolate [25]. The
thiolate side chain (R-S°) in cysteine is a strong nucleophile [1] and acts as a Lewis base,
ready to react with the NH> group on BT NPs (electrophiles). This results in a
nucleophilic attack of R-S™ on the NHx group, leading to S-N bond formation
(sulfenamides; (Figure 4.11 A); equation (1)) [26]. Thus, cysteine binds to the film,
increasing its surface negative charge. A detailed reaction scheme for the
functionalization of BT NPs with amine groups is provided in (Figure 4.11 B). The
proposed sensor’s analytical throughput (LOD and linear concentration range) is better
than or comparable to existing cysteine sensors (Table 1). These reported sensors are
based on colourimetric, amperometric, and fluorescence-based techniques, whereas the
sensor developed is self-powered and based on a direct detection technique. Thus, our
novel sensor design provides efficient cysteine detection with minimal sample
processing and time consumption; as such, being a prototype for implantable and point-
of-care diagnostic devices.

RS~ + H,N — R’ > RSNR' + H,0 (1)
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4.3.5. Real-time analysis and interference studies

The sensor was further assessed with complex matrices like urine samples for
real-time detection. Non-invasive detection using urine samples has great advantages,
such as patient compliance and ease of sample handling. An abnormal level of cysteine
in urine is a result of a disorder or disease [8]. The physiological level of cysteine in
urine mirrors changes in plasma, where the level varies from 30 to 200 uM [28-29].
Thus, for real sample analyses, the concentration range studied was 10-500 pM, which
covers the physiological range of cysteine. The urine samples collected were diluted by
a factor of 10 with 0.1 M PBS (pH 7) and immediately used for analysis. The diluted
samples were spiked with known concentrations of cysteine (10-500 uM). I-V curves of
the Ag/BT-NH: film-based cysteine sensor in response to different concentrations of
cysteine-spiked urine samples are shown in Figure 4.12 A (inset shows the enlarged
portion at —4 V). The 1-V characteristics obtained were consistent with the cysteine
concentrations (10 uM to 1 mM) shown in Figure 4.9 C. From the calibration plot
obtained (Figure 4.12 B), there was a linear relationship between the current obtained at
—4 'V and the cysteine concentration (correlation coefficient: 0.9999) and LOD obtained
was ~10 pM (3s/m criteria) which is in agreement with Figure 4.9 D. Thus the sensor is
applicable for screening samples to check whether the cysteine level lies within the

normal physiological range or not.
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Figure 4.12. Real sample analysis and interference studies. (A) I-V response of the
Ag/BT-NH: film-based cysteine sensor in the presence of a urine sample spiked with
different cysteine concentrations (10-500 uM). (B) Normalized current value (|I-lo]) of
the sensor at —4 V in the presence of different concentrations of cysteine-spiked urine
sample (10-500 puM; calibration plot obtained from I-V curves). (C) Current change

ratio of cysteine sensor measured at —4 V in 0.1 M PBS (pH 7) with the addition of 1

mM Cys, His, GIn, AA, and UA.
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The sensor has good selectivity towards cysteine compared to various interfering
species, such as histidine (His), glutamine (GIn), ascorbic acid (AA), and uric acid (UA).
The current change ratios measured at —4 V in 0.1 M PBS (pH 7) with the addition of 1
mM Cys, His, GIn, AA, and UA are shown in Figure 4.12 C. From the negligible current
change ratios for interfering species compared with that of cysteine, the sensor’s

selectivity towards cysteine is clear.
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Figure 4.13. Interference study. 1-V curves of Ag/BT-NH: film based cysteine sensor at
14V in presence of 1mM concentration of interferents namely (A) AA, (B) UA, (C) GIn

and (D) His (inset shows the enlarged view of the I-V curve at -4V).
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The 1-V curves of a Ag/BT-NH: film-based sensor in response to 1 mM
concentrations of potentially interfering species in the presence of PBS (electrolyte) are
shown in Figure 4.12 A-D (the inset shows an enlarged portion at —4 V). There were
negligible changes in current at —4 V, even at 1 mM concentrations of the interfering

species.
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Figure 4.14. Interference study for self-powered cysteine sensor. (A) The open circuit
potential drop across the sensor in the presence of 1 mM cysteamine and 1 mM cysteine
(@2N load; inset shows the enlarged view of the open circuit potential drop for 1 mM
cysteine ). (B) The response of the self-powered cysteine sensor to 1mM concentration

of cysteamine and cysteine respectively.

Additionally, interference study for self-powered cysteine sensor was also
performed using cysteamine; an aminothiol and a therapeutic drug used for treating
cysteine related disorders (Figure 4.14 A-B). The open circuit potential drop across the

sensor (peak-to-peak value) for 1 mM cysteamine is 65 V and to that of 1 mM cysteine
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is 1.5 V. Thus, the response of the sensor to cysteamine and cysteine is 18% and 98%
respectively (~ 5.5 fold difference) as shown in Figure 4.14 B; once again confirms the
sensor’s selectivity. The experiments were repeated four times (denoted by error bars)
and measurements were made over a time period of two months (stored at room

temperature) which proves the sensors performance, reproducibility and stability.

4.3.6. BT/Ag PNG

The novel approach to cysteine detection demonstrated prompted development of
a self-powered sensor system. Agarose, a biopolymer, has been recently exploited in
energy harvesting and storage devices, due to its unique chemical features (ether and
hydroxyl groups) and properties, such as higher stiffness (due to inter- and intra-
hydrogen bonding of its functional groups), as an electrode binder, multifunctional green
battery material, and building element for battery separators [12]. A composite made of
agarose and BT can be exploited to create a piezoelectric nanogenerator for energy
harvesting, which can then be used as a power source for driving the Ag/BT-NH> film-
based sensor. The biopolymer agarose serves as a matrix for the BT NPs, assisting in
film formation. BT/Ag PNGs of four different weight ratios (0, 0.1, 0.2, and 0.4% w/v),
with 3 x 3 cm dimensions, were fabricated as described in the Experimental section. The
Voc and lsc of these PNGs are shown in Figure 4.15 A-B and Figure 4.16 A. The 0.4%
w/v BT/Ag PNG showed the best performance among the various weight ratios, with an
average peak-to-peak Voc0f 80 V (Figure 4.16 B) and an average peak-to-peak Isc of 285

nA (Figure 4.16 C) at a mechanical load of 2 N, the maximum values among the four
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weight ratios. With an increase in BT concentration, the nanogenerator’s output voltage
and current increased (Figure 4.16 A). The composite film with a higher % w/v of BT
NPs showed higher performance compared with the pure Ag film and lower % w/v BT
NPs. The piezoelectric potential generated from this device (0.4% w/v) can light up six
commercial green LEDs (Figure 4.16 D), confirming its ability to power sensors and
other low-power electronic gadgets. The as-fabricated PNG showed good stability,
giving a stable output voltage of 80 V with no degradation, even for a period of 1000 s
under a mechanical force of 2 N (Figure 4.16 E). Thus, this PNG was used as the power

source to drive the as-fabricated cysteine sensor.
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Figure 4.15. (A) Open circuit voltage (Voc) and (B) short circuit current (I s¢) of 0, 0.1,

0.2 and 0.4 % (W/V) of BT/Ag NG at a mechanical load of 2N.

4.3.7. Working mechanism of PNG
The flexible PNG’s mechanical energy is converted into electrical energy. When

a compressive force is applied, orientation of dielectric poles in the BT/Ag composite
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film occurs, generating a piezoelectric potential. The perpendicular force acting on the

composite film generates a piezopotential on both sides of the film, which, in turn,

induces inductive charges on the top and bottom electrodes. The charge carriers create a

potential difference, which drives electrons through the external circuitry [30].
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Figure 4.16. Self-powered cysteine sensor. (A) Output voltage and current of BT/Ag

nanogenerator as a function of different concentrations of BT NPs (% w/v) at a

mechanical load of 2 N. (B) Open circuit voltage (Voc) and (C) short-circuit current (lsc)

of BT/Ag nanogenerator (0.4% wi/v) at 2 N. (D) Demonstration of commercial green

light-emitting diodes (LEDSs) lit using the piezoelectric potential generated. (E) Stable

output voltage of the nanogenerator (under a load of 2 N) for a period of 1000 s with no

degradation.
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Table 4.1. Comparison between cysteine sensors based on different detection techniques

Material employed Detection Limitof Linear range  Reference
technique detection concentration
Fluorescent Fluorometric 111 Nm 0.25-7 uM [31]

AgAUNCs@11-MUA

GCE/MWCNTS/PEI/Au  Amperometric 2.7 uM 9.0-250 uM [32]
NPs electrode modified Lt Lt
with DTNB
Coumarin derivative Fluorometric 100 nM 0-0.9 mM [33]
Silver nanoparticles Colourimetric 100 nM 0.1-1000 uM [34]
MIL-88A-derived FesO4s- Amperometric 2 uM 0.007-14.18 [35]
carbon Hierarchical mM

nanocomposites
Tetraphenylethene- Fluorometric 5uM 5-500 uM [36]
coumarin hybrid
fluorophore
NH2-functionalised BT |-V technique 10 uM 10 uM-1 mM  This work
NPs suspended in agarose
matrix
Tris(bipyridine)Ru(Il) Fluorometric 141 pyM  15t0 180 uM [37]

complex
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In the case of a nanogenerator made of pure agarose film, the generation of electrical
output is mainly from the functional groups (hydroxyl and ether) present in the agarose,
causing inductive charges on the top and bottom Al electrodes. The difference in
potential between the two electrodes drives the charge carriers through the external
connections, leading to the generation of an electrical output. A PNG made from BT/Ag

composite film showed better performance and thus was used for driving the sensor.

4.3.8. Integration of the cysteine sensor and BT/Ag PNG

A

control

60 Na ator N ator/ Sensor

0100 200 300 400
Concentration (uM:

T T T T T T T T —T r T T T T 1
0 5 10 15 20 25 30 35 40 45 40 60 80 100 120 140 160 180 200

Time (s) Time (s)
Figure 4.17. (A) Output voltage of the nanogenerator (NG) and self-powered cysteine
sensor (NG/cysteine sensor) under a load of 2 N. (B) The open-circuit potential drop
across the sensor as a function of different cysteine concentrations (1072 mM to 4 x
10t mM) at 2 N (inset shows the calibration plot where the potential drop across the

sensor has a monotonic functional relationship with the cysteine concentration).

The electrical output generated from the BT/Ag PNG was used to drive the

Ag/BT-NH: film-based cysteine sensor. To demonstrate the self-powered device, the
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cysteine sensor was connected in parallel to the BT/Ag PNG. The PNG output and
PNG/cysteine sensor (self-powered device) output (peak-to-peak Voc: ~80V @ 2 N, in
the absence of buffer) was approximately the same, confirming that the sensor’s
resistance was equal to the PNG’s resistance (1-50 MQ; Figure 4.17 A. With the
introduction of a buffer, the voltage across the sensor decreased and approached
saturation. Further addition of cysteine to the buffer caused the voltage across the sensor
to decrease further. With an increase in cysteine concentrations from 10 to 400 uM, the
voltage across the sensor decreased from 30 to 8 mV, respectively under a 2-N load
(Figure 4.17 B), consistent with the 1-V characteristics of the sensor in the presence of
different cysteine concentrations (Figure 4.9 C). Typical MSM device behaviour was
observed. With increased cysteine concentrations, the resistance of the device (sensor)
decreased due to an increase in charge carrier density (electrons) and thus the voltage
across the sensor decreased. This potential drop across the sensor showed a monotonic
relationship with cysteine concentrations (inset, Figure 4.17 B). The non-linearity of the
self-powered cysteine sensor was attributed to the PNG’s instantaneous voltage, as there
is a small time lag between the PNG’s output and continuous cysteine SENSOr response.

However, the cysteine sensor itself has a linear response (Figure 4.9 D).

4.4. Conclusions
We report for the first time the facile, direct detection of cysteine using
functionalized BT NPs. Amine-functionalised BT NPs suspended in an agarose matrix

were used for cysteine detection based on the change in surface charge properties of the
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composite film. The novel composite was also investigated for harvesting energy,
leading to the development of a self-powered device. The agarose biopolymer and
biocompatible BT NPs were used for sensing as well as for energy harvesting resulting
in green chemistry. The as-fabricated sensor showed good selectivity, reproducibility,
low cost, and detection limits down to ~ 10 uM. The study may further lead to the
realization of functionalized BT NPs in theranostic applications and novel piezoelectric-

biosensing devices.
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CHAPTER V

Unconventional Active Biosensor made of Piezoelectric

BaTiOs Nanoparticles for Biomolecule Detection

Highlights

+ First report on BaTiOs NPs film based nanogenerator as one-stop active glucose
sensor.

4+ Multifunctional and biocompatible BaTiOz NPs with piezoelectric and
semiconducting properties.

4 Device with dual functions, as both an energy source and a biosensing signal.

+ Proposed sensor has good selectivity and detection limits down to 10 uM.

4+ Prototype for smart/intelligent implantable nanosystems for theranostic

applications.

Graphical overview

l Biomolecule detection

[enuajod d11399[90Za1g

95



5.1. Introduction

Multi-functional, self-powered, piezoelectric-based active sensors have potential
in the development of medical devices for health-monitoring purpose. The realization of
such a smart nanosystem is quite challenging, but highly desirable for next-generation
diagnostic and theranostic applications. Such unconventional diagnostic tools can be
realized from conventional principles existing in everyday applications, such as
piezoelectricity. Piezoelectric nanogenerators (PNG) are among the older, more
established energy harvesters converting mechanical energy into electrical energy [1].
Much research has been focused on harvesting mechanical energy in living
environments, and scavenging biomechanical energy, and their conversion to electrical
power for powering low-power electronic gadgets and sensors [2-4]. Few reports on
PNGs as implantable devices for health monitoring are available [5],[6]. With
limitations in the operational lifetime of the conventional batteries used for powering
implantable devices, continuous monitoring over long periods is almost impossible.
Surgeries are needed to replace batteries, leading to complications and morbidity.
Implantation of both an energy harvester and a monitoring system could be a solution
but it would occupy more space inside the recipient animal or patient, involving
complex surgical procedures. Thus, developing a stand-alone, fully integrated, one-stop
device (an active biosensor) is a desirable solution.

The BaTiOs nanoparticle (BT NP) is a well-known piezoelectric, ferroelectric
material, similar to lead zirconate titanate (PZT), the piezoelectric harvesting properties

of which have been described and investigated by many researchers [7-10]. Although
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research on enhancing the piezo properties of the BT NP by composite technologies and
bio-based template-assisted self-assembling technology[11] have been reported, it
remains unexploited with respect to biosensing and theranostic applications. Unlike
PZT, BT NPs are biocompatible, making them suitable candidates for drug delivery,
invivo imaging [12], cancer therapy [13], and self-powered nanosystems[14]. This
background prompted us to investigate BT NPs in the field of biosensing for developing
self-powered sensors, as reported by our group previously [15],[16]. Instead of
harvesting energy separately and integrating it externally with a sensor, a one-stop
device having dual functions may be possible. Moreover, vital biomedical information
could be determined from the piezoelectric output of a nanogenerator by tailoring its
piezoelectric properties for monitoring or sensing biologically important molecules. This
suggests a new era of piezo-based biosensing where piezoelectric, piezotronic, and
semiconducting properties of BT NPs could play a major role [17],[16],[18]. Thus,
tailoring these properties by means of biomolecules can result in a novel biosensing
mechanism [17], [19],[20].

Generally, poling leads to orientation of electrical dipoles in BT NPs in the
direction of the external electrical field. During mechanical deformation of a
nanogenerator, a piezoelectric potential is induced between the top and bottom
electrodes due to the stress of the dipoles. This built-in potential causes the flow of free
electrons, thus neutralizing the piezoelectric potential [21]. Thus, tailoring the charge-
carrier density can result in the piezopotential containing vital information. Adsorption

of biomolecules on a piezoelectric material causes changes in the free electrons, so
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screening of the piezopotential could have a significant effect on the final output of the
NG [20],[22]. The free-carrier density in the conduction band of piezoelectric material
tends to flow and screen the positive ionic piezoelectric charges at one end, while
leaving the negative ionic piezoelectric charges alone. This principle is called the
screening effect which alters the piezoelectric output of the PNG. This output signal then
serves both as a biosensor and a source of energy. In this study, the piezoelectric output
response of an unpackaged BT film-based NG to glucose was investigated, exploring the
screening effect of free carriers on piezo potential due to the presence of glucose
molecules. The NG can actively detect glucose molecules as a self-powered sensor
without requiring external power (active sensor). This study could provide a prototype

for the development of next-generation smart/self-powered nanosystems.

5.2. Experimental section
5.2.1. Synthesis of BT NPs

A conventional solid-state reaction method was used for synthesizing pristine,
tetragonal-phase BT NPs. The precursors — BaCOz (99.95%, High Purity Chemicals)
and TiO2 (98%, Daejung Chemicals) — were mixed well in acetone using a pestle and
mortar for 30 min until a homogeneous powder was obtained (precursors were taken
according to the atomic ratio of BaTiO3). The homogeneous mixture was then placed
inside a combustion boat (alumina) and heated, at a heating rate of 2.5°C/min, to
1,200°C for 2 h in an open-tube furnace. The BT NPs thus formed were taken out of the

furnace and cooled naturally [16]. The phase and surface morphology of the as-
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synthesized NPs were confirmed by Raman spectroscopy, Fourier-transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD), and Field- emission scanning electron

microscopy (FE-SEM) analyses.

5.2.2. Fabrication of AI/BT/ITO NG

Figure 5.1 shows a schematic of the AI/BT/ITO NG, the fabrication of which involved
three simple steps: BT film formation, establishment of electrodes and external
connections, and fixation within a Kapton frame. The transparent ITO-coated PET
(Polyethylene Terephthalate) film served as both the substrate for BT film and a
conducting electrode (bottom). A BT film of thickness ~50 um was formed on the ITO
substrate by a simple solution-casting technique. Specifically 5, 10, and 20 % (w/v) BT
NPs in 5% (w/v) PVA (poly vinyl alcohol) matrix were dispersed homogeneously for
BT film formation. After casting this homogenous mixture on the ITO substrate, it was
heat-treated at 150°C for 1 h in an oven to achieve a uniform polycrystalline film and to
eliminate the PVA matrix [15]. A piece of aluminum (Al) foil (thickness, ~15 pm)
positioned on the top of the BT film served as the counter-electrode (top). Copper (Cu)
wires were attached to the top and bottom electrodes with a silver (Ag) paste and were
used to measure the piezoelectric output voltage and current. Finally, the device was
fixed tightly between two Kapton films on both sides of the device as supporting frames
to establish firm contact between the electrode and BT film. The active area of the
device was 2 x 2 cm, with slight extension of the BT film on one side for placing the

glucose molecules for detection. The NG device was poled by applying an electric field
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of 5kV for ~15 h to enhance its piezoelectric properties. This facile, novel device
structure leads to a new piezoelectric-based biosensing approach for detecting

biologically important molecules.

Figure 5.1. Schematic diagram of the BaTiOz (BT) film-based piezoelectric

nanogenerator (PNG) used in this research.

5.2.3. Instrumentation

The surface morphology of all samples was characterized using FE-SEM (JSM-6700F;
JEOL). An X-ray diffractometer (Rigaku), operating at 40 kV/10 mA and using Cu Ka
radiation (26 range, 20-80°) at room temperature, was used to confirm crystalline phase

formation in the BT NPs. Raman spectra were recorded with an excitation source of 514
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nm using a high-throughput, single-stage spectrometer (Lab RAM; HR Evaluation,
Japan). The open circuit voltage (Voc) and short circuit current (Isc) of the NG were
recorded with a nanovoltmeter (2182A; Keithley) and a picoammeter (6485; Keithley),
respectively. The NG output was measured by triggering with a mechanical load (F =

0.2 N) using a linear motor (E1100).

5.3. Results and Discussion

5.3.1. Structural characterization

The structural morphology, size, and phase of the as-synthesized BT NPs were
confirmed through characterization techniques. The XRD and Raman shift results were
used to confirm the phase of the BT NPs. The characteristic peaks of BT NPs at 252 cm’
1305 cm?, and 518 cm™ in the Raman spectrum (Figure 5.2 a) confirmed the tetragonal
phase of BT NPs, indicating the presence of Ti*" ions in the parent lattice; the peaks at
305 cm™ and 518 cm™ were assigned to the Al and B1 modes, respectively [23].
Moreover, the XRD diffraction pattern (Figure 5.2 b) was consistent with the reference
ICDD 98-001-3771 pattern and the peak splitting observed at 45° (200/002; inset; Figure
5.2 b) confirmed the tetragonal nature of the pristine BT NPs [14]. Thus, the Raman
shift and XRD pattern indicated that the BT NPs had good crystallinity, with an
excellent ferroelectric tetragonal phase. The surface morphologies of the BT film and
pristine BT NPs were analyzed using FE-SEM. The low-magnification SEM image
(Figure 5.2 c) showed a uniform distribution of BT NPs in the BT film surface from the

top view at a 2-um scale. The inset shows FE-SEM micrographs of BT NPs having
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random shapes with sizes <200 nm. The cross-sectional view of the BT film showed a
uniform film thickness of ~50 um (Figure 5.2 d). Additionally, the FTIR spectrum

showed a Ti-O stretch signal at ~550 cm™, again confirming the characteristics of the

BT NPs (Figure 5.3) [24].
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Figure 5.2. Structural characterization. (a) Raman spectrum and (b) X-ray diffraction
(XRD) pattern of the as-synthesized BaTiOs nanoparticles (BT NPs). Field-emission
scanning electron microscopy (FE-SEM) micrographs of (c) BT NPs film at 2 um scale

(inset shows BT NPs < 200 nm) (d) a cross-sectional view of BT NPs film with film

thickness of ~50 pm.
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Figure 5.3. Fourier-transform infrared (FTIR) spectrum of as-synthesized BT

nanoparticles.

5.3.2. NG device optimization and characterization

Al/BT/ITO NGs of three different weight ratios of BT NPs (5, 10, and 20% w/v), with a
2 x 2 cm active area, were fabricated as described in the Experimental section. The Voc
and lsc of these NGs are given in Figure 5.4 and Figure 5.5 a. With an increase in BT
concentration, the output voltage and current of the nanogenerator increased in a linear
fashion (Figure 5.5 a). NG with a higher % w/v of BT NPs (20% w/v) showed higher
performance compared with lower % w/v BT NPs, giving a peak-to-peak Vo of ~30 V

(Figure 5.5 b) and a peak-to-peak Isc of ~340 nA (Figure 5.5 c).
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Figure 5.4. (a) Open circuit voltage (Voc) and (b) short-circuit current (lsc) of BT film-
based NGs fabricated with 5, 10, and 20% w/v BT NPs at a mechanical load of F =

0.2 N.

The electrical outputs of the nanogenerator were measured using a programmed linear
motor by applying a periodic compressive load (F = 0.2 N). When this force was applied
perpendicularly to the AI/BT/ITO nanogenerator that included a BT film of thickness
~50 um, the output voltage reached ~30 V (Figure 5.5b inset shows an enlarged image
of a single peak-to-peak voltage graph), and the output current was ~340 nA (peak-to-
peak). The piezoelectric potential generated from this device (20% w/v) could light up
nine commercial green LEDs (Light-emitting diode) (Figure 5.5 b; inset), confirming its
ability as a potential energy source for driving low-power electronic gadgets and
sensors, as well as being an active biosensing device. Moreover, this NG gave a stable

output voltage of ~30 V with no degradation, even for a period of 600 s under a
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mechanical force of 0.2 N (Figure 5.5 d), confirming device stability (inset shows

enlarged image).
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Figure 5.5. Electrical characterization of NG. (a) Output voltage and current of BT

film-based nanogenerator (NG) as a function of different concentrations of BT NPs (%

w/v) under a mechanical load (F = 0.2 N). (b) Open circuit voltage (Voc) (inset: enlarged

image of a single peak-to-peak voltage graph; commercial green light-emitting diodes

(LEDs) lit using the piezoelectric potential generated and (c) short-circuit current (Isc) of

BT-film based NG (20% w/v). (d) Stable output voltage of NG (20% w/v; under a load

of F = 0.2 N) for a period of 600 s with no degradation.
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Figure 5.6. (a) The Voc and (b) Isc of BT film-based NGs (20% w/v BT NPs) before and

after poling at an electric field of 5 kV for 15 h (at a mechanical load of F = 0.2 N).
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Figure 5.7. Polarity switching test. The Voc of BT film-based NG (20% w/v BT NPs)
during (a) forward connection and (b) reverse connection (at a mechanical load of

F=0.2N).

The NG device poling condition was optimized to an electric field of 5 kV for

about 15 h. The piezoelectric output of the NG (20% w/v) before and after poling
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(Figure 5.6 ) confirmed the orientation of dielectric poles in the BT NPs, due to the

applied electric field, thus leading to an enhanced piezoelectric potential.

Polarity switching tests were performed to confirm that the output electrical
signals came from the NG and were not due to contact electrification between the
measurement set-up and device. An opposite output signal when the device was

connected in reverse confirmed that the signal was from the device (Figure 5.7.).
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Figure 5.8. The Open circuit voltage (Voc) of the PNG (a) subjected to different
accelerations 0.1 ms? 1 ms? 5 ms? and 10 ms (time dependence of the compressive
and decompressive load action on PNG). (b) representing number of cycles (n;
sinusoidal peaks) for a time period of 5 seconds when subjected to different

accelerations.

Moreover, time dependent compressive and decompressive force on the PNG
was studied by subjecting the device to four different accelerations namely 0.1 ms

(F=0.2N), 1 ms (F=2N), 5 ms? (F=10N) and 10 ms? (F=20N) for which the device
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gave respective output voltage as shown in Figure 5.8 a. With increase in acceleration,
there is corresponding increase in peak amplitude and frequency. From Figure 5.8 b, we
can observe that the number of cycles (n; sinusoidal waves) for a time period of 5
seconds increases with increase in acceleration. This depicts the time dependence of the
compressive and decompressive load action on PNG. Among all these accelerations,
device at 0.1 ms? (F=0.2N) showed best performance with respect to peak pattern
behavior and uniformity for a constant period of time, suitable for our purpose of study
to be used as a self-powered sensor with dual functions as sensor and energy harvester.
Hence, this acceleration was chosen as the optimum one and further used for all

measurements throughout the study.
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Figure 5.9. Active (self-powered) glucose sensor. The piezoelectric output of the NG

(20% wi/v) in the presence of different glucose concentrations (0 to 800 uM) at F = 0.2 N

(the piezoelectric output voltage of the device was linearly dependent on the

concentration of glucose).
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5.3.3. Self-powered/ active glucose sensor

The output voltage (piezoelectric potential) generated from the as-fabricated
Al/BT/ITO NG can act not only as an energy source but can also be used as a biosensing
signal. Thus, the NG has two functions: first, as an energy source (in that it can produce
piezoelectric output power), and second as a biosensor (because the output of the NG is
also a measure of chemisorbed glucose molecules). The piezoelectric potential generated
by the device in the presence of different concentrations of glucose was used as a
biosensing signal for glucose detection. The linear concentration range of glucose
studied was 0to 800 uM. In the absence of glucose, the piezoelectric output voltage
under the compressive force was ~30 V. With the addition of 10 uM glucose, the
piezoelectric output voltage of the NG decreased and continued to decrease with further
addition of glucose molecules. The piezoelectric output voltage of the device was
linearly dependent on the glucose concentration. Glucose solution was added to the
slight extension of the BT film on one side of the device from which it will spread
throughout the device through capillary action. The amount of glucose solution used is
50ul which will not cause problems like stagnation or short circuits. Moreover, after
adding the glucose solution, the device was allowed to dry at 37°C for 15 minutes just to
ensure that there will be no short circuit due to contact between solution and electrode.
This time period of 15 minutes is sufficient for our experimental conditions as the device
is not completely immersed in glucose solution in which case it has to be dried for an
hour or more. After this, measurements were taken by subjecting the device to

compressive and decompressive force using linear motor. When the concentrations of

109



glucose were 10 uM, 200 uM, 400 uM, 600 uM, and 800 uM, the piezoelectric output

voltages were 29 V, 22 V, 13.5V, 6 V, and 0.4 V, respectively (Figure 5.9.).

The calibration curve obtained from Figure 5.9 fitted the equation Y = A + B x
X, where A = 29.41003, B = -0.03762, and R?=0.9961 as shown in Figure 5.10 a. The
experimentally detected limit of detection (LOD) was 10 uM. The response of the self-
powered active biosensor based on the voltage variation in function of glucose

concentration can be given as

= D%l 100% )

0

where Vyand V; are the piezoelectric output without and with glucose, respectively.
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Figure 5.10. (a) Relationship between the piezoelectric output of NG and the
concentration of glucose. (b) Dependence of the response r on the concentration of

glucose.
The responses of the device for 10 uM, 200 pM, 400 uM, 600 uM, and 800 uM

glucose concentrations under a mechanical load of F = 0.2 N were 3.3%, 26.6%, 55%,
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80%, and 98.6%, respectively. The sensitivity can be calculated from the slope of the
response curve (Figure 5.10 b) which gives the response of the device for per uM
glucose concentration change. Thus, the calculated sensitivity of 0.125 (i.e. ~ 125 mV/
UM glucose concentration) is in agreement with the peak resolution of the active sensor
which is 117 mV (8 bit ADC) as shown in Figure 5.11. Thus, with a vertical range of 30

V, voltage differences as much as 125 mV can be ideally resolved using this active

Sensor.
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Figure 5.11. Resolution of peak amplitude. (a) The Open circuit voltage (Voc) of the
PNG (5 peak cycles) divided into discrete levels by Discrete Fourier transform (DFT)
(b) enlarged image of one peak cycle.

Resolution is the smallest input voltage change a digitizer can capture. It can be
expressed in bits (LSB), in proportions, or in percent of full scale. It can also be

explained through an n-bit analog-to-digital converter (ADC) where resolution is a
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function of how many parts the maximum signal can be divided into. The formula to
calculate resolution is 2", where n denotes the bits. Figure 5.11. shows single sine wave
peak divided into multiple discrete step amplitudes (by assuming 5 bit ADC) such as 32

peaks.

Thus,

2°=32

Therefore, the best resolution is 1 part of 32 (32 discrete levels)

i.e. 1/32 =0.03125

~ 3.125 % of the full scale.
In present case, the resolution of active glucose sensor calculated from the response
curve (Figure 5.10 b) is 125mV/ uM glucose concentration. Thus an 8 bit ADC with 256
discrete levels (step amplitudes) will give such a resolution. According to the resolution
formula,

28 = 256

Therefore, the best resolution is 1 part of 256

i.e. 1/256 = 0.00390625

~ 0.390625 % of the full scale.
The peak-to-peak amplitude of voltage signal is 30 V and the corresponding best
resolution is (0.390625 * 30 V)/100 = 117 mV (approximately equal to 125 mV). Thus,
with a vertical range of 30 V, voltage differences as much as 125 mV can be ideally

resolved using this active sensor (8 bit ADC).
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Table 5.1. Comparison among glucose sensors based on different detection techniques

Material employed Detection Limitof  Linear range  Reference
technique detection  concentration

CuO nanowire Amperometric 49 nM 0.4 uMto [31]
(non-enzymatic) 2 mM

PtNi-Graphene Amperometric 10 uM up to 35 mM [32]

(enzymatic)

Nanostructured TiO2  Amperometric 100 nM 150 uM - [33]
(enzymatic) 1.2mM

BaTiOs NPs film I-V technique 794uM  0-1mM [15]

Pyramid-shaped Amperometric 10 uM 0.05-8.2 mM [34]

porous ZnO (enzymatic)

Ni Flow-injection 0.04mM  0.1-25mM [35]

analysis (non-

enzymatic)

3D porous ZnO— Amperometric 0.21 uM. upto 1.6 mM [36]

CuO hierarchical (non-enzymatic)

nanocomposites

Porous Cu,0 Amperometric 1.5uM 0-1.5mM [37]

microcubes (non-enzymatic)

BaTiO3z NP film Piezoelectric 10 uM 0 to 800 pM This work
biosensing
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NP, nanoparticle

5.3.4. Proposed working mechanism of Al/BT/ITO NG as active glucose biosensor

With no force, there is no generation of a piezoelectric potential (Figure 5.12 a).
Mechanical energy is converted into electrical energy when a compressive force is
applied perpendicularly to the BT film-based NG due to the orientation of dielectric
poles in the BT NPs, generating a piezoelectric potential. The piezoelectric potential
generated on both sides of the film, in turn, induces inductive charges on the top and
bottom electrodes, as a result of electrostatic force. This potential difference between the
electrodes results in transient flow of electrons through the external circuit in response to
the periodic mechanical deformation (Figure 5.12 b). Moreover, the piezoelectric output

of the NG depends on the piezoelectric coefficient (dss),[16] given by

d
Voc = (K—ZZ)GY’C )
Isc = 833KepYAe 3)

Where, Vo is open circuit voltage, das is piezoelectric coefficient of the material, o is the
strain (perpendicular direction), Y is Young’s modulus, T is the thickness of the device,

K is the relative permittivity, €q is the permittivity of free space, lsc is short-circuit
current, g,5 is the piezoelectric voltage constant(%), A is the cross-sectional area of
(0]

the device and e is the applied strain.
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Figure 5.12. Schematic representation of the proposed mechanism of BT film-based NG
during active biosensing of glucose.

A change in the free-carrier density in the BT film will influence the
piezoelectric output of the NG due to its screening effect on the piezoelectric
polarization charges at the interface. The electron density of the BT film will be affected
by the adsorption of biomolecules, which in turn can establish a local electric field and
greatly change the screening of the piezoelectric field [19]. Chemisorption of glucose
molecules on the BT film will increase its electron density and thus provide a gate
potential (Figure 5.12c). This increase in free-carrier density in the conduction band of
BT will screen the positive ionic piezoelectric charges at one end, leaving the negative
ionic piezoelectric charges alone, thereby reducing the piezoelectric output (Figure 5.12

d) [20],[22],[25]. Thus, with different concentrations of glucose molecules, the
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piezoelectric output of the nanogenerator will be reduced due to the increased electron
density, acting as a biosensing signal.

The change in charge-carrier density can be assessed directly by the change in
resistance of the BT film through 1-V (current-voltage) studies, as reported
previously[15]. Glucose molecules release e™ to the BT NP film, which will increase the
charge carrier density of the film, resulting in lowering of the Schottky barrier height on
the drain side (®4); thus, the interface between the BT NP film and the metal electrode
(MS) significantly increases the output current of the BT film-based glucose sensor with
a metal-semiconductor-metal (MSM) device structure, as explained previously. Glucose
molecules have a Lewis base site, the OH group, whereas the BT NP film has Ba?* and
Ti** ionic species, which are Lewis acids. The Lewis base (OH groups) reacts with
Lewis acids (Ba®* and Ti**) and releases electrons (¢), leading to the chemisorption of
glucose molecules on to BT NPs, where the glucose is oxidized and releases
electrons[26],[15]. The glucose molecules (Lewis base) on the surface of BT film
(Lewis acid) provide a gate potential, and the field effect eventually influences the
charge carrier density (electrons) in the BT film (Figure 5.12 c), which varies the
screening effect of free-carriers on the piezoelectric output (Figure 5.12 d). The response
of the active NG to glucose molecules is consistent with the I-V characteristics of the
Ag-BT-Ag device (MSM) in our previous report [15]. There is a typical MSM structure
in our NG device (AI-BT-ITO) [4],[27],[28],[29]. The free-carrier density in BT film
increases with an increase in glucose concentration and thus the piezoelectric output of

the NG containing the glucose-sensing information decreases.
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5.3.5. Interference studies
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Figure 5.13. Interference study. (a) The piezoelectric output of the NG in the presence
of 1 mM glucose and interferents such as 1 mM uric acid (UA), 1 mM ascorbic acid
(AA) and 1 mM galactose (Gal). (b) Response of NG based on the voltage variation in

the presence of glucose and interferents.

The specificity of the sensor was confirmed through an interference study using 1 mM
uric acid (UA), ascorbic acid (AA), and galactose (Gal), respectively, as interferents.
The normal physiological level of glucose (3-8 mM) is much higher than the level of
interfering species (0.1 mM) [30]. The piezoelectric output voltage of the NG in the
presence of glucose (1 mM) and interfering species (1 mM) is shown in Figure 5.13 a.
The piezoelectric output voltage of the NG in the absence of any biomolecule was ~30 V
(peak-to-peak); in the presence of UA, AA, Gal, and Glu it was ~32 V, ~24 V, ~31 V,

and ~0.28 V, respectively. There was no significant change in the piezoelectric output of
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the nanogenerator for interferents but for glucose there was a significant change
(potential drop). Thus, even at higher concentration of interferents (1ImM), the response
of the device to interferents was negligible when compared with that to glucose. The
device (active sensor) showed a 99% response to glucose, but responses of only 6.8% to
UA, 17.2% to AA, and 3.4% to Gal (Figure 5.13 b). The proposed sensor thus showed
high selectivity towards glucose even in the presence of potent interferents and its
analytical throughput (LOD and linear concentration range) is comparable to existing

conventional glucose sensors (Table 5.1).

5.4. Conclusions

In summary, a BT film-based NG was developed for energy harvesting and active
biosensing. This is the first report of a BT film-based PNG for actively sensing glucose
biomolecules. The simple, novel device structure leads to new dimensions in diagnosis,
namely piezoelectric-based biosensing. The piezoelectric output signal from the device
contains the biosensing signal, thus having a dual purpose as a generator and biosensor.
The active glucose sensor has an LOD of 10 uM and is highly selective towards glucose.
The screening effect of charge carriers (due to the adsorption of biomolecules) on the
piezoelectric output of the nanogenerator was exploited in this novel sensing approach.
This study may pave the way for future studies on developing self-powered nanosystems

for implantable and multifunctional point-of-care diagnostic devices.
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CHAPTER VI

Biocompatible Electronic Platform for Monitoring Protein-

Drug Interactions and Proof-of-concept Theranostics

Highlights

+ Biocompatible electronic platform based on casein micelle to investigate its pH-
responsive behavior through current-voltage (I-V) technique.

+ In vitro demonstration of the interaction between casein micelle and cysteamine
drug (protein-drug) interactions based on a solid-state device.

+ Successful bioconjugation between casein micelle, cysteamine drug and amine
functionalized barium titanate NPs confirmed through spectroscopic studies.

+ Proof of concept theranostic platform to investigate the interaction between
cysteine and cysteamine drug encapsulated in CAS carrier on a solid-state
device.

+ Investigated piezoelectric response of the bioconjugates with prospects in self-

powered applications.
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6.1. Introduction

Solid-state devices provide a beneficial platform for sensing potential biological
moleculestl,  Nanomaterials, especially multifunctional nanoparticles used in
constructing these devices provide a versatile platform for multiple applications?. When
combined with biological components like proteins and polymers will open up new
possibilities in constructing smart devices for biosensing and theranosticstH“l,
Combining solid-state devices with biological components proves to have promising
scope in nanomedicine, smart biosensing systems where the fundamental life sciences
and advanced engineering applications are possible to convergel® Bl Such an
interdisciplinary field of biological systems interface and solid-state electronic devices
will be the future research trend in nanobiotechnology for advanced diagnostic as well as
therapeutic applications®HM8l. Stimuli-responsive and multifunctional materials serve to
be promising systems for developing next-generation biomedical devices!’MELEI One
such example is semiconducting nanomaterials used for biological applications such as
sensing*® and drug delivery. The prospect of nanomaterials in life sciences has a
remarkable application, and such a nano-bio interface has its challenges and prevails to

be at the proof-of-concept stage ]

Casein, a major milk protein has been extensively studied for elucidating its
structurel*2%3 and for applications in drug delivery™, opaque coatings!*®, MRI contrast
agents!®, biosensing and as soft materials™”). Casein micelles (CAS) have the potential

to be vectors or carriers that can conjugate with the drug as well as nanoparticles,
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rendering advantages in diagnostic and therapeutic applications®*€l. Moreover, CAS has
the potential to be a stimuli-responsive material*®l. Combining it with multifunctional
nanomaterial like Barium titanate nanoparticles (BT NPs) will lead to potential
application in diagnostics®? as well as therapeutics since BT NP is a well known
semiconducting (n-type)?t!, piezoelectric material®, biocompatible and exhibits
Second Harmonic Generation (SHG)!2%l, non-linear optical properties useful in imaging.
Hence interaction between CAS and BT NPs together with a model drug will be a useful
and interesting study in this field. Usually, a spectroscopic method is the most widely
adopted one for finding the interactions between the nanoparticle, proteins, and drugs for
conjugate confirmation®l; a solid-state biocompatible electronic platform could be a
substitute for such related studies. Realization of such multifunctional platform for
transducing chemical or biological binding events into electrical signals suggests the
potential for a highly sophisticated interface between nanoelectronics and biological

information processing systems in the futurel3.

The present work is representative of such a novel concept where CAS based
electronic platform (a solid-state device) serves as the tool for studying the interaction
between the protein CAS and model drug cysteamine (CYST). The solid state
configuration of metal-protein-metal electrical junctions, resembling the natural electron
transfer (ET) process (biomimetic approach) has been adopted in this proposed work?4,
CAS also conjugates with amine functionalized Barium titanate nanoparticles (BT NPs)
which renders possible use in imaging and stimuli-responsive applications. Agarose, a

biopolymer which forms three-dimensional (3D) network serves as the suitable matrix
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(substrate) for working with proteint®l, Its film-forming ability, stability, and inertness
towards biomolecules, above all its property as an alternate electrode make it best
suitable for our present study?®!. The binding events between the protein and
drug/analyte are observed through significant change in current output. Finally, proof of
concept theranostic application has been proposed in this work and demonstrated using
cysteine (CYS) as the analyte. The conjugate CAS-CYST were responsive to CYS, as
observed through a change in current value on a biocompatible electronic platform.
Thus such an in-vitro platform can serve as a preliminary tool for investigating the
possible interactions and opens application in theranostics before performing invasive
real-time experiments. The proposed work opens up possibilities for utilizing such an in-
vitro platform for investigating possible applications in theranostics as well as for

constructing smart devices.

6.2. Experimental section

6.2.1. BT NPs synthesis

Tetragonal phase, BT NPs with random shape were synthesized by a conventional solid-
state reaction method and the precursors used was 99.95% pure BaCOs (High Purity
Chemicals) and 98% pureTiO2 (Daejung Chemicals). An appropriate quantity of
precursors according to the atomic ratio of BaTiOz was ground well in a pestle and
mortar for 30 min using acetone. This homogeneous mixture was placed in an open-tube
furnace and heated to 1,200°C at the rate of 2.5°C/min, for two hours[?ll. Once the

process completed, the BT NPs were taken out and cooled.
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6.2.2. Functionalization of BT NPs with NH2 group

Functionalization of Barium titanate nanoparticles with amine group was carried out by
a two-step process as reported in our previous work. Firstly, it is decorated with OH
groups and then later functionalized with NH2 groups using (3-aminopropyl)
triethoxysilane (APTES) as the source. Barium titanate nanoparticles (120 mg) were
treated with 1M nitric acid for two hours and then washed until it attains neutral pH.
Further, these NPs were treated overnight with H>O> which results in hydroxylation of
BT NPs (BT-OH), and this product is treated with 140 puL of APTES, 250 pL
ammonium solution, and 36 mL of anhydrous ethanol and heated at 70°C for 8 h[20}[52],
The sample was washed three times with ethanol to remove unwanted reactants and later
dried and stored in a vacuum environment.

6.2.3. Casein micelle preparation

The Critical Micellar Concentration of Casein is 1 mg/ml. The stock solution (5 mg/ml)
was prepared in such a way that even the lowest working dilution will have a
concentration of casein above 1mg/ml. CAS was prepared by adding the appropriate
quantity of casein powder to 0.01M PBS and stirring it for 1 hour. It was then
refrigerated at least for 2 hours before usel*®l. The upper layer contained casein micelles.
6.2.4. Preparation of Cysteamine (CYST) drug solution

A stock solution of drug was prepared by dissolving 250 mg of CYST in 1ml of 0.1M
PBS buffer.

6.2.5. Preparation of conjugates
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The bioconjugates were prepared by adding the appropriate amount of individual
components (stock solution) and stirring for 1 hour at room temperature. The ratio of
CAS: CYST: BT is 1:5:0.2 which is by literature. The as-prepared bioconjugates were
stored in the refrigerator. The schematic representation of the bioconjugate is given in
Figure 6.1.

6.2.6. Fabrication of CAS film based devices

CAS and its conjugates based devices for pH stimuli, protein-drug interactions, and
proof-of-concept theranostic studies through 1-V studies were fabricated using agarose as
the matrix. 0.5% of agarose solution was used as the matrix for fabricating devices. The
appropriate quantity of agarose mixed in 0.01M PBS (phosphate buffer solution), was
microwaved for 1 min to obtain a clear solution. 1:1 ratio of agarose: conjugates solution
(or CAS solution) was taken, mixed well and drop cast onto a clean glass slide and
allowed for drying at 379C overnight. The as-fabricated device area is 1.5x1.5 cm.

6.2.7. Fabrication of PNGs (Piezoelectric Nanogenerators)

CAS and CAS-BT film-based piezoelectric nanogenerators were fabricated in a facile
fashion involving three simple steps: CAS/CAS-BT film formation, the establishment of
electrodes and external connections, and fixation within a Kapton frame. The film
formation process was similar to the one mentioned in experimental section 2.6. The
ITO-coated PET film served as a conducting electrode (bottom) as well as a substrate for
the film whereas the Aluminum (Al) foil (thickness, ~15 um) positioned on the top of
the film served as the counter-electrode (top). External connections were established

using Copper (Cu) wires by attaching to the top and bottom electrodes with a silver (Ag)
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paste and were used to measure the piezoelectric output voltage and current. The final
step is to fix the device tightly between two Kapton films as supporting frames to
establish firm contact between the electrode and the active area (film). The active area of
the as-fabricated device was 1.5 x 1.5 cm. The PNG devices were poled by applying an
electric field of 1 kV for ~1 h to enhance its piezoelectric properties.

6.2.8. Instrumentation

FE-SEM (JSM-6700F; JEOL) was used for surface morphological studies. The
crystallinity and phase of the pristine, as well as amine functionalized BT NPs were
analyzed through X-ray diffractometer (Rigaku), operated at room temperature (40
kV/10 mA; Cu Ka radiation). For Raman analysis, an excitation source of 514 nm and a
single-stage spectrometer (Lab RAM; HR Evaluation, Japan) were used. The electrical
outputs of PNGs were recorded using Keithley nanovoltmeter (2182A) and picoammeter
(6485). The PNGs output was measured by triggering with a mechanical load (F =
0.2 N). The successful conjugation was confirmed using Fourier-transform infrared

spectroscopy (FTIR, Nicolet 6700, Thermo Scientific).
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Figure 6.1. Schematic representation of CAS-CYST-BT conjugate and overview of the

proposed work.

6.3. Results and discussion

6.3.1. Structural characterization and spectroscopic confirmation of bioconjugate

formation

Among the different spectroscopic methods that can efficiently characterize
protein structures, Raman spectroscopy has the potential to identify even ensemble of
structures compared to single conformation. The globular structure of CAS is evident

from the amide | band around 1667 cm™ (Figure 6.2a). The predominant protein
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secondary structures of CAS are P-sheets as evident from the 1667 cm™ peak
corresponding to C=0 stretching vibrations!?’l. Further, the 1240 cm™ peak represents
amide III band as well as contributions from B-sheets. The peaks around 1210 cm™and
1615 cm™ corresponds to tyrosine band whereas 1326 cm™and 1452 cm™ corresponds to
CH; and CHs deformations respectivelyl?®l. The 2575 cm™ peak represents the —SH
group in CYST, the CH> stretching vibrations could be observed in the region between
2850- 2950 cm™and the Trans conformation of CYST is evident from the 763 cm™
peak!?®3Y, The characteristic peaks of BT NPs at 305 cm™ and 518 cm™confirm the
tetragonal phase of the nanoparticle (Figure 6.2a)%21, Moreover, the tetragonal phase of
pristine as well as NH: functionalized BT NPs are evident from the peak splitting at 45 °
(200/002) as shown in XRD spectra (Figure 6.3; ICDD 98-001-3771 pattern). In the
final conjugate (CAS-CYST-BT), the presence of individual component peaks, as well
as that of conjugation, confirms the successful conjugation between them all. The amide
| and amide 11l bands (peaks) are conserved even in the conjugates, and thus the CAS
protein conformation remains unaltered. The characteristic C-S bond of CYST has been
shifted to lower wavenumber appearing at 643 cm™. This shift is due to the withdrawal
of electron density from the C-S bond due to the bonding between sulfur and CASI?l,

Thus the Raman studies confirm the successful conjugation between all the components.
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Figure 6.2. 514 nm excited Raman spectra (a) and FTIR spectra (b) of pristine (CAS,

CYST, BT) and their conjugate (CAS-CYST-BT).

FTIR spectrum of pristine and conjugates reveal the structure as well as the

conjugation between them (Figure 6.2b and Figure 6.4b). CAS micelles show amide I,

amide Il and amide 111 bands at 1657 cm™, 1542 cm™ and 530 cm™ respectively®. The

change in the peak position and intensity in bioconjugates compared to pristine CAS

confirms the formation of conjugates. The peak at 1230 cm™ represents the C-N

stretching vibrations and stretching of -CH2-CHs- group, is evident from 2925 cm™ peak;
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—OH group’s stretching vibrations could be observed at 3440 cm™ 16341 |n case of the
drug CYST, S-H stretching vibration is evident from peaks observed in between 2500 -
2600 cm™® B%1, Peaks at 1239 cm™ and 2075 cm are characteristic of C-N stretching
model®®l, For the amine functionalized BT NPs, signature peaks could be observed at
550 cm?, 1550 cm™ and 3400 cm™ corresponding to metal oxide stretching vibration,
primary amine bending and —OH group stretching respectively. The double peak
between 1000 cm™ and 1200 cm™ as well as the peaks at 800 cm™ and 2940 cm*
confirms the successful amine functionalization using (3-aminopropyl) triethoxysilane
(APTES) molecule®, For the final conjugate of CAS-CYST-BT, signature peaks of
individual components and their conjugation is well evident from the peaks observed.
The CAS globular structure in the conjugate remains conserved without any disruption
as could be observed from the unaltered amide | and amide Il peaks at 1657 cm™and
1542 cm™ respectively. The presence of S-H stretching vibrations in between 2500 cm™
- 2600 cm? and Ti-O bond stretching around 550 cm™ confirms the successful
conjugation between all three components. The reduced intensity of S—H stretching
vibration at 2600-2500 cm-! as observed for the conjugate suggests that —SH in

cysteamine is covalently bound to CASI®].
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Figure 6.3. XRD spectra of pristine and NH> functionalized BT NPs.

Moreover, the shift in C-N stretching vibrations from 1239 cm™ to 1252 cm™®
confirms the interaction between CAS and CYST drug whereas no such interaction was
observed between CAS and BT NPs (Figure 6.4b). More —-NH, exposed onto CAS is
evident from the much narrower band at 3400 cm-!B%], These confirm the electrostatic

interaction existing between the CAS and BT NPs.

136



a — _cascyst | P —CAS-BT

[P REPUR BN NI BN R R
—— CAS-CYST

Intensity (a.u.)

2500-2600

¢l
o
=
(o]

Transmittance (a.u.)

3400

L1252

0 1000 2000 3000 500 1000 1500 2000 2500 3000 3500
Raman shift (cm'l) Wave number (cm'l)

Figure 6.4. 514 nm excited Raman spectra (a) and FTIR spectra (b) of CAS-BT and

CAS-CYST conjugates.

Further to confirm the interaction of CYST and BT with CAS individually, UV
spectroscopic studies were undertaken (Figure 6.5). The 277 nm peak is the
characteristic peak of CAS, and there is no shift in the peak for CAS-BT conjugates
suggesting the electrostatic interaction between them. Moreover, successful conjugation
between CAS and BT is evident from the presence of BT NPs characteristic peak at 568
nm. Whereas for CAS-CYST conjugates there is a slight red shift from 277 nm to 281

nm (CAS) confirming the complex formation between CAS and CYST. CYST
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conjugates with the hydrophobic region of CAS.
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Figure 6.5. Absorbance spectra of (a) CAS, BT (inset) and their conjugate CAS-BT (b)

CAS, CYST, and their conjugate CAS-CYST (200-800 nm range).

Figure 6.6. FESEM micrographs and corresponding EDAX spectrum of (a) CAS, (b)
BT, (c) CAS-BT.
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These conclusions support the FTIR and Raman results confirming successful
bio conjugation between all the three individual components. FESEM micrographs of
CAS, BT, CAS-BT and their corresponding EDAX profile once again confirms their

successful conjugation and absence of other impurities (Figure 6.6).

CAS suspended in
Agarose matrix

- Glass substrate

Figure 6.7. The schematic representation of the device structure.
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6.3.2. pH stimuli-responsive studies

The response of the CAS and CAS-BT conjugate to external stimuli like pH were
studied using an I-V technique through a solid-state device with metal-protein-metal
configuration (Figure 6.7). The I-V characteristic curves of CAS and CAS-BT based
devices in response to different pH values (pH7 to pH1) were investigated within a
potential window of + 4V. The current response of CAS film-based sensor device has a

monotonic functional relationship with continuous drop in pH value from 7 to 1.

a 5
15 800 —_—I, e pH. 7
pHS =——pH3
pH2 =—pH 1

/

Current (nA)

— —— -1000 — —
-4 2 0 2 4 -4 2 0 2 4

Potential (V) Potential (V)

Figure 6.8. 1-V studies for pH stimuli. 1-V curves of (a) CAS and (b) CAS-BT film

based devices in response to pH stimuli (range: pH7 to pH1).

Initially, when exposed to PBS buffer of neutral pH, there is a slight change in
conductance of the device from its initial state due to the interaction of H* and OH" ions
with the film surface (amphoteric nature)l*-31. With the drop in pH from 7 to 1, the
concentration of H" ion increases and thus the conductance of the device increases as

evident from the increase in the current value at the positive potential as shown in Figure
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6.8a (+ 4V)*. Similar behavior could be observed for CAS-BT film-based sensor also
with the exception that it has enhanced current response (Figure 6.8b) compared to the
CAS film based device. This enhancement is contributed from the interaction of BT NPs
having Lewis base site (R-NH2) with H" ions (Lewis acid) resulting in the release of
electrons thus increased current valuel®#142 The 1-V curves (at any pH value) exhibit
good linear behavior proving an ohmic contact. Thus, conjugation of BT NPs with CAS
does not deprive its stimuli-responsive behavior but rather enhances the property (Figure

6.9).
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Figure 6.9. Comparison between CAS and CAS-BT film based devices’ current

response to pH stimuli (range: pH7 to pH1; @ +4V).

Conjugation with BT NPs will be advantageous in case of bioimaging
applications as BT NPs are known to exhibit non-linear optical properties such as
Second Harmonic Generation (SHG). This pH-responsive behavior of CASE®land CAS-

BT conjugates confirmed through 1-V technique may further pave the way for
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smart/stimuli-responsive applications such as in biosensing, drug delivery, and
theranostics. These results prompted us to use this device as a biocompatible platform

for studying protein-drug interactions and proof of concept theranostic application.
6.3.3. Protein-drug interactions through 1-V characteristics

The protein-drug interaction (i.e., the interaction between CAS and CYST) was
analyzed through an I-V technique. The CAS film based device serves as the sensor
platform for studying the interaction. As evident from Figure 6.10a, the device exhibits
an ohmic type of behavior even in the presence of different concentrations of CYST

drug (100 mg to 600 mg; normal dosage)t3l,
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= E J 400 mg
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Figure 6.10. I-V studies for protein-drug interaction. (a) 1-V curves of CAS film
based device in response to different CYST drug concentration (100mg to 600mg). (b)

Three-dimensional (3D) graphical representation of the response of CAS, CAS-BT
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(CBT) and BT film based devices to different CYST drug concentration (100mg to

600mg) [relative change in current is denoted as (I-Io/lo)].

CYST s positively charged at our experimental condition (pH 7) as its pl is
around 8.2 to 8.6. Whereas, CAS is negatively charged at given experimental condition
with micelle structure having hydrophilic outer surface and a hydrophobic core43I,
The CYST drug can conjugate with the hydrophobic core of the CAS micelles and thus
can change the surface charge properties of the film and thereby reducing the resistance
of the film[®, With an increase in CYST concentration, the conductance of the sensor
device increases in a monotonic functional relationship as evident from the increase in

current response at the positive potential (+4V) (Figure 6.11a).
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Figure 6.11. (a) The calibration curve obtained from figure 5a shows the monotonic
functional relationship between CYST drug concentration and output current (current
response of the device at +4V). (b) I-V curves of the CAS-BT film based device in
response to various CYST drug concentration (100 mg to 600 mg). (c) I-V curves of the
BT film based device in response to various CYST drug concentration (100 mg to 600

mg). (d) I-V curves of the CAS-BT film based device showing no response to various

concentrations of CY'S (10uM to 300uM; physiological range).
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There is no deviation from the ohmic behavior of the device even with the
increase in CYST drug concentration. 1-V curves confirm the conjugation between CAS
and CYST which is in confirmation with the FTIR, Raman and UV analysis. A similar
study was performed for CAS-BT and BT film based devices respectively and as
expected their response to CYST was less compared to pristine CAS (Figure 6.11 b,c,
and Figure 6.10b). Thus, there is a significant interaction between CAS and CYST, and
BT NPs have no interaction with the drug in the concentration range from 100 mg to 300
mg; usual dosage level (Figure 6.11 b,c). Therefore, it is possible to harness the BT NPs
conjugated to CAS to have additional functions such as imaging or targeting without
hampering the interaction between CAS and drug. These results further paved the way

for utilizing such a device platform for analyzing proof-of-concept theranostic

applications.
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Figure 6.12. Proof of concept theranostic platform: (a) I-V curve of CAS-CYST film

based device in response to different CYS concentrations (10uM to 500uM). (b) The
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current response of the device at -4V for different CYS concentrations (10uM to

500uM) (calibration plot obtained from I-V curves).

6.3.4. Proof of concept theranostic platform

CYST is a drug originally used for depleting cystine and treating cystinosis but
has potential in treating neurodegenerative as well as cancers [“3#1_In this present study,
the interaction between the target analyte (CYS) and the drug which is encapsulated
inside the carrier (CAS) on an in vitro platform is studied for proof of concept
theranostic applications. The successful interaction between the drug and CYS is well
evident from the current response obtained through I-V curves. The interaction between
CYST (drug) and CYS (analyte) has been well reported through the cystine depleting
mechanism where the drug CYST forms a disulfide bond with CYS through cystine
disulfide reduction. The CAS serves as the carrier for the drug CYST which has good
interactions with CYS (target). CYS is negatively charged at the given pH in our
experimental condition (pH- 7)12% as well evident from its isoelectric point (pl - 5.07).
CYS is one such amino acid having the role as electron transfer carrier/ mediator in
biological systems and also known to exhibit proton-coupled electron transfer reactions
[1 Moreover, under physiological conditions, the sulfhydryl group of CYS undergoes
partial deprotonation and thus becomes highly reactivel®l. CYS forms a disulfide bond
with CYST through an oxidation process, and thus the electrons released increases the
charge carrier density leading to increased current output (Figure 6.13). Hence when
CYS concentration increases there is a corresponding increase in the current output

obtained through I-V curves as shown in Figure 6.12a. There is a linear relationship
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between the CYS concentration and the output current as shown in the calibration plot in
Figure 6.12b. The concentration of CYS studied ranges from 10 uM to 500 uM which
lies in the human physiological range®”“8l, Thus the CYST drug encapsulated inside
CAS micelle can have feasible therapeutic effect at given physiological concentration of
CYS. These results confirm the proof of concept theranostics through in vitro studies on

a biocompatible electronic platform.

H:N—CH—CH—EH

NH:
-+ H:N—CH,—CH—8—8—CH—CH = H* < e
HzN
COOH
H—CH,—SH
HooC

Figure 6.13. Schematic representation of the interaction between CYST and CYS

(disulfide bond formation).

Indirect confirmation for the proof-of-concept theranostics application was
performed by carrying out I-V analysis in the absence of CYST drug. CAS-BT film
based device (without encapsulation of CYST) did not show a significant current
response to the different concentration of CYS (10uM to 300uM; physiological range)
as given in Figure 6.11d. Hence, the interaction between CYS and CYST is clear, and

the proof-of-concept theranostics can be verified on such a biocompatible platform.
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6.3.5. Piezoelectric response of PNGs for self-powered applications

The ability of the material to produce electrical energy in response to a
mechanical force (piezoelectricity) will render prospects in self-powered applications.
BT NPs are well known for their piezoelectric property. If the combination of BT NPs
with carriers like CAS micelle results in enhanced piezoelectric effect they can be
applied in smart self-powered implantable devices for sensing or drug delivery
applications*51, Such multifunctional properties like sensing and energy harvesting
will result in smart battery-less devices optimum for implantable devices. With such

prospects, a piezoelectric nanogenerator was fabricated using CAS and CAS-BT film.
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Figure 6.14. Piezoelectric response of CAS and CAS-BT film based PNGs with
prospects in self-powered applications: Schematic representation of working
mechanism of PNG (a) before and (b) after poling. Open circuit voltage (Voc) of PNGs
(c) before and (d) after poling (Force = 2N). (e) Short circuit current (Isc) of PNGs after
poling at an applied force of 2N. (f) Comparative graph depicting the output voltage and

current of PNGs at a mechanical load of 2N.
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Figure 6.16. Polarity switching test. (a) Open circuit voltage (Voc) and (b) Short circuit

current (Isc) of CAS-BT film based PNG during reverse connection (at a mechanical load

of F=0.2 N).

Detailed fabrication procedure is given in experimental section, and its

schematics is shown in Figure 6.14 ab. Before electrical poling of the device, the
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dipoles are not oriented (Figure 6.14 a) and thus the piezoelectric response of the device
will be less compared to poled ones (Figure 6.14 c). Whereas, after poling the device at
an optimized condition by applying an electric field of 1KV for 1hr, the dipoles are
aligned properly (Figure 6.14b) and results in enhanced piezoelectric response compared
to unpoled ones (Figure 6.14d). The average peak-to-peak open circuit voltage (Voc) of
CAS-BT film based PNG before poling is ~ 30V and after poling it is enhanced to ~
40V. Poling conditions were optimized as shown in Figure 6.15 where poling beyond
1hr causes depolarization (disorientation of dipoles). The average peak-to-peak short
circuit current Isc of CAS and CAS-BT film based PNG is ~ 45 nA and 100 nA as shown
in Figure 6.14e. A comparison between the current and voltage profile of CAS and
CAS-BT film based PNG is depicted in Figure 6.14f. Polarity switching of the CAS-BT
film based PNG is given in Figure 6.16, which confirms that the output is from the
device and not from an external source. The piezoelectric response of these
bioconjugates based devices will lead to the realization of self-powered systems finding

potential application in biosensing and implantable devices.

6.4. Conclusions

In summary, we have demonstrated a biocompatible electronic platform based on
CAS to investigate its response to pH and drug using a current-voltage (I-V) technique.
The interaction between casein and CYST (protein-drug interactions) were studied in
vitro on a solid-state device configuration and confirmed with spectroscopic studies. The
successful conjugation between CAS, cysteamine (CYST; model drug), and amine

functionalized Barium titanate nanoparticles (BT NPs) confirmed through current-
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voltage (I-V) technique complies well with the spectroscopic results. The stimuli-
responsive behavior of CAS and CAS-BT in pH range of 7 to 1 were also analyzed.
These findings further motivated us to carry out proof of concept theranostic analysis on
this electronic platform to investigate the interaction between CYS and CYST drug (100
mg to 600 mg; normal dosage) encapsulated in a carrier (CAS). Further, the
piezoelectric response of the bioconjugates was investigated for prospects in self-
powered applications using a piezoelectric nanogenerator (PNG). This proposed work
serves to be a novel, preliminary tool for investigating the possible interactions and
application in theranostics before performing invasive real-time experiments. Moreover,
it leads to the realization of a multifunctional platform for transducing chemical or
biological binding events into electrical signals with the potential for a highly
sophisticated interface between nanoelectronics and biological information processing

systems in the future.
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CHAPTER VII

Conclusions and Future Outlook

7.1 Conclusions

This chapter describes the overall conclusions of the proposed work in this thesis
and suggestions for future work. From the research undertaken, it is evident that BaTiO3
nanoparticles can be employed for biosensing applications. Moreover, the
multifunctional properties of BaTiOz nanoparticle are advantageous for developing
smart biosensing systems. By the term smart biosensing system, it means integration of
more than one device, for example in the proposed work it’s the integration of sensor
device and piezoelectric nanogenerator for developing self-powered biosensors (both
external and internal integration). Further, the findings have paved way for developing
solid-state device based biocompatible platform for studying protein-drug interactions
and also for proof-of-concept theranostics. All these results prove the multifunctional
property of BaTiOz nanoparticles and its potential in developing smart biomedical
devices for diagnostic purposes. The introduction about the proposed work and the
synthesis methodology are given in chapters | and 1l. Chapter 111 deals with the glucose
biosensing property of BaTiOz nanoparticles though non enzymatic method. Stimuli
responsive behavior and direct detection of cysteine are briefed in chapter IV.
Fabrication of active sensor; internally integrated one stop-device for biomolecule

detection is described in detail in chapter V. chapter VI is about the construction of a
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solid-state biocompatible electronic platform for elucidating protein-drug interactions
and proof-of-concept theranostic studies. Here is the detailed summary of the research

undertaken for this thesis work.

Considering the multifunctional property of the BaTiOsz nanoparticles with
special attention towards biological applications, first study was undertaken to develop a
self-powered glucose sensor, where the non-enzymatic glucose sensing property of the
BT NPs is reported. The main focus in this chapter Ill is to investigate the
semiconducting properties of the BT NPs in sensing glucose. BT NPs synthesized
through solid state reaction were used for this study. The change in resistance across the
device with the introduction of different glucose concentrations were analyzed through
(current-volatge) I-V technique. Further, self-powered glucose sensor was realized by

external integration of the sensor to that of a piezoelectric nanogenerator.

This preliminary investigation of the BT NPs ability in biosensing further
prompted to study its stimuli responsive behavior. The ability of the BT NPs to respond
to different stimuli such as pH will be of immense help in developing smart,
multifunctional biosensors. Therefore, the NH> functionalized BT NPs were employed
in detecting Cysteine molecules as discussed in chapter IV. Direct detection of cysteine
could have considerable significance over the currently available approaches. In this
chapter, investigation on the self-powered cysteine sensor is demonstrated by externally
integrating a AQ/BT-NH: (Agarose/amine-functionalized BaTiOsz NPs) film-based

cysteine sensor with a piezoelectric nanogenerator (BT/Ag PNG).
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As the previous two works were focused on external integration of the sensor and
piezoelectric nanogenerator, chapter V describes about the internal integration of the
sensor and piezoelectric nanogenerator. Here, a stand-alone, fully integrated, one stop
device was used for detecting biomolecule (glucose). AI/BT/ITO piezoelectric
nanogenerator (Aluminum (Al)/Barium titanate (BT)/Indium Tin Oxide (ITO) was
fabricated as an active biosensor for detecting glucose molecules. The novelty in this
work lies in the fact that the active sensor has dual functions both as biosensor and
energy harvester. The sensor does not require an external power source for operation
rather functions as an active sensor. The piezoelectric output produced from this

nanogenerator serves as the energy source as well as the biosensing signal.

Chapter VI deals with the investigation of BT NPs in proof of concept
theranostic application. Casein micelle (CAS) based solid-state device through metal-
protein-metal electrical junctions designed for elucidating protein-drug interaction as
well as proof-of-concept theranostics are the highlights of this chapter VI. This
biocompatible electronic platform has multifunctionality, transducing interactions
between protein and drug/analyte into electrical signals providing a sophisticated
interface between nanoelectronics and biological information processing systems.
Agarose biopolymer serves as the matrix for device fabrication in the present work
because of its ability to form a three-dimensional network and being inert to
biomolecules at the same time serving as an alternate electrode material. The successful
conjugation between CAS, cysteamine (CYST; model drug), and amine functionalized

Barium titanate nanoparticles (BT NPs) confirmed through current-voltage (I-V)
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technique complies well with the spectroscopic results. Conjugates pH-responsive
behavior and the interaction between CAS and CYST (protein-drug) were confirmed
through this multifunctional biosensing platform. Moreover, CAS-CYST conjugate
based solid-state device demonstrated a good response to cysteine (CYS) analyte
observed through 1-V curves, led to the realization of proof-of-concept theranostics.
Additionally, investigation of the piezoelectric response of the bioconjugates for
prospects in the self-powered application was demonstrated using piezoelectric
nanogenerator (PNG). All of the above mentioned investigations presented in the thesis
provide an unconventional and facile alternative for diagnostic and therapeutic

applications.

7.2. Suggestions for future work

The present work has laid a foundation for understanding the potential of BaTiO3
nanomaterial in biological applications especially in developing smart biosesning
systems. The study may further pave way for advanced applications such as developing

smart implantable biomedical devices as described below.

> Realization of multifunctional nanomaterials like BaTiOs in developing smart
medical devices.

BaTiOs nanomaterial has multifunctionalities including sensing, bio

imaging, piezoelectric and semiconducting properties, nanovectors,

cytocompatibility, stimuli responsive behavior etc all of which can be utilized for

developing such smart devices.
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> Development of fully integrated active sensor as one stop device.

Active sensor is the one which functions without an external power
supply. Hence, in the proposed work, the device (sensor) itself serves as power
source and sensing system (dual functions). This results in one stop device (one
device with multifunctionality).

> Development of piezoelectric based nanogenerators as biomechanical energy
harvesters in vivo.

Piezoelectric nanogenerators can convert any mechanical energy in to
electrical energy. Hence, even tiny biomechnical motions inside human body are
feasible to be harvested using such devices. These devices can be implanted in
vivo and the energy as produced can be harnessed.

> Development of biocompatible and biodebradable piezoelectric nanogenerators.

Biocompatible and biodegradable materials are no-brainer when comes to
implanatable devices. Hence piezoelectric nanogenerators are made / packed
with such materials.

> Developing smart diagnostic systems for implantable application.

The term smart implies more than one function such as combination of
sensing, energy harvesting, bioimaging etc. Such a device with one-stop solution
is highly favourable for implantable devices.

> To realize a biocompatible electronic platform; a single platform with multiple
functions such as both diagnosing and therapeutic value (theranostics). Such

development will open new avenues for sophisticated interface between

162



nanoelectronics and biological information processing systems for next

generation biomedical devices.
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