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ABSTRACT

In the recent past, rapid development and globalization have brought healthcare issues to the fore.
Nowadays, healthcare has become the most essential and challenging matter worldwide. Because
of that, demands for fast and low-cost detecting methods and devices in biomedical industries have
been growing rapidly. Plasmonics has attracted a lot of attention in the arena of medical diagnostic
due to the unique optical properties of plasmon resonant nanostructures (NSs). Enough attention
has been given to the development, preparation, and durability of plasmon materials. A variety of
materials, structures, and functionalities are closely related to the basic structure of plasmonics,
which allows for the development of biosensors that can be used in real-life situations. The
proposed localized surface plasmon resonance (LSPR) phenomenon-based optical fiber sensors
(OFSs), thoroughly investigated in the present thesis, have great potential and can contribute
immensely to biosensing field in coming days, both on research and application fronts. Owing to
the diversity and nature of the work requiring complementary skills and expertise, many scientists
and researchers from the multidisciplinary fields/ areas are increasingly getting involved in this
area of LSPR based OFSs. These sensors have the special ability to detect molecules associated
with events in real-time. Advances in nanotechnology and nanoscience have allowed the
development of plasmonic NSs, thin films, and highly sensitive methods for the determination of
optical properties. Advances in nanotechnology and nanoscience have made it possible to develop
plasmon NSs, thin films, and development of a highly sensitive optical characterization technique.
Different aspects of LSPR based OFSs like, detection schemes, realization, configuration,
component, and application of sensors have been reported here. Moreover, advantages and
challenges related to several practical aspects, synthesis of nanomaterials (NMs), detection
mechanisms, and innovative methodologies to enhance the sensitivity, selectivity, and limit of
detection (LoD) is thoroughly studied and highlighted. The latest challenges in engineering and
role of different NMs (metallic, magnetic, carbon-based NMs, latex nanoparticles (NPs), etc.) to
enhance the performance of optical sensors are discussed as well. Such information should provide

useful insight needed for further development of future plasmonic biosensors.



The present thesis deals with the design, characterization, and development of various LSPR
phenomenon-based OFSs for various biomedical applications. These include different
configurations of the sensors and activation methodologies aimed at detection and measurements
of some of the very important analytes present in human body fluids. These arrays of newly

developed sensors are briefly mentioned below:

1. Dopamine Sensor: Dopamine (DA) biosensor using silver NPs (AgNPs) nanocoated
tapered optical fiber probe has been successfully designed and developed. The important sensing
parameter such as linear range, LoD, sensitivity, and correlation coefficient (CC) that could be
achieved are 10 nM - 1 uM, 0.058 uM, 9.7 nm/ uM, and 0.992, respectively. Typical challenges
and concerns of these types of LSPR sensors have been considered thoroughly in this work.

2. Ascorbic Acid Sensor: Periodically tapered optical fiber structure with gold NPs (AuNPs),

and graphene oxide (GO) nanocoated ascorbic acid (AA) sensor probe has been developed.
Comparative performance for four, five, and eight sections periodically tapered structures-based
AA sensor have also been investigated. The results such as LoD, sensitivity, and CC for proposed
AA sensor (Probe-2) are recorded as 51.94 uM, 8.3 nm/mM, and 0.9724, respectively.

3. L-Cysteine Sensor: Development of LSPR phenomenon-based L-Cysteine (L-Cys)
biosensors have been demonstrated successfully. Structural advancements such as tapering and
hetero-core design are employed in the development of proposed L-Cys sensor. Nanomaterials
such as AgNPs and GO are used to improve the sensitivity. The combined features of two different
structural modifications (i.e., tapered and hetero-core), results in significantly increased linearity
range, CC, sensitivity, and LoD and their values are recorded as 10 nM- 1 mM, 99.04%, 7.0
nm/mM, and 63.25 pM, respectively.

4. Cholesterol Sensor: LSPR phenomenon-based Cholesterol (Cho) sensor has been
investigated and realized. An improvised and a new combination of multimode fiber (MMF),
photosensitive fiber (PSF), and single-mode fiber (SMF) based core mismatch MMF-PSF-MMF
(MPM) and SMF-PSF-SMF (SPS) structure has been proposed for the first time. Moreover, NMs
such as AuNPs, and zinc-oxide NPs (ZnO-NPs) are deposited over the proposed bare fiber
structure for improving the performance. The measured sensing parameters of proposed Cho
sensor (Probe-1) like LoD, CC, and sensitivity are found to be 0.6161 mM, 0.9754, and 0.6898
nm/mM, respectively.

Vi



5. Uric acid Sensor: SMF-MMF-SMF-MMF-SMF (SMSMS) structure-based hetero-core
design for the effective detection of uric acid (UA) has also been carried out. The requirement of
sensing devices with a wide measurement range is fulfilled with these hetero-core structures. The
performance of one of such sensor developed for the measurement of UA available with serum,
with respect to LoD, sensitivity, and correlation correlator are observed as 69.26 uM, 6.15 nm/mM,
and 0.9439, respectively, whereas those parameters for detection of UA available with urine, are
observed as 0.35 mM, 1.23 nm/mM, and 0.9695, respectively.

vii
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Chapter 1

Introduction



1.1 Plasmonic Optic Fiber Sensors: An Overview

1.1.1 Biosensing

The biosensors engendered the research community owing to their boundless and versatile
applications. This includes medical diagnostic (e.g. glucose biosensor or other biological analytes
targets), environmental monitoring (e.g. detection of pesticides and heavy metal ions in river water
contaminants), remote monitoring (e.g. airborne bacteria monitoring, ozone biosensors), DNA
biosensing, monitoring of water qualities in remote areas, toxic level determination, food safety,
and gas detection [1], etc. For the effective detection and measurement of biological analytes,
various biosensing techniques, like, electrochemical, amperometric, piezoelectric, gravimetric,
potentiometric, pyroelectric, thermometric, luminescent, magnetic, and optical methods are
reported in past studies [2]. The rapid expansion of accurate and cost-effective biosensing devices
has increased their use for medical diagnostic and other commercial applications. Moreover, the
research community is immensely attracted to an optical technique-based sensor mainly in the area
of biomedical applications. Plasmonic-optical fiber sensors (P-OFSs) proposed in this study
belong to such a category. P-OFSs are extensively functional in various key areas viz.
environmental monitoring,  physical parameter  sensing, medical  diagnostics
(analytes/virus/bacteria/DNA/RNA/cells detection), chemical sensing, and telemedicine [3].
Further, they have enhanced performance compared to conventional sensors in terms of many
important sensing parameters which include sensitivity, passiveness, range of detection, limit of
detection (LoD), data accuracy, and multiplexing capabilities [4]. P-OFSs also provide features
like immunity to electromagnetic interference (EMI), light-weight, small size, low cost,
flexibility, and stability under extraordinary circumstances like extreme temperature or pressures
[5]. Due to all these advantages, nowadays P-OFSs are used in several research as well as

commercial applications.

1.1.2 Plasmonic Sensors

In this technique, biomolecules are unlabeled and traced in their innate forms. Specifically, it
targets the optical biosensors that make use of the refractive index (RI) change as a sensing

transduction signal [6, 7]. Assorted unlabeled optical bio-sensing platforms are established like


https://en.wikipedia.org/wiki/Blood_glucose
https://en.wikipedia.org/wiki/Pesticides
https://en.wikipedia.org/wiki/Bacterium

surface plasmon resonance (SPR), localized SPR (LSPR), ring resonators, fiber gratings, and
photonic crystals [8]. Mostly, sensing performance of each optical configuration is assessed and
compared in respect of sensitivity and LoD. In SPR phenomena, the resonance transpires when the
wave vector of the excitation light (evanescent waves (EWs)) matches with the wave vector of the
surface plasmons, causing a reflectance spectrum/ sharp dip transmittance [9].

Presently, various bio-sensing devices are designed based on extremely potent LSPR
optical sensing techniques. The LSPR phenomenon is a combined electron charge oscillation in
metal nanoparticles (NPs) which are energized by input optical signal, and extremely sensitive to
the local dielectric environment. When an electromagnetic wave links with the metallic NPs,
plasmons begin to oscillate in the vicinity of NPs with a specific frequency, and resonance arises
when the frequency of excitation light matches with the oscillating frequency of plasmons
followed by extinction (i.e. scattering, and absorption) of light [10]. This technique has various
key benefits such as portability, label-free detection, multiplexing ability, biocompatibility, high
data accuracy, remote sensing, and real-time monitoring [11]. This is among the most effective,
label-free detection plasmonic techniques and provides a kinetic resolution of bimolecular binding
reaction [12]. As a result, LSPR is also used widely for chemical, physical, and bio-sensing
applications [9]. Further, LSPR has several potent applications in the area of biomedical
engineering like diagnosing, metabolites, and hormone revealing [13]. These sensors are
developed using plasmonic nanostructures (NSs) having an exceptional capacity of enhancing the
photoluminescence, caused by the interaction among the optical signal and metal NSs [14]. During
the fabrication, nanomaterials (NMs) are deposited over the surface of bare fiber probe, which acts
as a metal-dielectric interface, and consequently produces oscillation owing to free-electrons,
when an optical signal passes through it [15]. These sensors are designed by varying the, i) type

of fibers, ii) core diameter, iii) shape, and iv) alignment [16].

1.1.3 Advantages of Optic Fiber Sensors

The advantages of OFSs are summarized in Table 1.1 as per different categories. Various optical
fibers like single-mode fiber (SMF), photonic crystal fiber (PCF), photosensitive fiber (PSF),
multimode fiber (MMF), multi-core fiber (MCF), hollow-core fiber (HCF), and other types of

special fibers are used for designing P-OFSs. The use of optical fiber in sensing applications



yields a plethora of advantages [17] as summarized below:

Vi.

Vil.

1.2

Biocompatibility: Inert materials, such as silica and plastic are used in the fabrication of
optical fiber. These materials do not have any side effects when exposed to or absorbed by
biological substances.

EMI immunity: Unlike electrochemical sensors, OFSs remain unaffected by EMI.
Compact size, low weight, and flexibility: This feature allows probes to be inserted inside
the organism to enlighten its inner cavities with a catheter. This allows the diagnostic
devices to reach remote body parts of an individual without open surgery.
Multi-parameter sensing: Optical fiber can multiplex as well as integrate the signals from
diverse OFSs in optical networks, in time or wavelength domain.

Low cost: Optical fiber-based communication has facilitated the reduction of development
expenditures of optical devices. Therefore, the production of medical devices using this
technology is cheaper.

Range of light propagation configurations: An optical fiber guides the light, and it is possible
to mould the internal light flux by modifying the fiber structure with different arrangements.
Ability to work in hazardous media: An optical fiber can offer improved performance in

extreme situations like working near nuclear environments or the ocean [17].

Motivation, Scope, and Objective

Healthcare problems and associated technologies have now become the most essential and

challenging area worldwide. Demands for fast, reliable, accurate, and low-cost detecting methods

Table 1.1
Advantages of optical fiber-based sensors
Design Environment Others
Inert material Chemical resistant Biocompatible and sterilization
Robust packaging Cryogenic to high temp. Lightweight
Light power EMI insensitive Intrinsically safe
Small size In situ monitoring Cheaper
Less attenuation Remote monitoring Multiplexing




and devices in biomedical industries have been growing rapidly in recent years, particularly in the
underdeveloped regions of the world [18]. According to Dr. Joy Adamson, a renowned scientist,
“More than 95% of innovations in the field of medical science are yet to come” [19]. In the field
of health monitoring and diagnosis, the P-OFSs have shown extraordinary capabilities in realizing
highly sensitive and accurate sensors for the measurement of biological analytes. This serves as a

motivation for our current research work.

1.2.1 Objective of the work

The key objective of this thesis is to design and develop simplified yet effective P-OFSs for the
detection and measurement of biological analytes and urinary proteins. The work reported in this

thesis was taken up with the following objectives:

e Theoretical understanding of the fundamentals of plasmonic and biosensing.

e Theoretical and practical understanding of plasmonic sensing methods.

e To study the chemical and biological processes involved in nanocoating of probe.
e Analysis of probe functionalization process.

e To study the development of different optical fiber structures.

e To study the development of plasmonic OFSs and their applications

e To study the utilization of OFSs for biomolecules monitoring

e Analysis of developed P-OFSs in presence of different biomolecules.

1.3 Thesis Contributions

The primary contributions of our research work revolve around design of an efficient senor for
detection and measurement of the level of the analytes found in body fluid using P-OFSs. For this,
multiple combinations of fiber structure along with different NMs are analyzed. Though the basic
configuration of the sensor can remain the same, depending on the activation process of the sensor,

it becomes sensitive to a particularly targeted analyte. In this thesis, five different sensors specific
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to five different analytes are investigated. Detailed design, realization, and experimental results of

these sensors are thoroughly reported in five exclusive chapters:

1.4.

Dopamine Sensor: Development of LSPR sensor using silver NPs (AgNPs) along with
polyethylene glycol (PEG) immobilized/ functionalized optical tapered structure-based
sensor probe to detect and measure dopamine (DA) concentration in serum is reported in
chapter 3.

Ascorbic Acid (AA) Sensor: A periodically tapered gold NPs (AuNPs) and graphene oxide
(GO) — nanocoated OFSs is proposed to detect ascorbic acid (AA). It is reported in chapter
4 along with a comparative study over four, five, and eight tapered structure-based AA
Sensors.

L-Cysteine Sensor: Features of hetero-core and tapered optical-fiber configuration are used
in the development of novel types of P-OFSs. These feature-based tapered SMF-MMF-
SMF (SMS) P-OFSs are projected for L-Cysteine (L-Cys) detection and are reported in
chapter 5.

Cholesterol Sensor: The ultra-sensitive AuNPs and zinc oxide NPs (ZnO-NPs) nanocoated
sensor probes are investigated for the rapid, reliable, and accurate measurement of
cholesterol (Cho) concentration. For this, various designs such as MMF-PSF-MMF (MPM)
and SMF-PSF-SMF (SPS), also termed as core-mismatch configuration are proposed in
chapter 6.

Uric Acid (UA) Sensor: Uric acid (UA) sensor with copper oxide-NPs (CuO-NPs) and
AgNPs immobilized SMF-MMF-SMF-MMF-SMF (SMSMS) core-mismatch sensor probe

is proposed in chapter 7.

Thesis Outline

The plasmonic phenomenon and different OFSs based on this have broadly been distributed under

eight chapters of this thesis.

The background information/knowledge in the form of literature survey, preliminary and basic

concepts related to structural designing, and methodologies are discussed in chapter-2. It also

describes the role of NMs in the development of P-OFSs and major findings over it. Moreover, the



tradeoffs associated with several research aspects, synthesis of NPs and the detection mechanisms,
with innovative methodologies which were established to improve the sensitivity, selectivity, and
LoD are highlighted.

Chapter-3 is dedicated to the key advancement over tapered structured-based P-OFSs. The
single tapered structure-based LSPR sensors for accurate and valuable detection of DA are

proposed and discussed in this chapter.

The comparative study over periodically tapered optical fiber structure-based AA sensors is
presented in chapter-4. For this single tapered SMF/ MMF, four tapered SMF, five tapered SMF,
and eight tapered SMF/ MMF optical fiber-based designs are proposed and studied in different

sections.

In a step of structural development, tapered and hetero-core design-based fiber optic-LSPR
sensor is studied in chapter 5. A tapered SMS fiber structure-based LSPR sensor is designed and

presented here for the detection of L-Cys, a urinary protein available with human body fluids.

Chapter 6 involves the major development of hetero-core structure-based LSPR sensors. The
emphasis of hetero-core structure on recent advances in P-OFSs and the approaches to overcome
the limitations, future possibilities in sensing field are discussed in detail. Two major development
over hetero-core structure-based sensors are deliberated in this part i.e., i) core mismatch SPS
structure, and ii) core mismatch MPM structure-based Cho sensor.

In chapter-7, SMSMS design based In-line Mach Zehnder Interferometer (MZ1) hetero-core
arrangement is proposed for UA detection available with body fluid. This type of design greatly
helps to mitigate the narrow range measurement issue with other LSPR sensors.

Chapter 8 summarizes the study over different NMs, structural designs, characterization of
NMs and probes, and analytes measurement using P-OFSs. Future trends and research areas are
also summed up in this chapter, indicating the scope and potentials of rapid growth in biomedical

applications.



Chapter 2

Literature Survey, Design Methodology and Role of

Nanomaterials



2.1 Introduction

In recent times, biosensors are applied to a variety of applications like environmental monitoring,
disease detection, point-of-care monitoring, drug discovery, forensics, ensuring food safety, and
biomolecule detections [20, 21]. Especially, optical fiber-based LSPR sensors have great potential
in contributing different kinds of sensing applications in biomedical industries [22]. A wide range
of LSPR phenomenon-based OFSs is designed and developed for biomolecules, gas, pressure,
chemicals, bacteria, DNA/ RNA, cells, and virus detection. These sensors are also applicable for
food safety, point-of-care application, and environmental monitoring. In near future, this is going
to be extended to pathogenic microorganisms (mycobacteria, fungi, and protozoa) detection.
Because of their unique features, like, label-free detection, ease of fabrication, remote monitoring,
biocompatibility, and immunity to electromagnetic interference, LSPR sensors are becoming more
popular for versatile applications in biomedical fields. In addition to this, setup cost in LSPR
phenomenon based sensing is relatively higher but due to low material cost and long durability the
effective cost remains on the lower side. Synthesis of more effective NMs (metallic NPs, bi-
metallic NMs, 2D NMs, nanorods, and other unique NMs), structural advancements (tapering,
bending, micro-ball, hetero-core, core-mismatch, and other structural development), and different
measurement techniques, have been employed to advance the sensing performance of P-OFSs. A
review of latest developments and present state of the art in LSPR phenomenon-based OFSs are
discussed in this chapter. The study includes an in-depth literature survey on structural
development, synthesis of NMs, nanocoating processes, detection mechanism, and biosensing
applications. Further, important stages and key challenges in development of LSPR sensors are

also presented.

2.2 Plasmonic Sensors

Surface plasmons (SPs) are coherent oscillations of free electrons on the metallic surface excited
by electromagnetic radiation at metal-dielectric interface [23]. SPs are usually classified into two
classes i.e., propagating SPs (PSPs), and localized SPs (LSPs). Here, PSPs, and LSPs are excited
on the metallic films, and NPs, respectively. Here, the term "plasmonic sensor” refers to a sensor

that uses the spectral properties of the plasmon to act as a transducer of the sensor signal [14]. The



research community is greatly influenced by plasmonic sensors in last decade, due to its wide
range of applications in clinical diagnostics, biomolecules detection, gas sensing, detection of
physical parameters (temperature, pressure, etc.), medicine, security, food safety, and chemical
sensing [24]. The various plasmonic sensing methods, such as SPR (based on PSPs), and LSPR
(based on LSPs) were reported in past studies [25]. The phenomenon relevant in the present studies

is discussed in brief in the following sections.

2.2.1 Surface Plasmon Resonance Phenomenon

SPR is basically the oscillation of free electrons, in conduction band, that gradually increases due
to the exchange of energy from the electromagnetic interaction at the metal-dielectric interface
[26]. The evanescent field is very sensitive to any change in the RI of the surrounding environment.
Eventually, when the RI of sensing medium changes, the SPR excitation will change consequently
and the characteristics (viz. angle, wavelength, phase, etc.) of any incident wave get changed due
to the interaction. Thus, the wave coming out of the active interaction zone will carry the

information about the type of the SPR resonance i.e., about the surrounding medium [27].

2.2.2 Localized Surface Plasmon Resonance Phenomenon

In principle of LSPR sensor, surface plasmon waves (SPWs) are optically excited by the EWs
which are present in total internal reflection (TIR) of normal fiber region [28]. SPWs is a transverse
electromagnetic wave, traveling along with the interfaces of two different mediums such as metal
and dielectric [29]. Due to the real-time monitoring, label-free detection, and non-aggressive
behavior of LSPR sensors, many of the plasmonic studies reported in last few years are based on
LSPR phenomenon [30]. The SPR phenomenon becomes localized due to the use of nanometer-
sized (< 100 nm) metallic NPs and is termed LSPR [27]. In LSPR, resonance occurs when
frequency of light matches exactly to the natural frequency of free electrons [31]. Overall, LSPR
phenomenon is a collective oscillation of free electron charges in metallic NMs that are excited by
light [32, 33]. This oscillation enhances the near-field amplitude at resonance wavelength and field
is greatly localized and decays rapidly away from the dielectric interface of NPs [34]. Inter-particle
coupling is identified by investigating the LSPR shift of metallic NPs [35]. The metallic NPs such

as AuNPs and AgNPs exhibits unique optical extinction properties at visible and near-infrared

10



(NIR) regions, which greatly supports the LSPR phenomenon [36]. At the LSPR sensor output,
wavelength shifts are directly related to the increase in the RI [37]. The use of optical fiber in
LSPR based sensing shows a range of benefits viz. remote sensing, portability, immunity to
electromagnetic interference, small size, lightweight, and multiplexing ability [38]. These sensors
are developed using plasmonic NSs having an exceptional capacity of enhancing the
photoluminescence, due to the interaction among the optical signal and metal NSs [39]. In LSPR,
prime sensing parameters like sensitivity, LoD, and dynamic range are greatly dependent on the
roughness, shape, and antibacterial behavior of metallic NPs [40]. LSPR concept within the
context of OFSs was proposed for the first time in 1980s.The development of sensors based on
LSPR phenomenon is interdisciplinary and have greatly attracted many physicists, biologists,
chemists, and material scientists. This enabled the creation of a large footprint in the world of
sensors due to its numerous applications [41]. As a result, a large volume of research in different
aspects of realization of more effective sensors is being carried out across the world. In this context,
the contribution of the proposed work is briefed into following sections.

2.2.2.1 Theoretical Analysis

We assume that the NPs are spherical in shape with radius a, and z-polarized light of wavelength
“A’. The radius ‘a’ is much smaller than the wavelength of light i.e. a / A < 0.1). The resulting
solution for the EM field outside the NPs are indicated by [42]:

A in”¢ou Z 3 o - A
E,ue(x,v,2) = Eg2 — [ﬁ] a3E, [:—3 — T—i (xx +yy + zz)] 2.1

Eint2&out

Here, ¢, and &,,; shows the dielectric constant of metal NPs, and external environment,
respectively. Because ¢;, is highly dependent on wavelength, the first term in square brackets
determines the dielectric resonance condition for NPs. When the dielectric constant of the metal is
roughly equal to —2¢,,;, the EM field is enhanced relative to the incident field. In the case of
AgNPs and AuNPs, this condition is met in the visible spectrum, which has important implications
for surface-enhanced spectroscopies. The radius ‘a’ and external dielectric constant (&,,;) also
play key roles in determining the EM field outside the NPs, consistent with experimental results.

Further, extinction spectrum of the metal sphere is indicated as:
3/
24mNa*e )2 [ &) ]

An(10)  L(&r(D+xgour)?+&i(A)? 22

EA) =
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Here, &.and ¢; are the real and imaginary components of the metal-dielectric function,
respectively. Again, we note the wavelength dependence of the metal dielectric function of
additional interest is the factor of x that appears in front of ¢,,,;. The value of x is 2 for the case of
a sphere, but it takes on values as large as 20 to account for particle geometries with high aspect
ratios. Because we can only solve the value of x analytically for spheres and spheroids, and we
must approximate it for all other geometries.

There are several equations are available in open source, which define the changes in a
local environment. For example, the LSPR excitation wavelength maximum, A,,,,1S sensitive to
the refractive index (n) or dielectric constant (g). These both terms are related by € = n2. This

leads to following relationship:
Al g = maAn [1 — exp (%id)] 2.3

where m is the bulk RI response of the NPs; 4n is the change in RI induced by the adsorbate; d,
and [, are indicates the effective adsorbate layer thickness and characteristic EM-field-decay
length, respectively. This relationship is the basis of LSPR wavelength-shift reported in the sensing

experiments [42].

2.3 Structural Developments

Different types of standard optical fibers like PCF, SMF, PSF, MMF, HCF, MCF, and other special
fibers are used for the development of P-OFSs. The special fiber such as PSF are sensitive to the
UV radiations. At the same instance, the lower diameter of fiber core is responsible for the
excitation of lower order modes due to mode squeezing phenomenon, which basically occurs on
the excretion of EWSs. This fiber reveals distinct properties such as withstanding up to 300 - 400°C
(applicable in a harsh environment), less attenuation (allows to be used in longer lengths), and a
larger difference in core/cladding index [43-45]. Due to these exceptional features, it is well suited
for hydrophones, temperature sensing, FBG, strain sensing, geophones, biomedical sensing
applications [46]. To improve the LSPR phenomenon, various structural advancements such as
splicing of fiber, tapering, fiber bending, micro-ball, hetero-core, long-period grating (LPG), core-
mismatch design, etc., are presented in past studies. Sophisticated instruments, such as, fusion
splicer, series combiner workstation (SCW), and combiner manufacturing system (CMS) are used
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in realizing different structures of the sensor. Various unique sensor designs, such as multi-tapered
structure, tapered SMS- multimode interference (MMI) structure, in-line SPS and MPM structure,
and SMSMS-MZI structure with improved range of detection and sensitivity are presented in this
study.

2.4 Nanomaterials and Their Significant Role

The detection in plasmonic sensors are influenced by, i) dielectric properties of the neighboring
medium [47], and ii) composition, shape, and nature of NMs [10]. Various NSs shapes (spherical,
triangles, octahedrons, prisms, cubes, bipyramids, nanorods, nanoshells, nanostars, etc.), and
bimetallic NPs are reported and used for development of plasmonic sensors [48]. The unique
feature of NPs helps in different aspects; e.g. large surface area allows them to bind with a wide
range of functional ligands [49]. The latest challenge in developing and synthesizing different NMs
(metallic, magnetic, carbon-based NMs, bimetallic-NPs, novel-NPs, etc.) to enhance the
performance of plasmonic sensors are discussed herein. Nanotechnology is associated with
synthesis, characterization, and application of NMs in the Nano range (1-100 nm). NMs are widely
used in the field of science and technology in general. Specifically, over the last decade, application
of nanotechnology in the field of Nano-medicine has enhanced significantly. Due to small size of
NPs, it is widely used for the creation of new devices that are used in pharmaceutical companies.
In recent years, due to quantum size effect, large surface area, and unique properties of metallic
NPs, NMs such as AgNPs, AuNPs, ZnO-NPs, CuO-NPs, Platinum (Pt), and Palladium (Pd) have
been extensively studied. These NMs are deposited over the sensor surface acts as a metal-
dielectric interface, which is necessary for LSPR when an optical signal pass through it. These
metallic NPs are used in diagnostic, drug regulation, labeling, and biosensors because of their high

compatibility with biological system.

2.5 Characterization of Nanomaterials and Sensor Probes

Characterization is the crucial process required to fully comprehend the behavior of NMs [50]. To
check the behavior and physical aspects of synthesized NMs and sensor probe, various

characterization instruments are used during the development of the proposed P-OFSs. The
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physical aspects focus on the confirmation of formation of NPs and determining their dimension,
shape, degree of homogeneity, using sophisticated instruments like ultraviolet-visible
spectroscopy (UV-Vis-spectroscopy), atomic force microscope (AFM), and high resolution-
transmission electron microscope (HR-TEM) [51]. Further, energy dispersive X-ray spectroscopy
(EDS), and scanning electron microscope (SEM) are generally engaged to characterize the surface
of immobilized probes [52, 53]. UV-Vis-spectroscopy is used to check the spectral absorption of
the prepared NMs solution, whereas AFM and HR-TEM are used to check the morphology of the
synthesized NMs. In next step of characterization, SEM, and EDS are used to check the uniformity

of NMs coatings and NMs present over the immobilized sensor probes.

2.6 Sensor Development and Applications

The biosensor market has developed significantly over the last two decades, especially in the
biomedical industry [54]. However, the application of biosensors is not restricted only to the
healthcare sector [55], rather it is also useful in controlling an industrial process (11 %), animal
husbandry and agricultural testing (8 %), defense and safety (6 %), environmental monitoring (5
%), research and development (R&D) (3 %), and automation (2 %) [56]. Since 1960 thousands of
studies were reported for the development of biosensors most of which are related to medical
applications [57]. This contribution is intended to increase the accuracy, safety, and rapid testing
capabilities of the device [58, 59]. The current developments in nanotechnology show that the
surface plasmons can be used for a specific application by varying the properties of different types
of NMs [60, 61].

Various processes are involved in the development of LSPR-OFSs. These are: i) synthesis of
NMs, ii) characterization of NMs, iii) fabrication of bare fiber probe, iv) cleaning of bare fiber
probe, v) salinization of bare fiber probe, vi) immobilization of NMs, vii) characterization of
nanocoated probe, and viii) enzyme functionalization [62]. The NMs, such as AuNPs, AgNPs,
GO, CuO-NPs, platinum (Pt), ZnO-NPs, and palladium (Pd), have been extensively studied in
past. Among these, AuNPs and AgNPs attracted remarkable attention, because of their unique
chemical and physical properties. To synthesize different metallic NPs, various standard methods,
such as wet chemical reduction method [63-65], lithography [66], and vapor deposition method
[67-69] are adopted.
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In fabrication process, several structural advancements are well investigated and proposed for
the development of P-OFSs such as tapering [70, 71], bending [72, 73], chemical etching [74],
splicing of different fibers [75], addition of highly sensitive dielectric layer [76], micro-ball
structure [77], hetero-core structure [43], fiber Bragg grating (FBG) structure, etc. Among these
processes, uncontrolled fabrication, surface irregularity, and uncertainty in outcomes are reported
in bending and chemical etching methods [78, 79]. In P-OFSs, the EWs interact with the
surrounding dielectric medium, for which tapering is the best choice [80]. Tapering is amongst the
finest options to increase the penetration depth and allows the EWs to interact with outer medium
[81]. It has been observed that tapered structure-based LSPR-OFSs helps to enhance the sensitivity
and provides promising performance [82]. Post tapering, the core nearly gets merged with cladding
and end configuration begins to support the multimode configurations [83]. Most of the optical
fiber tapered structures are developed with the hydrogen flame-brushing method [84], thermally
stabilized plasma technique [38], and sweep arc technique [85] to achieve a uniform waist. The
hetero-core-based sensor design also grabs remarkable attention. In this technique propagating
light waves might leak in cladding layer and will suit for LSPR phenomenon [86].

Various preparatory processes follow next. The bare sensor is cleaned using acetone and
Piranha treatment to take out the unwanted elements from the surface. This process helps to
improve surface density of reactive OH™ groups [87]. This is followed by salinization with MPTMS
or APTMS solution using a coupling agent to improve the connection of the metal NPs over the
surface of sensor [88]. The immobilization process follows next in which synthesized NPs are
deposited over a surface of sensor probe.

This plasmonic sensing is a highly evolving research field in last few years and extended to
the areas like single-photon imaging, optical antennas, and treatment of cancer [72, 89].
Nowadays, LSPR phenomenon is comprehensively used to detect and diagnose different physical

parameters in various fields and for diagnostics applications.

2.6.1 Biosensing Applications

Medical diagnostics and bio-sensing are a few of the apt fields for applying the optical effect of
LSPR [90]. Biosensing in-vivo and in-vitro detection, such as, analytes detection [70, 91, 92],
bacteria detection [93-95], virus detection [96, 97], DNA/ RNA detection [98, 99], and cell

detection [100, 101] using P-OFSs are largely investigated in last few years. However, some

15



challenges have to be addressed for accurate and sensitive measurement using LSPR sensors [102].
Following major observations were reported based on the investigation over the plasmonic-based
optical sensing: (i) P-OFSs are used for the wide range of applications by observing the wavelength
shift caused by the change in local RI, (ii) LSPR-OFSs techniques offers a higher sensitivity
performance as that of SPR-OFSs with additional advantages of wavelength tenability, smaller
sensing volume, and lower cost of instrumentation, (iii) LSPR-OFSs are single nanoparticle system
providing higher sensitivity to Rl than nanoparticle array or nanosheet, and (iv) electronic
resonance enhances the wavelength shift as that of conventional RI based technologies [103-105].
To improve the performance of P-OFSs, some futuristic advancement can be expected in the
following aspects: (i) investigation over high sensitivity and accurate sensors which can be used
for commercial application, (ii) analysis using different nanoparticles, nanoclusters, and
nanosheets on sensor surface to improve the performance of sensors, (iii) investigation on the
multi-channel P-OFSs which can improve the sensing efficiency and correlation coefficient (CC),
(iv) possible enhancement of the specificity of a sensor (selectivity) through the functionalization
process over the NPs layer, and (v) investigation and realization of the improvement based on
structural advancement. The research works that are studied and analyzed in present study will
greatly contribute to the development and understanding of the plasmonic phenomenon-based
sensing methods [106, 107]. The flexible design allows development of optical sensors with
plasmonic metallic NSs. Hence, plasmon-enhanced optical sensors add to the applications in
biomedical industries [108, 109].

The reports on LSPR-based OFSs to detect the various biomolecules such as Cho, UA, AA, DA,
lgG, L-Cys, etc., are available in open literature. A summary of plasmonic phenomenon-based
OFSs, reported in past for the detection of various analytes is provided in Table 2.1. It can be
observed that various NMs such as AuNPs, AgNPs, GO, Glucose capped AgNPs and other NMs
are utilized to boost the sensitivity of sensors. In last decade, plasmonics is getting embraced by
biosensing due to the unique optical properties of plasmon resonant NSs, and significant attention
has been given to the development, preparation, and durability of plasmon materials. A variety of
materials, structures, and functionality is closely related to the basic structure of plasmonics, which

allows us to develop practical biosensors that can be used in real-life situations.
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Table 2.1
Summary of Plasmonic Phenomenon based Fiber Optic Sensors

Material Detection | Mechani | Structur | Linear range | LoD Sensitivity | Ref.
used sm e used
AuNPs 1gG SPR/ n.ré 37 ng/mL | 3915 [110]
LSPR nm/RIU
AUNPs Uricacid | LSPR Micro- 50uM -1 mM | n.ré 0.005 %/ [111]
ball-SMF mM
AUNPs/ 10uM -1 mM | 65.60 uM | 2.1 %/ mM
GO
AuNPs Sulphide LSPR 4.16 - 41.63 0.54 ppm | n.rt [112]
lons UM
AuUNPs Cholestero | LSPR SMF- 50nM-1puM | 255 nM 16.149 nm/ | [92]
I HCF uM
AgNPs/GO | Cholestero | LSPR Simple 0-10mM 1131 mM | 5.14 [113]
I SMF nm/mM
AuNPs Cholestero | LSPR Simple 10nM-1uM |53.1nM. |0.125 [114]
I SMF %/mM
AuNPs (10 | Uricacid | LSPR Tapered | 10 - 800 uM 175.89 0.0073 nm/ | [70]
nm) SMF UM uM
AuNPs (30 280.07 0.0131 nm/
nm) UM UM
AuUNPs Heavy LSPR Simple n.ra n.ra 0.28 [115]
metal lead MMF nm/mM,
ions
AUNPs Glucose LSPR Tapered | 0-10 mM 322 uM 0.9261 [116]
SMF nm/mM
GO/AuUNPs | Glucose LSPR Tapered | 0-11mM 226 mM | 1.06 [117]
/GOX SMF nm/mM
AuNPs/GO | Glucose SPR TFBG 1-500 uM N.R. 2.61dB/uM | [118]
X (SMF)
AUNPs Glucose SPR Tapered | n.ré n.ré ~2180 [119]
SMF nm/RIU
Silver and | Ethanol SPR Simple n.ré 1534 uM | 21.70 nm/m | [120]
silicon SMF M
AuNPs Thrombin | SPR/ Tilted 1-35nM 1nM 3.21x107dB | [121]
LSPR FBG M
Glucose Mercury LSPR Simple n.ré 2 ppb n.ré [122]
capped SMF
AgNPs
AUNPs Glyphosat | LSPR LPG n.ré 0.02 uM n.ré [123]
e in Water
GO Uricacid | LSPR SMS 10 - 800 uM 259 uM 0.0089 [124]
structure nm/uM
GO/AuUNPs 206 uM 0.0082
nm/uM

2 not reported.
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2.7 Major Instruments Used for the Investigation

As mentioned earlier, this investigation needs many sophisticated tools and instruments. The
photographs of various instruments used in fabrication of probe, characterization of NMs and
sensor probe, and measurement are shown in Figs. 2.1-2.4. For realization of the basic structure
from optical fibers by splicing and tapering, the combiner manufacturing systems (CMS, 3SAE,

Japan), and fusion splicer (FSM:100P+, Fujikura, Japan) as shown in Fig. 2.1, are used. For further

processing of the probe and preparing the NMs, many different processes are used. A
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(f)

Figure 2.2: (a) Vacuum drying oven, (b) fume hood, (c) dry nitrogen gas cylinder, (d) plasma centrifuge
machine, (e) ultrasonic cleaning machine, and (f) ultrasonic homogenizer sonicator.
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(b)

Figure 2.3: (a) SEM and EDS, and (b) AFM.

(b)

Figure 2.4: (a) High resolution (HR) spectrometer, and (b) tungsten halogen light source.

vacuum drying oven and nitrogen gas cylinder are used during delicate drying processes, and for
removing flammable solvents. To limit the exposure to hazardous or vapors, toxic fumes, and dusts
fume hood is used. The plasma centrifuge machine was used for the separation of mixtures with
close densities. On the other hand, for extraction of multiple compounds
ultrasonic homogenizer sonicator is used. An ultrasonic cleaning machine is employed for high-
quality cleaning. The photographs of all these instruments are presented in Fig. 2.2. The realized
NMs and their coating on the sensor are characterized using HR-TEM (Talos-L120C), AFM (SPA
300 HV), and SEM/EDS (Gemini Carl Zeiss Microscopy) as shown in Fig. 2.3. For the final
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measurement of analytes using proposed sensors, optical source (tungsten halogen- HL1000), and

spectrometer (Ocean-Optics: HR 2000+) are used. The photographs of these instruments are

presented in Fig. 2.4.

2.8 Summary

The plasmonic sensing area is widely explored in recent years and is considered to be among a

few top emerging technologies. As mentioned above, LSPR phenomenon-based OFSs offers many

potential applications in key areas including prospective, health monitoring and diagnostics,

medicine, biotechnology, drug treatment, and nutrition monitoring. This chapter presents an

overview of the existing work done by other researchers in the field of plasmonics sensing. The

following major observations are recorded in this survey:

Vi.

Among various available configurations, tapered and hetero-core-based designs are

best suited with regards to sensitivity, LoD, and range of linearity.

The metal NPs are in high demand in various sensing devices because of strong

absorption bands available in the visible and NIR regions.

The primary NMs, such as AuNPs and AgNPs are synthesized using a wet-chemical
method. It may leave some toxic content on the surface of probe during nanocoating

process.

Due to this, AUNPs and AgNPs immobilized probes can further be coated with other
NMs such as CuO-NPs, ZnO-NPs, 2D materials, GO, etc.

The nanocoating material with a large surface area and higher biocompatibility are

applicable for biosensing applications.

Many of the plasmonic phenomenon-based OFSs suffer from a narrow measurement

range.

The plasmonic-OFSs has the potential to provide the platform for multiplexed analysis and

specificity towards detection, which is crucial for medical diagnostics.
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Chapter 3

Development of Dopamine Sensor using Tapered Optical

Fiber Sensor Probe

22



3.1 Introduction

In chapter 2, basic concepts related to plasmonic sensors, plasmonic methodologies (i.e., SPR and
LSPR) to detect different biomolecules, structural development, and design considerations of
LSPR sensors, NMs, and their significant role in the development of P-OFSs were discussed. It
also described the effective characterizations of NMs and sensor probes, past developments and
biosensing applications of P-OFSs, background information in the form of literature surveys, and
major instruments used during the development of sensor probes.

This chapter deals with tapered design-based P-OFSs for the measurement of Dopamine
(DA) concentration. DA found in the central nervous system in human body is responsible for
communication of nerve cells and is known as a messenger molecule. It controls locomotion,
cognition, and neuroendocrine secretion and is a very vital indicator of human health [125]. Hence
the detection and the measurement of DA are very crucial as it plays a major role in controlling
the hormone and a neurotransmitter and thus the peripheral system in the human body [126]. The
concentration of DA typically lies in the 10 nM to 1 uM range in human body system. An abnormal
DA level leads to severe diseases such as neurosis, deficit hyperactivity disorder, and parkinsonism
[127]. This chapter explains about fabrication of proposed single tapered sensor probe and their
design considerations DA detection present in central nervous system. This includes synthesis of
AgNPs, nanocoating, and functionalization, characterization of synthesized AgNPs, and
immobilized probe. The performance of proposed DA sensor is checked over the preliminary
sensing parameters viz. sensitivity, LoD, linearity range, and CC. In addition, results of selectivity,
reproducibility, and reusability test are presented below sections.

LSPR phenomenon-based sensor has shown great potential in biosensors development and
is used for the detection of various biomolecules, hormones, and metabolites. In past, to improve
the LSPR phenomenon, several modifications of the optical fiber structures, such as, tapering,
bending, chemical etching, splicing the different fibers, and addition of a highly sensitive dielectric
layer, etc., have been introduced during the development and fabrication of probes. Among these,
as indicated in past studies, tapering method is found to be highly effective [128]. The tapered
fiber structure is mostly distributed in three sections, namely, i) normal fiber section, ii) transition
section, and iii) tapered section. Realization of single tapered structure-based P-OFSs comprises

following steps: The proposed tapered optical fiber structure is immobilized with highly
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biocompatible NMs such as AgNPs. In functionalization process, PEG is deposited over the
AgNPs nanocoated probe. This helps to reduce the protein absorbance, which is best suited for
LSPR phenomenon and enhances the sensitivity. The Ag (silver) is the most frequently used NMs
for metal NPs productions. The LSPR phenomenon-based sensor is very sensitive to the variation
in size, and shape of NPs, separation distance of NPs, compositions, geometry, and local dielectric

environment [129].

3.2 Experimental Methodology

The experimental investigation involves different stages such as i) fabrication and design
consideration of probe, ii) synthesis of AgNPs, and iii) characterization and the measurement of

probes. Specific developments for the LSPR phenomenon-based DA sensors are presented below.

3.2.1 Sensor Fabrication and Design Consideration

The proposed LSPR phenomenon-based OFSs is proposed to detect the DA concentration
available in serum. The tapered OFSs used in this study offers several attractive merits, including
flexibility, compactness, and a higher evanescent field. This offers access to EWSs of the mode
propagating over the tapered section, easing exposure towards neighboring elements. The
proposed sensor is designed with step-index SMF (8.2/125 um), and a CMS machine is used during
the development of probe with a tapered section. In the design of a bare tapered probe, the
important fabrications parameters such as waist length, waist diameter, and transition region are
considered as 4 mm, 40 um, and 5 mm, respectively. There is a possibility of fast drop in
transmitted power and mode squeezing, also difficult to handle a fiber of too small waist-diameter
(mechanically weaker) [130]. Therefore, proposed sensor is realized with a waist diameter of 40
um or more. The sensor configuration and SEM images of proposed sensor probe are presented in
Fig. 3.1(a)-(b), respectively. The sensor is further immobilized with AgNPs, which offers more
advantages for probes such as higher extinction coefficients, antimicrobial, sharper extinction
bands, high field enhancements, high electrical conductivity, stability, and low sintering
temperatures. The EWSs have a vital role in LSPR based sensors. The distance traveled by the EWs

at the core-clad boundary known as penetration depth (d,,) is given by [20]:
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Figure 3.1: (a) Sensor configuration, and (b) SEM images of proposed DA sensor probe [131] © 2019 IEEE.

A

d,=—— 3.1
p 2m ’n%osingi—ngl ( )

where, n.,, and n.; indicates the core, and cladding Rl whereas A and 6; are the optical signal
wavelength, and angle of incidence of the light, respectively. In general, on disturbing TIR of
SMF, two different kind of mode sustains i.e. two symmetric and two asymmetric modes. The

symmetric modes propagate within the core whereas asymmetric modes propagate in the cladding.

25



The interaction of asymmetric modes with external medium causes the phase and wavelength
variation in symmetric modes of core. In reported work, we prefer to call the asymmetric modes

as the super-modes [132].

3.2.2 Synthesis of Silver Nanoparticles

A well-established electrochemical process [131] is used for the synthesis of AgNPs in present
study. The reagents include silver nitrate (AgNO3), and reducing agent sodium borohydride
(NaBHs.), used during synthesis process. Ice-cooled AgNOs (20 mL, 1 mM) solution is added
dropwise in prepared NaBH4 (14 mL, 1 mM) solution and stirred vigorously for about an hour. As
a result, the solution turns greenish-yellow that indicates the formation of the AgNPs in the
solution. The formation of AgNPs was confirmed with absorbance spectrum using UV-
spectrophotometer which was observed at 392 nm. Further morphology of AgNPs was observed

using HR-TEM characterization machine.
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Figure 3.2: Schematic of sensor probe nanocoating procedure [131] © 2019 IEEE.
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Figure 3.3: Schematic of dopamine sensor measurement setup [131] © 2019 IEEE.
3.2.3 Silver Nanoparticles Nanocoating and PEG Functionalization

The AgNPs/ PEG immobilization process, and measurement setup are elaborated in Fig. 3.2, and
Fig. 3.3, respectively. The reagents such as 11-mercaptoundecanoic acid (MUA), PEG, hydrogen
peroxide (H202), sulfuric acid (H2SOs), 3-mercaptopropyl trimethoxysilane (MPTMS),
chloroform and phosphate-buffered saline (PBS) is used during the bare probe cleaning,
salinization, and nanocoating process. Different cleaning and salinization steps are adopted before
nanocoating over the bare fiber structure. The steps followed are, i) to remove the unwanted
particles over the bare fiber sensor surface (sensing section) the fiber is dipped in acetone for 20
min, ii) subsequently to take away the resistant materials from sensor surface, bare fiber probe is
kept in Piranha solution (contain H20, and H>SO.) for 30 min, and iii) for the salinization, the
prepared MPTMS solution is deposited over bare fiber probe. Further, the salinized probe is rinsed
and dried with ethanol and nitrogen gas, respectively to remove the uncoated elements. After that,

a dip-coating process is used for the nanocoating of AgNPs over the salinized probe. It takes
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around 48 hrs for uniform coating of AgNPs over the bare sensor structure, which is further
confirmed with the SEM characterization. AgNPs are the most commonly used metal NMs during
the development of LSPR phenomenon-based P-OFSs. AgNPs have many inherent advantages
such as higher biocompatibility, extinction coefficients, field enhancements, and electrical
conductivity, stability, and low sintering temperatures, these features have greatly benefited the
development of highly sensitive DA sensors [131]. In the functionalization of AgNPs immobilized
probe, MUA (10 ml, 10 mM) is first functionalized (it produces carboxyl groups which are found
in acetic and amino acids that are used to build proteins). At the last, PEG is functionalized over
the probe. PEG coating provides a range of advantages, such as i) low toxicity, ii) protection of
lipoplexes from interaction with blood components, and iii) reduced protein absorption [133].

3.3 Characterization and Measurement

The characterization and measurement of synthesized NPs and immobilized probes and techniques
for effective DA detection have been discussed in this section. Instruments such as UV
spectrophotometer, HR-TEM, SEM, and EDS are used during the experiment and the following
important observations were recorded, i) sphericity of the synthesized AgNPs (with HR-TEM
analysis), ii) absorbance spectrum at 392 nm (with UV spectrophotometer), iii) AgNPs mean
diameter: around 7.5 £ 0.5 nm (with histogram analysis- ImageJ software), iv) uniformity of the
proposed AgNPs nanocoating over surface of a probe (using SEM analysis), and v) immobilized
particles are silver (AgNPs) (confirmed with EDS analysis). All the observations are recorded from
the NMs and NMs immobilized probes. Characterization results are indicated in Fig. 3.4, and Fig.
3.5, respectively. For the measurement of LSPR spectra, tungsten-halogen white light-source
(emits the light with 300-1800 nm range) and optical spectrometer (detect the optical signal with
300-1000 nm range) is used. The different DA test sample is prepared in a range of 10 nM to 100
uM for the experiment. The prepared test samples are stored at 2-8°C, when not in use. Spectrum
is recorded only after the stabilization of output signal. Before injecting another test sample, the

flow cell is cleaned with buffer solution (PBS).
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Figure 3.4: Analysis of AgNPs (a) absorbance spectrum, (b) HR-TEM-image, (c) histogram to analyze the
size, (d) EDS image [131] © 2019 IEEE.

3.4 Results and Discussion

3.4.1 Performance of Dopamine Sensor

The performance of the newly developed DA sensor is analyzed based on the different prime
sensing factors like sensitivity, selectivity, linearity range, CC, LoD, reusability, and
reproducibility. The spectral deviation is checked over the input light signal, LSPR spectra are
observed over a large range of prepared DA samples. Figure 3.6 (a) indicates the LSPR spectra
with different DA samples whereas, Fig. 3.6 (b) indicates the linearity curve for DA detection

present in human body system. The prime indicators which help to check the ability of P-OFSs,
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Figure 3.5: SEM images of dopamine sensor probe at (a) lower magnification, (b) higher magnification
[131] © 2019 IEEE.

namely sensitivity (9.7 nm/uM), LoD (0.058 uM.), and linearity (10 nM- 1 uM) are greatly
enhanced. Different sensing mechanisms were adopted in past such as cyclic voltammetry,

Amperometry, optical methods, and Voltammetric method to detect the DA concentration.
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Different biosensors used for the detection of DA reported in open literature are compared in Table
3.1. The LSPR phenomenon (optical method) based DA sensor reveals great performance on all

the sensing parameters. From the measured data, the linear equation that can be fit to the proposed

DA sensor is:
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Figure 3.6: Results of dopamine detection (a) LSPR spectra, and (b) linearity curve [131] © 2019 IEEE.
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Table 3.1
Comparative study of dopamine sensors [131] © 2019 IEEE.

Material Method Linearity LoD Sensitivity Ref.
Ag/MoS; Cyclic Voltammetry 31\24 MMt S0 155 v LOPA/ UM | [134]
AgNPs Cyclic Voltammetry 1uMto 10 uM. | 0.41V n.r.2 [110]
AUNPs Cyclic Voltammetry il\L/l[M to 100 5.83 uM n.r.2 [135]
Graphene- 1 uM to 125
AUNPS Amperometry uM. 0.07 uM 0.124 pA/uM | [119]
Differential Pulse 10 uM to 100 0.7+0.18 0.1 mA/ mM/
AUNPs Voltammetric Method | uM uM cm? [136]
This
AgNPs LSPR 10nMtol1luM | 0.058 uM 9.7 nm/ uM work
n.r & not reported
A=0.0097 C + 673.53 (3.2)

whereas C is a DA concentration and linearity exists between 10 nM - 1 uM as revealed from
linearity curve. In next step, to calculate the LoD of proposed DA sensor, the standard equation is

used as indicated below:
LoD = (3x Standard Deviation (SD)) / Sensitivity (3.3)

Here LoD indicates the ability to measure lowest concentration of analyte (DA). To calculate the
value of SD, ten reference samples (peak resonance wavelength) are taken into consideration. To

calculate the SD, the standard equation is used as indicated below:

o= [HEHE (3.4)

whereas, N is the size of reference samples, u is a mean of peak resonance wavelength of reference

samples, and x; is the peak resonance wavelength of reference sample.
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3.4.2 Selectivity, Reproducibility and Reusability Test

The regents like Cho, L-Cys, Glucose, D-Galactose, Urea, and AA were used in selectivity tests.

To test the selectivity of a projected probe in existence of other analytes, the DA sensor probe
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Figure 3.7: Selectivity test for dopamine sensor (a) test 1 (in presence of other analytes), and (b) test 2 (in
presence of ascorbic acid coexist with dopamine) [131] © 2019 IEEE.
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response is observed, and results are presented in Fig. 3.7. For this, difference between peak
resonance wavelength of 10 nM and 1 uM concentration of DA was calculated. The difference
between peak resonance wavelengths is observed as 0.0 nm, 0.9 nm, 0.0 nm, —1.349 nm, 0.45 nm,
1.799 nm, and 9.586 nm for the Cho, L-Cys, Glucose, D-Galactose, Urea, AA, and DA samples,
respectively. This shows the highest specificity of proposed sensor towards DA samples. Further,
the reusability and reproducibility tests of proposed DA sensor are presented in Fig. 3.8. To
confirm the reproducibility, performance of proposed sensor is checked at 10 uM concentration of

DA with three different probes, indicated in Fig. 3.8(a). Further, repeatability of
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Figure 3.8: (a) Reproducibility and (b) reusability test of dopamine sensor [131] © 2019 IEEE.
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the proposed sensor is checked at 1 «M, 500 nM, and 10 nM concentration of DA, indicated in
Fig. 3.8(b).

3.5 Summary

The performance of proposed AgNPs-PEG functionalized tapered LSPR phenomenon-based DA
sensor is demonstrated in this chapter. The use of polyether compound (i.e. PEG) in
functionalization of proposed DA sensor probe mainly helps to reduce protein absorption and
protects the lipoplexes from interaction with blood components. In this study, RI sensitivity is
characterized by wavelength shift. This characterization technique is highly effective; as smallest
possible wavelength shifts that occur due to biomolecular binding are easily detectable with greater
accuracy [137]. The mean diameter of AgNPs is reported as 7.5 + 0.5 nm used for immobilization
process. A fine coating of lower size AgNPs provides improved sensitivity of probe. The
characterization instruments namely SEM, HR-TEM, EDS, and UV-Vis-spectrophotometer are
used for the characterization of synthesized AgNPs and nanocoated probes. The comparative study
of the DA sensors is indicated in Table 3.1, which reveals very good performance of reported DA
probe. The study shows the improved performance of proposed LSPR phenomenon-based DA
sensor in comparison with other DA sensors reported in open source. The important sensing
parameter such as linear range, LoD, sensitivity, and CC are reported as 10 nM - 1 uM, 0.058 uM,
9.7 nm/ uM, and 0.992, respectively.
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Chapter 4

Development of Ascorbic Acid Sensor using Periodically

Tapered Optical Fiber Sensor Probe
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4.1 Introduction

Chapter 3 explains about fabrication and experimental validation of single tapered P-OFSs for the
detection of DA. This sensor shows the improved performance on various prime sensing
parameters such as sensitivity, LoD, CC, and linearity in comparison with other DA sensors
reported in open source. In present chapter, AUNPs and GO immobilized periodically tapered
structure-based P-OFSs for ascorbic acid (AA) detection have been proposed. The targeted
element i.e., AA is a vital organic constituent in the serum of human body system. It acts as an
antioxidant that helps to fight bacterial infections [138]. Further, AA contributes to various
processes in human body system such as formation of collagen, bones, teeth, skin, capillaries, and
connective tissue. The typical range of AA is 100 uM to 500 puM present in serum [139], and an
abnormal concentration of AA leads to Alzheimer’s disease, cancer, scurvy, and other chronic
diseases. The different optical fiber-based configurations in biosensing approach for the detection
of analytes include, i) FBG, ii) LPG, iii) refractometers, iv) photonic crystal fiber, and v) other
optical configurations have been reported in past [140]. The proposed multi-taper configuration-
based P-OFSs comes under optical method-based sensing and is one of the simplest fabrication
methods of OFSs. The tapering section provides access to EWSs to interact with surrounding
medium [141]. In basic principle of tapering, several tapers are directly related to the measurement
sensitivity. To study the effect of tapering, four tapers, five tapers, and eight tapers-based optical
fiber structures are also investigated. Further, highly biocompatible NMs like AuNPs and GO are
deposited onto a multi-tapered probe. Due to high specific surface area, higher biocompatibility,
and solubility GO-modified P-OFSs attract great attention from researchers [142]. The P-OFSs are
one of the most attractive biosensors, with many benefits like low pressure, remote sensing
capabilities, less cost, and resistance to electromagnetic interference [141]. The different steps or
processes involved in the development of newly developed AA sensors are: bare probe fabrication,
synthesis of AuNPs and GO colloidal, NMs immobilization process, enzyme functionalization
process, and characterization of GO, and AuNPs. Further, performance of prepared sensor probe
is checked with AA test samples, selectivity test of probe is also conducted. All these steps
involved in the development AA sensor and measurement results are discussed in the following

sections.
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4.2 Experimental Methodology

In this section, experimental methodology involving design considerations, various processes
related to the fabrication of AA probes, such as synthesis of NMs, immaobilization process, test

sample preparation, and measurement setup are described systematically.

4.2.1 Sensor Fabrication and Design Consideration

The P-OFSs with four-, five-, and eight-section periodically placed tapers have been designed and
analyzed here. The optical fiber, such as SMF (9/125 pm), and MMF (62.5/125 pum) are used to
design the proposed configurations. The fusion splicer is used to design proposed multi-tapered
configurations. The schematic view of the multi-tapered bare fiber structure and its different
configurations are presented in Fig. 4.1. The proposed sensing probes are designed with following
specifications: i) tapered section of length 1000 um, ii) embedding periodically tapered region of
length ~ 1 mm, and iii) tapered section of diameter of 40 um. The proposed AA sensor was realized
with diameter of 40 um by considering the different aspects as briefly discussed in chapter 3
(section 3.2.1). The fusion arc technique is adopted during the fabrication of all the proposed

configurations.

4.2.2 Synthesis of Nanomaterials

The NMs used in nanocoating process such as AuNPs and GO are prepared using Turkevich
method [143] and modified Hummer's method [144], respectively. Reagents such as gold (I11)
Chloride trihydrate (Hydrogentetrachloroaurate), tri-sodium citrate, H>SOs, potassium
permanganate (KMnQg), sodium nitrate, hydro-chloric acid (HCI), and graphite powder are used
during the synthesis of mentioned NMs.

The above-mentioned Turkevich methods were adopted to control the size and shape of
AuNPs. Initially, 100 mM - HAuUClj solution (150 pl) is added to the DI water (14.85 ml- boiling
at 100 °C). Further, 38.8 mM tri-sodium citrate (1.8 ml) is added and stirred till resultant solution
turns red-wine in color.

In next step, GO flakes are prepared using modified Hummer's method. For this NaNOs

(0.25 g), and graphite powder (0.5 g) are added to the stirred concentrated H,SO4 solution (11.5
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Figure 4.1: Schematic of (a) four tapered structure, and (b) experimental setup and different configurations
of AA sensor (Probe-1: four-tapered/GO/AuNPs/P-OFSs probe; Probe: five-tapered/GO/AuNPs/P-OFSs
probe; Probe-3: eight-tapered/GO/AUNPs/P-OFSs probe) [145] © 2020, Elsevier.

ml). In next stage, resultant solution is kept at 20 °C temperature after adding 1.5 g KMnOa.
Further, the prepared solution is diluted with DI water (250 ml) and H202 (2.5 ml) is added and its
temperature is raised to 98 °C. After this, HCI (5%) and water mixture is used to filter and wash
the final solution. In last stage of GO flakes preparation, solidification, and grinding of the resultant
concentrated solution are carried out.

The color of synthesized AuNPs and GO solution turns red-wine and yellowish,
respectively indicating the formation of NMs, which is further confirmed using UV-
spectrophotometer by observing the absorbance spectrum. The morphology of the prepared NMs
is studied using HR-TEM.
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4.2.3 Nanocoating and Enzyme Functionalization

The proposed optical fiber bare probe is immobilized and functionalized with AuNPs, GO, and
ascorbate oxidase (AOx). The AuNPs have higher biocompatibility [146], whereas GO has good
chemical stability, wide-surface area, excellent mechanical behavior, and higher electrical
conductivity [147]. Reagents such as AOx (1000 - 3000 unit/mg protein), ethyl (dimethyl
aminopropyl) carbodiimide (EDC), MUA, and N-Hydroxysuccinimide (NHS) are used during the
nanocoating process. The nanocoating and functionalization process is carried out as shown in Fig.
4.2. Initially, the proposed multi-tapered probes are dipped in acetone and Piranha solution for 20
min and 30 min, respectively. The reagents such as H.O, and H.SO, are added in a ratio of 3:7 to
prepare the Piranha solution. This process primarily cleans the sensors and exposes the
hydroxide radicals. Secondly, an adhesive layer is formed using MPTMS coupling agent. Now,
the already prepared AuNPs were deposited over the cleaned and silanized multi-tapered probe.
Bare probes are dipped for 48 hrs for a fine and effective coating. Most of the time metal NPs,
such as AuNPs, are prepared using wet reduction method. After the coating, it leaves some toxic
residues on sensor surface which affects the sensor performance. For this, we have further coated
the probe using another synthesized NMs i.e., GO. The deposition of GO was done by dipping and
drying (in oven at 70°C) technique. For the uniformity in GO nanocoating, this process was
repeated thrice. The sonication method is adopted to prepare the GO solution from GO flakes.
Initially, this nanocoated probe is functionalized with MUA (0.5 mM), EDC (200 mM), and NHS
(50 mM) to produce and activate the carboxyl groups [145] then is further functionalized with

AOXx enzyme (1,000- 3,000 units’/mg protein).

4.3 Characterization and Measurement

The characterization of synthesized NMs such as AuNPs and GO, and NMs immobilized
probes are discussed extensively in this section. The structural analysis of four, five, and eight
multi-tapered bare fiber probes (i.e., fiber length vs. waist diameter) and SEM image are presented
in Fig. 4.3. The variation of the diameter along the length of the fiber of the proposed probes was

recorded using combiner manufacturing systems (CMS, 3SAE) machine during fabrication of
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Figure 4.3: The variation of the diameter along the length of the fiber of (a) Probe-1, (b) Probe-2, and (c)
Probe-3; and (d) SEM image of the multi-tapered probe [145] © 2020, Elsevier.

probes and plotted using MATLAB. SEM image was included to represent the correlation between
bare fiber probe and fabricated sensor probe. Further, characterization results of AuNPs and GO
are presented in Fig. 4.4. Briefly, the absorbance of GO and AuNPs (to check the formation of
synthesized NMs), HR-TEM image of GO and AuNPs (to check the morphology of
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Figure 4.5: SEM image of (a) Probe-1, (b) Probe-2, and (c) Probe-3 at lower magnification; (d) SEM image
at higher magnification, and (e) EDS image [145] © 2020, Elsevier.

NMs), and AuNPs analysis with histogram are presented. Moreover, physical characterization

results of four-, five-, and eight-section tapered probes at lower magnification are indicated in Fig.
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4.5 (a-c), respectively, whereas morphology of nanocoated probes at higher magnification and

EDS analysis are revealed in Fig. 4.5 (d-e), respectively.

4.4 Results and Discussion

4.4.1 Performance of Ascorbic Acid Sensor Probe

Initially, a comparative study over single and multi-tapered SMF/ MMF probes is presented in this
section. For this, i) single tapered SMF, ii) single tapered MMF, iii) eight tapered SMF, and iv)
eight tapered MMF probes are fabricated. During measurement, lowest transmission intensity is
recorded in case of eight tapered SMF probes illustrated in Fig. 4.6. From these results, we can
infer that multi-tapered SMF structure is well-suited for LSPR phenomena-based OFSs (observed
the lowest transmission intensity at output). In this study, high radiation loss in the eight-tapered
sensor probe limits its use for sensing applications. In proposed GO/AuNPs/AOx/multi-tapered
probe, optical signal activity of testing response is measured at minimum of three cycles. Related
LSPR plot and linearity plot is plotted with an average of those three sets of readings, presented in
Fig. 4.7. The four, five, and eight periodically tapered structure-based AA sensors are proposed in
this study. An optimal number of five-tapered AA sensors is very effective for AA measurement
and shows the highest specificity towards AA. The superior performance has been observed in
case of proposed five tapered sensor probes (Probe-2). We have also observed the enhanced
performance parameters such as LoD (51.94 uM), CC (0.9724), and sensitivity (8.3 nm/mM). The

use of smaller size AUNPs (~ 10 nm) is mainly contributing to enhanced sensitivity of AA sensors.

Probe-1: Figure 4.7 (a-b) shows the LSPR and linearity plot of four-tapered/GO/AuUNPs/P-OFSs

probe. The linearity curve equation, sensitivity and CC are revealed as,
A=0.0011C +611.91 (4.1)

1.1 nm/mM and 0.9624, respectively. In this equation, C denotes the AA concentration.

Probe-2: Figure 4.7 (c-d) shows the LSPR spectra and linearity plot of five-tapered/GO/AuNPs/P-

OFSs probe. The linearity curve equation, and CC are revealed as,
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Figure 4.6: Analysis of tapered MMF vs. tapered SMF optical fiber probe [145] © 2020, Elsevier.

A =0.0083 C + 580 4.2)
and 0.9724, respectively. The sensitivity of proposed probe is 8.3 nm/mM, shows the enhaced
performance in comparision with Probe-1.

Probe-3: Figure 4.7(e-f) shows the LSPR spectra and linearity plot of the -eight-
tapered/GO/AuUNPs/P-OFSs probe. The linearity curve equation and correlation correlator are

revealed as,
A =-0.0005C + 577.85 (4.3)

and 0.8747, respectively. The performance of this probe is degraded in comparison with Probe-1,
and probe-2, as maximum radiation is coming out in this respect, which is also indicated in enlarge
view of Fig. 4.7(f).

4.4.2 Selectivity Test

Selectivity is a very essential feature of P-OFSs in biosensing applications. This is used to check
the ability to detect particular analytes in presence of other interfering elements of the body fluids.

Here, elements like Glu, urea, UA, D-Gal, Cho, and DA are used to check the specificity of the

45



proposed AA sensor. For this wavelength shift is measured for 1 mM and 10 uM concertation of

each analyte. The wavelength shift (difference between higher and lower peak
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Figure 4.7: (a) LSPR spectra, and (b) linearity plot of Probe-1; (c) LSPR spectra, and (d) linearity plot of
Probe-2; (e) LSPR spectra, and (f) linearity plot of Probe-3 [145] © 2020, Elsevier.
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Table 4.1
Comparative study over ascorbic acid sensor [145], © 2020, Elsevier

Material Method Linearity LoD Sensitivity
H2L?2 Fluorescent method | 0 to 60 um 34 nM n.rb [148]
ClO/ TMB® Colorimetric 1to 70 uM 0.58 uM n.rb [149]

method
TiO2 (RGO-TiOy) Amperometric 1t0 1500 uM | 0.512 uM | n.r® [150]
nanocomposite. method
Cadmium sulphide quantum | Fluorometry method 60 to 300 nM | 2 nM n.r® [151]
C-dots Colorimetric 02t070uM | 9.3 nM n.rb [152]

method
Four tapered AA Sensor - 0.05to1mM | n.r2 1.1 nm/mM
Probe-1
Five tapered AA Sensor- LSPR technique 0.01tolmM |51.94uM | 8.3 nm/mM| Present
Probe-2 (Proposed sensor) work
Eight tapered AA Sensor - 0.1to 1 mM n.ro 0.5 nm/mM
Probe-3

34,4’ (1H pyrazole 1,3 diyl) dibenzoic acid; ® not_reported; CIO/TMB ®hypochlorite (C10-)/tetramethylbenzidine (TMB)
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wavelength) for Glu, UA, urea, D-Gal, Cho, DA, and AA samples have been observed as 0.00, 0.91, 0.46,
0.46, 0.00, 2.28, and 7.29, respectively. This indicates the maximum wavelength shift value for AA over

different analytes. The resultant plot for selectivity test is indicated in Fig. 4.8.

4.5 Summary

In this study, four, five, and eight tapered-based AA sensors are investigated. The measurement
depends on two factors, total loss in the system and the amount of EWs mode energy that is
released. If number of tapered sections are more, then the loss of optical signal increases though
its EWs performance is better. On the other side, if the number of sections are less then loss of
optical signal is less but EWs performance also not good. In this study, five tapered probe is found
to be optimum considering both the factors. The synthesis of NMs, coating process, setup,
configuration, and experimental data for the proposed AA sensors are presented. Promising NSs
such as GO and AuNPs were employed during the development of AA biosensors. These NSs
show the well-suited merits for the biosensing applications including higher electrical
conductivity, antibacterial inorganic materials, biocompatibility, and large surface area. The
different structural design-based comparative study is proposed in this work. For this GO, and
AuNPs immobilized four, five, and eight optical fiber tapered-based configurations for AA
detection were characterized and analysed. Among the proposed three different configurations,
optimal five tapered probes (GO-AuNPs-Five-Tapered-AA-P-OFSs) (Probe-2) shows the
enhanced performance. The results such as LoD, sensitivity, and CC for proposed Probe-2 are
recorded as 51.94 uM, 8.3 nm/mM, and 0.9724, respectively. The comparative studies over a linear
range, LoD, and sensitivity for proposed AA sensors (Probe-1, -2, and -3) and other previously
reported AA sensors available in open literature are presented in Table 4.1. In conclusion, proposed

AA sensor probe exhibits tremendous potential in bio-nanotechnology applications.
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Chapter 5

Development of L-Cysteine Sensor using Tapered SMS

Structure-based Optical Fiber Sensor Probe
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5.1 Introduction

In previous chapter, LSPR phenomenon-based AA sensor is demonstrated. The multi-tapered
optical fiber structures are employed for the development of AA sensors. This chapter deals with
design, development, and characterization of L-Cysteine (L-Cys) sensor probe. This probe can
efficiently detect and measure L-Cys concentration presented with urine in human body system.
A typical range of L-Cys in urine is 240 uM to 360 uM [153]. It comes under one of the most
essential biomolecules available with body fluids along with homocysteine, and glutathione. This
biomolecule is widely related to the human physiological process, and important to sustain or
improve lung, brain function, and liver detoxification. It also contributes to, i) improvement of the
immunity of HIV patients, ii) recovery from surgery, iii) improvement of the men's semen quality,
iv) enhanced white-blood-cell related activities, and v) regulated blood sugar levels [154]. The
abnormal L-Cys concentration can lead to neuropsychiatric illness, hematopoiesis, liver damage,
skin lesion, loss of muscle retarded growth, thrombosis, and hair depigmentation [153]. The

plasmonic sensors for detection of L-Cys and related graphical abstract are indicated in Fig. 5.1.
In graphical abstract, HR-TEM images of AgNPs and GO are present over the SEM image of
sensor probe. The cutting view of proposed L-Cys sensor is also shown there. Different structural
modifications such as fiber bending, hetero-core, tapering, core mismatch, and addition of external
dielectric layer were proposed in past to improve the LSPR phenomenon in P-OFSs [155]. The
combination of hetero-core and tapered structure-based bare fiber probe i.e., Tapered SMF-MMF-
SMF (SMS) P-OFSs is proposed for L-Cys detection. These structural features (i.e., hetero-core
and tapered structure) are well combined to realize the proposed sensor design. The tapered MMF
section generates the higher-order modes and in turn increases the possibility of angle of incidence
getting smaller than the critical angle, providing a good opportunity to signal to leak. In next step
of sensor fabrication, NMs namely GO, and AgNPs are deposited on the sensing section of bare
sensor probe. It is observed that the shape, composition, nature of NMs, roughness, and
antibacterial behavior of NMs have greatly affected the sensitivity of LSPR sensors [156]. The
deposited NMs show the features such as higher biocompatibility, thermal conductivity, intrinsic
mobility, excellent additive in nature, and large surface area. In past, methods such as
chromogenic, fluorescence, colorimetric, and optical are reported for the practical realization of

L-Cys sensors. The LSPR sensor comes under the optical method
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Figure 5.1: Graphical abstract of plasmonic sensors for detection of L-Cysteine [157] © 2020 IEEE.

categories and has the potential to develop biosensors to detect the range of biomolecules. The
proposed LSPR phenomenon-based L-Cys sensor has great potential and a range of advantages
which includes i) higher biocompatibility, ii) high electromagnetic immunity, iii) portability, iv)
real-time monitoring, v) smaller detection time, vi) label-free detection, and vii) ease of fabrication
[157]. The details of L-Cys sensor probe fabrication (i.e., bare probe design, synthesis of AgNPs,
and GO, immobilization/ functionalization process, and characterization of NMs and nanocoated
probe), measurement, and analysis of results are discussed in length in the following sections.

5.2 Experimental Methodology

The various steps and processes in designing of L-Cys sensor probe, i.e., i) fabrication of bare
probe, ii) synthesis of NMs, and iii) nanocoating process are explained in following sub-sections.

5.2.1 Sensor Fabrications and Design Considerations

In present study, AgNPs and GO immobilized tapered SMS structure-based L-Cys sensors are
realized using LSPR phenomenon. For this MMF (62.5/125 um), and SMF (8.2/125 um) fibers
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Figure 5.2: (a) Schematic view of bare fiber probe, and (b) wave propagation through sensor probe [157] ©
2020 |EEE.

were employed in designing of sensor probe. The fusion splicer (Fujikura- FSM 100P+) is used to
sandwich MMF section in between two SMF sections. For the tapering of spliced structure CMS
(3SAE) machine is used. The fusion arc method is applied for the designing of proposed tapered
structure. The schematic view of Tapered SMS sensing probe and wave propagation via probe is
presented in Fig. 5.2. The design parameters of proposed sensor probe specifically waist diameter,
MMF section length, transition region, and tapered section length are reported as 40 um, 10 cm, 5
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mm, and 4 mm, respectively. The proposed L-Cys P-OFSs were realized with diameter of 40 um

by considering the different aspects as briefly discussed in chapter-3 (section 3.2.1).

5.2.2 Nanomaterial Synthesis and Immobilization Process

An electrochemical process [157] and modified Hummer’s method [144] are applied to prepare
the colloidal of AgNPs and GO, respectively. Reagents like NaBH4 (1 mM) and AgNO3z (1 mM)
are used during the synthesis of AgNPs. Similarly, reagents including KMnQOs, H2SO4, KMnOy,
H.0,, and HCI are used during the synthesis of GO. The synthesis process of AgNPs and GO is
briefly explained in Chapter-3, and -4, respectively. The color of synthesized AgNPs and GO
solution turns greenish-yellow and yellowish, respectively indicating the formation of NMs.
Moreover, formation of synthesized AgNPs and GO are also confirmed with UV-Vis-
spectrophotometer (observing the absorbance spectrum) and HR-TEM (observing the
morphology). The nanocoating procedure is already enlightened in Chapter-3 and -4, and a
schematic of nanocoating process is presented in Fig. 5.3. The deposited NMs reveal various
benefits such as higher intrinsic mobility, optical transmittance, large surface area,
biocompatibility, and additive nature [145].

5.3 Characterization and Measurement

The characterization results of NMs and immobilized probes are presented in Fig. 5.4, and Fig.
5.5, respectively. The following important observations are recorded during the characterization
of NMs and nanocoated probes: i) AgNPs absorbance spectrum is recorded at 395 nm (using UV-
spectrophotometer) (Fig. 5.4 (a)), ii) AgNPs are spherical with a mean size of 7.5+0.5 nm (Fig. 5.4
(b)), iii) GO absorbance spectrum is recorded at 233 nm (Fig. 5.4 (c)), iv) fine coating of AgNPs
and GO NMs over the surface of OFSs is observed (SEM image- Fig. 5.5 (a)), and v) the present
nanocoated materials are Ag (silver), and carbon (GO) over sensor surface (EDS image- Fig. 5.5
(b)).

Further, the schematic of an experimental setup for L-Cys detection is revealed in Fig. 5.6. The
optical source and optical spectrometer are employed in the experiment at the input, and the output

end, respectively. Centered on normal concentration of L-Cys available with urine (i.e., 240
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Figure 5.4: Absorbance spectrum of (a) silver NPs and (b) graphene oxide (GO); HR-TEM image of (c)
silver NPs, and (d) graphene oxide [157] © 2020 IEEE.

uM to 360 uM), test samples are prepared in 10 nM- 10 mM range. The L-Cys test samples
are introduced in flow-cell and stabilized LSPR spectrum is noted. The base treatment is done
before injecting the new L-Cys test sample.

5.4 Results and Discussion

The performance of the newly developed L-Cys sensor is examined based on prime indicators such
as sensitivity, CC, linearity range, LoD, reusability, and reproducibility. In proposed tapered SMS
structure, core-mismatch and tapering-based design provide the maximum EWs and larger
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Figure 5.5: SEM image of Probe-2 recorded at (a) lower magnification, and (b) higher magnification; and
(c) EDS image of Probe-2 [157] © 2020 IEEE.
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Figure 5.6: Schematic of an experimental setup for measurement of L-Cysteine [157] © 2020 IEEE.

wavelength shift. The use of lower size AgNPs (7.5+£0.5 nm) provides improved sensitivity of
sensor probes. Further, AgNPs immobilized probe is nanocoated with GO, which can act as a
stealth material, and provides a fine coating on the sensor probe. The LSPR spectra and linearity

curve for the proposed L-Cys sensor are presented in Fig. 5.7 and Fig. 5.8, respectively.

Probe-1: Figure 5.7 (a) and Fig. 5.8 shows the LSPR spectra and linearity plot of Probe-1. The

linearity curve equation, sensitivity and CC are revealed as,
A =10.0049 C + 669.99 (5.1)

4.9 nm/mM and 0.8728, respectively. In this equation, C denotes the L-Cys concentration. The
linearity of Probe-1 exists between 100 uM- 800 uM as revealed from linearity plot.

Probe-2: Figure 5.7 (b) and Fig. 5.8 indicates the LSPR spectra and linearity plot of Probe-2. The

linearity curve equation, sensitivity and CC are revealed as,
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Figure 5.7: LSPR spectra of (a) Probe-1, (b) Probe-2 [157] © 2020 IEEE.

A =0.007 C + 676.56 (5.2)

7.0 nm/mM and 0.9904, respectively. The linearity of Probe-2 exists between 10 nM- 1 mM as
reveled from linearity plot.
In next step, to calculate the LoD of proposed L-Cys sensor, the standard equation is used

as indicated below:
LoD= (3% SD) / Sensitivity (5.3)

To calculate the value of SD, ten reference samples (peak resonance wavelength) are taken into

consideration. To calculate the SD, the standard equation is used as indicated below:

_ [zaw?
= | C (5.4)

whereas, N is the size of reference samples, u is a mean of peak resonance wavelength of reference
samples, and x; is the peak resonance wavelength of reference sample. Here LoD indicates the
ability to measure lowest concentration of analyte (L-Cys). The LoD for Probe-1 and Probe-2 are
calculated as 142.84, and 63.25 UM, respectively. Based on a comparative study of the proposed
L-Cys sensor against previously reported L-Cys sensors, as shown in Table 5.1, indicates that
different sensing parameters, like, sensitivity, linearity range, CC, and LoD have increased
significantly. To confirm the reproducibility of L-Cys sensor, three separate tapered-SMS-GO-
AgNPs-P-OFSs (Probe-2) sensing probe is tested with a 1 uM L-Cys test sample. Further,
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Table 5.1
Comparative study of L-Cysteine sensors [157] © 2020 IEEE
Material Method Linearity Detection Sensitivity Ref.
limit
} . ) .
Silver - Colorimetric 1.67 t0 13.36 UM 260 nM n.r [158]
nanoparticles method
a
Gold _ Fluorescence 0.08 10 6.0 M 40 nM n.r [159]
nanoparticles method
. . ) . .
Silver _ Colorimetric 25 10 250 uM n.r n.r [160]
nanoparticles method
a
Gold . Chromatography 1to4.5uM 800 M nr [161]
nanoparticles
GO and AgNPs .
(Probe-1) LSPR technique | 100 to 800 uM 14284pM | 49mmimM |
GO and AgNPs | LSPR technique Work
(Probe-2) (Proposed sensor) 10nMto 1 mM 63.25 UM 7.0 nm/mM

59




— (a) —— Probe-1 5 1.0 (b) 1M

3 1.0 - —— Probe-2 & /\ ——1 uM after rinsing

= —— Probe-3| - ——400 uM

:5 ‘ﬁ 0.8 4 | \ ———400 M after rinsing]
2 f \

c 0.8 4 @

2 £

E ——
=]

@ [ -

2 06 E=] 08

g [3 ¥ E

£ s

g 044 £ o044
o

el @

o N

& i

S 0.2- E 921

g <]

s -4

b4

0.0 T T T T T 0.0 T T T T T T ™ T T T T T
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 5.9: (a) Reproducibility, and (b) reusability test for Probe-2 [157] © 2020 IEEE.

reusability test of proposed probe is tested with 1 uM and 400 uM L-Cys test samples. The
reproducibility test and reusability test plot are shown in Fig. 5.9(a)-(b), respectively. Other
parameters like repeatability and reusability also reveal great performance, indicates the potential

use of proposed sensor probe for effective detection of L-Cys.

5.5 Summary

In present study, practical realization of proposed tapered-SMS-GO-AgNPs-P-OFSs is stated for
effective detection of L-Cys urinary protein. Due to the combined features of two different
structural modifications (i.e., tapered and hetero-core), results like linearity range, CC, sensitivity,
and LoD are significantly increased and recorded as 10 nM- 1 mM, 99.04%, 7.0 nm/mM, and
63.25 uM, respectively. The improved performance of proposed sensor shows a potential
application for L-Cys detection. In conclusion, proposed L-Cys P-OFSs is economical, compact,
and can be used for remote sensing application. The proposed L-Cys sensor probe is analyzed and
indicates the potential use of sensing probes for effective and accurate L-Cys detection in

biological fluids.
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Chapter 6

Development of Cholesterol Sensor using Core Mismatch
MPM/SPS Structure-based Optical Fiber Sensor Probe
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6.1 Introduction

The previous chapter of the thesis dealt with development and experimental validation of tapered
SMS structure-based P-OFSs for L-Cys detection. The development of yet another LSPR
phenomenon-based OFSs for detection of Cholesterol (Cho), an important component of bio-fluid,
is discussed in this chapter. This sensor uses a hetero-core MMF-PSF-MMF (MPM)/ SMF-PSF-
SMF (SPS) structure. In a hetero-core-based LSPR sensor, a small length of fiber with different
core diameters is inserted between low transmission-loss normal SMFs. This chapter explains
about fabrication of proposed hetero-core design-based SPS and MPM sensor probe and their
design considerations for the detection of Cho present with human body fluid, synthesis of NPs,
nanocoating, and functionalization process, characterization of NPs, and nanocoated probe. The
performance of proposed Cho sensor is also checked over the different prime sensing parameters.
In addition, results of selectivity, reproducibility, and reusability test are presented below sections.
The operational mechanism of these sensors is discussed in terms of leaks occurring at the hetero-
core interfaces [162]. This phenomenon combines the features of hetero-core structure-based OFSs
and EWs sensors. In this sensor, a single-mode beam partly leaks into cladding at the boundary
interface between hetero-core section and transmission fiber. Since a large core diameter at the
hetero-core part could be sufficient to sustain single-mode propagation, the maximum power can
be transmitted over proposed structure with a comparatively low loss [163]. Hetero-core design-
based P-OFSs have higher sensitivity due to the mode-coupling at the spliced part. Since there is
a substantial variation in diameter of cores, optical signals can leak into the cladding region after
the splice [43]. All the information and rationale behind the selection of PSF and MMF in proposed
structure, along with the advantages of using a hetero-core design-based sensor for the bio-sensing
application is presented in this study. Also, the brief information on the binding of AuNPs and
ZnO-NPs, and specific application in biosensing field are discussed in this chapter. The LSPR
spectra are recorded at different Cho test samples in the range of 0.1- 10 mM. The Cho is one of
the essential biological supplies (sterols) like steroid hormones, Vitamin-D, and bile acids of the
human body system [164]. In present study, three different configurations are designed, developed,
and tested using the applied selection of SMF/ MMF/ 10nm_Au+ZnO-NPs/ 30nm_Au+ZnO-NPs,
hereinafter named as Probe-1 (MPM/ZnO-NPs/AuNPs(10nm)/P-OFSs), Probe-2 (MPM/ZnO-
NPs/AuNPs(30nm)/P-OFSs), and Probe-3 (SPS/ZnO-NPs/AuNPs(10nm)/ P-OFSs).
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6.2. Experimental Methodology

The plasmonic phenomenon-based OFSs is proposed to detect the Cho concentration available
with serum in human body. The different steps in development of proposed Cho sensors, like
sensor fabrication and design consideration, synthesis, and immobilization of NMs are described

below.

6.2.1. Sensor Fabrication and Design Consideration

The optical fibers such as SMF, MMF, and PSF are used in the development of MPM/SPS-based
design of Cho sensor. Three different configurations are designed and studied. The schematic of
MPM/ SPS bare fiber probe and three configurations of proposed sensor probes are displayed in
Fig. 6.1, and Fig. 6.2, respectively. These structures offer several benefits, such as i) lower
insertion loss, ii) less attenuation, iii) low birefringence due to higher difference in core/ cladding
index iv) cladding mode suppression, iv) Rl of PSF core is greater than of conventional fiber v)
enhanced sensitivity, v) can withstand at a higher temperature (sustained up to 300°C for long
term duration and up to 400°C for short term duration) due to polyimide coating, vi) excellent
resistance to micro and macro bend losses due to higher NA, vii) 5 times more Ge-doping, etc., of
using PSF in comparison with conventional SMF. As the attenuation in PSF is small, it permits
the use of long-distance communication and reduces the insertion loss in designing fiber optic
components [165], and as such PSF based sensor is widely used in bio-sensing applications [166].
Further, the use of PSF in projected MPM and SPS configurations, enhances various sensor
performance parameters which include, i) sensitivity, ii) LoD, iii) selectivity and iv) CC. Here,
core-mismatch design and etched PSF segment play an essential role in light leakage through

sensing region which excites the desired LSPR phenomenon into outside media.

6.2.2 Nanomaterial Realization, Nanocoating, and Functionalization Process

Reagents such as H2SOs, H2O2, ChOx enzyme (> 20 unit/mg protein), NHS, EDC, MUA, Cho
(C8667, Sigma-Aldrich) MPTMS, ZnO-NPs (< 40 nm), tri-sodium citrate, HAuCls, hydrofluoric
acid (HF), 5% Triton X-100, DI, PBS, glucose, AA, D-Gal, UA, and urea are used during
synthesis, immobilization, and functionalization process of proposed Cho sensor. AuUNPs (sizes:
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Figure 6.2: Different configurations of cholesterol sensor, (a) Probe-1, (b) Probe-2, and (c) Probe-3 [43] ©
2020 |EEE.
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30 and 10 nm) are synthesized using Turkevich method. The AuNPs synthesis process is briefly
described in the experimental methodology section of Chapter 4. A wide range of solution-based
approaches is reported to control size [167], shape [168], and surface functionality [169] of the
AuNPs. The color of synthesized 10nm_AuNPs and 30nm_AuNPs solutions turns to reddish and
dark reddish, respectively indicating the formation of proposed NMs. The absorbance, size, and
shape of resultant AuNPs are confirmed with HR-TEM and UV-spectrophotometer. In next step,
an aqueous solution of ZnO-NPs is prepared by titration method [169]. The proposed SPS/ MPM
bare fiber structure is nanocoated with 10nm_AuNPs/ 30nm_AuNPs followed by ZnO-NPs. The
schematic of nanocoating procedure is presented in Fig. 6.3. The AuNPs immobilization process
is carried out as described in experimental methodology section of Chapter 4. The AuNPs
immobilized probe is further nanocoated by ZnO-NPs. For this, a probe is rinsed with ethanol and
then dipped into ZnO-NPs aqueous solution for 10 min. Then, it is annealed at 150°C in the oven
for 20 min. The above process was repeated thrice for uniform coating of ZnO-NPs [170].

In next step, the nanocoated probe is functionalized with MUA (0.5 mM), EDC (200 mM),
and NHS (50 mM) to produce and activate the carboxyl groups. Then it is further functionalized
with cholesterol oxidase (ChOx) (>20 unit/mg protein). For this ChOx (0.32 mg) is added to 1 X
PBS (0.5 ml) and probe is dipped for 12 hrs. The mechanism used for the functionalization of an

enzyme (ChOX) is revealed in Fig. 6.4.

6.3 Characterization and Measurement

The characterization results of AuNPs and ZnO-NPs are shown in Fig. 6.5 and the results of the
immobilized probes are shown in Fig. 6.6. Various sophisticated instruments, e.g., HR-TEM, EDS,
UV-spectrophotometer, SEM, and AFM are used to characterize the NMs and nanocoated sensor
probes. The following important observations are recorded during the characterization of NMs and

immobilized sensor probes:

i.  absorbance spectrum of ZnO-NPs, 10nm_AuNPs, and 30nm_AuNPs are recorded
at 370, 519, and 527 nm, respectively,

ii.  spherical shape with uniform size of the prepared 10nm_AuNPs and 30nm_AuNPs
are confirmed with HR-TEM,
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10nm_ AuNPs, and (h) 30nm_ AuNPs [43] © 2020 IEEE.

The experimental setup for Cho measurement is presented in Fig. 6.7. The wide-range Cho test
samples, in the range of 100 uM — 10 mM are prepared to check the performance of proposed Cho
sensors. This stock solution is prepared using 5% Triton X-100, and Cho (C8667). To generate the
optical signal, and record the LSPR spectra, instruments such as optical source and optical
spectrometer are used. The performance of Cho sensor is analyzed thoroughly, and the spectral
signal was recorded after stabilization. It was observed that normalized transmitted intensity of
LSPR spectrum changes with different Cho concentrations. The wavelength shift is because of
Cho-ChOx reaction, where the enzyme(ChOx) oxidizes the detection element (Cho) in presence

of oxygen into cholestenone and H20>. The volume of H20; varies with Cho concentration, which

mean particle size of 30nm_AuNPs and 10nm_AuNPs are observed at 29.21, and

10.41 nm, respectively, (revealed from histogram analysis using Image J-10

software)

extremely fine nanocoating over sensor surface is observed in case of

40 4

30

20 4

10 4

(h) Mean= 29.21 nm

1116 16-20 21-25 26-30 31-35 36-40 41-45
Diameter of particles (nm)

10nm_AuNPs in comparison with 30nm_AuNPs.

changes the RI of an analyte and corresponds to the shift in LSPR spectra.
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Figure 6.6: SEM image of (a) ZnO-NPs, and 10nm_AuNPs nanocoated probe, (b) ZnO-NPs, and
30nm_AuNPs nanocoated probe, and (c) sensor probe at higher magnification, and (d) EDS image [43] ©
2020 IEEE.

Sensing region

Evanescent waves

Optical Source Spectrometer

/\ MMFcore  /\ Psrcore A AuNps  /\ Chox
A vvF clad /\ PSF Clad /\ znonps  /\ cho

Figure 6.7: Schematic of an experimental setup for the measurement of cholesterol [43] © 2020 IEEE.
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6.4 Results and Discussion

6.4.1 Performance of Cholesterol Sensor

Various optimization results, such as i) MPM Vs. MSM structure analysis, ii) calibration curve of
PSF length vs. normalized intensity, iii) calibration plot to analyze an etching time of probe, and

iv) etching time vs. waist diameter calibration plots are presented in Fig. 6.8. The
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Figure 6.8: Structural optimization of (a) MPM Vs. MSM structure, (b) calibration curve of PSF length
used is proposed SPS/ MPM structure, (c) calibration plot to analyze the etching time of probe and (d)
etching time Vs. waist diameter calibration plot [43] © 2020 IEEE.
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measurement results form of LSPR spectra and linearity plot are revealed in Fig. 6.9, and Fig. 6.10,
respectively. On average, three independent measurements are observed to plot the LSPR spectra

and linearity plots.
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Figure 6.10: (a) Linearity plot of Probe-1 and -2, and (b) linearity plot of Probe-1 and -3 [43] © 2020 IEEE.

Probe-1 (MPM/ZnO-NPs/10nm_AuNPs/ P-OFSs): The results such as LSPR spectra and linearity
plot of Probe-1 are revealed in Fig. 6.9(a), and Fig. 6.10(a), respectively. The measured sensing
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parameters of Cho sensor like LoD, CC, and sensitivity for Probe-1 are recorded as 0.6161 mM,
0.9754, and 0.6898 nm/mM, respectively.

Probe-2 (MPM/ZnO-NPs/30nm_AuNPs/P-OFSs): The results such as LSPR spectra and linearity
plot of Probe-2 are displayed in Fig. 6.9(b), and Fig. 6.10(b), respectively. The measured sensing
parameters, such as LoD, CC, and sensitivity for Probe-2 are observed as 1.2777 mM, 0.9859, and
0.3319 nm/mM, respectively.

Probe-3 (SPS/ZnO-NPs/10nm_AuNPs/P-OFSs): The results such as LSPR spectra and linearity
plot of Probe-3 are displayed in Fig. 6.9(c), and Fig. 6.10(b), respectively. Here, Probe-3 is

comprised as a reference for structural evaluation.

The linearity of the proposed sensor (Probe-1) is 0.1 to 10 mM, which is well-suited for
detection of Cho in serum as normal concentration of Cho is ~5.17 mM. The comparative study

over proposed Probe-1, -2, and -3 is indicated in Table 6.1.

6.4.2 Reusability, Reproducibility, and Selectivity test

The test results of proposed Cho sensor probes such as reusability and reproducibility test, and

selectivity test are shown in Fig. 6.11, and Fig. 6.12, respectively. These tests are very crucial for

Table 6.1

Performance of proposed cholesterol sensors [43] © 2020 IEEE
Material Sensor Mechanism | Linear | Limit of Sensitivity | Proposed
used structure range | detection Sensor
Zinc and gold MPM LSPR 1-10 |0.6161mM | 0.6898 Probe-1
(10 nm) structure mM nm/mM (Proposed
nanoparticles sensor)
Zinc and gold MPM LSPR 0.1-10|1.2777mM | 0.3319
(30 nm) structure mM nm/mM Probe-2
nanoparticles
Zinc and gold SPS LSPR 0.1-10 | 2.1748 mM | 0.1976 Probe-3
(20 nm) structure mM nm/mM
nanoparticles
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Figure 6.11: (a) Reusability, and (b) reproducibility test for Probe-1 [43] © 2020 IEEE.

the LSPR phenomenon-based biosensing device. Among the proposed probes (Probe-1, 2, and 3)
it is found that Probe-1 has shown superior performance in terms of sensitivity, LoD, and CC
parameters, compared to the other two probes (Probe-2 and -3). Due to this reusability, and
reproducibility results are investigated with Probe-1 only. The reusability test for Probe-1 has been
measured over 8 mM and 4 mM Cho samples. Similarly, reproducibility test of Probe-1 is tested
over the Cho samples of 7 mM. After each experiment, sensor probe is cleaned with buffer solution

(PBS) to eliminate the suspension of previous Cho sample. A combination of reagents such as UA,
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Table 6.2

Comparative study of cholesterol sensors [43] © 2020 IEEE

Material Method Linearity LoD Sensitivity Ref.

AgNPs Hydrogen 0to 50 uM 5.50 uM n.ré [171]
Peroxide Sensing

Au/BDTY/Ag SERS method® 0 to 100 pM 5.50 uM n.ré [172]

Al-doped zinc oxide | CBD method? 1.3mMto 13 n.ré 93.82 yA/mM [173]

(AZO) mM cm?

ChOx/TPU nano- Colorimetric 2mMto 10 mM | 2.0 mM n.ré [174]

fibre method

AUNPs LSPR 10nMtoluM | 255nM 16.149 nm/ uM | [92]

AUNPs LSPR 10nMto 1puM 53.1 nM 0.125%/mM [156]

AUNPs/ ZnO-NPs 0.1 mM to 10 0.6161 0.6898 nm/mM

(Probe-1: proposed mM mM

sensor) This

AUNPs/ ZnO-NPs LSPR 0.1 mM to 10 1.2777 0.3319 nm/mM | Work

(Probe-2) mM mM

AUNPs/ ZnO-NPs 1mMtol10 mM | 2.1748 0.1976 nm/mM

(Probe-3) mM

“not reported; ®benzene dithiol; ‘surface enhanced Raman scattering; “chemical bath deposition; éthermoplastic polyurethane.

urea, glucose, D-Gal, AA, and Cho are used to check the selectivity of Probe-1 and -2. The Probe-

1 shows a higher specificity towards Cho detection than that of Probe-2.

6.5 Summary

The practical realization and experimental validation of proposed SMS/MPM (core mismatch)

structure-based OFSs are reported in this study. The comparative study of Cho sensor over

previous studies is presented in Table 6.2. Nanocoating materials used in the present work such as

ZnO-NPs and AuNPs are reported as highly biocompatible, and antibacterial materials [175]. In

proposed sensors, the chemical etching technique has been adopted to etch out the waist and

immobilized it with AuNPs and ZnO-NPs. The focus of the work presented in this chapter is on

the application of different NPs in the development of a novel Cho sensor, using lightwave

technology. The salient features and uniqueness of the present work are stated below:
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i.  Afiber-optic-based LSPR sensor is reported for sensing Cho. It is designed by the coating
with different sizes of AuNPs i.e. 10 nm and 30 nm followed by ZnO-NPs and further
functionalized with a ChOx.

ii.  AuNPs are widely used in bio-nanotechnology applications due to their distinctive features
like multiple surface functionalities, conductivity, and output signals falling in detectable
range (properties widely employed for diagnostics). ZnO-NPs are also used in experiments

due to their high performance and reliability in health products.

iii.  The use of AuNPs and ZnO-NPs has resulted in an enhancement in sensitivity. This is due
to the inherent properties of AuNPs and ZnO-NPs, such as large surface area or high

porosity.

iv.  Metal NPs are in great demand for use in biosensing applications because of strong

absorption bands in the visible and NIR.

The superior performance of the developed Cho sensors over various sensing parameters makes it

a powerful candidate for real-time medical diagnostics.
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Chapter 7

Development of Uric Acid Sensor using SMSMS-MZI

Structure-based Optical Fiber Sensor Probe
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7.1 Introduction

Chapter 6 explains about fabrication and experimental validation of SMS/ MPM hetero-core
structure-based P-OFSs for the detection of Cho. Also, brief information on the binding of NMs
i.e., AuNPs and ZnO-NPs, and specific applications in biosensing field are discussed. The
development of AgNPs and CuO-NPs nanocoated hetero-core SMSMS design-based P-OFSs for
the detection of uric acid (UA) is discussed in this chapter. The normal range of UA in serum is
reported as 100 uM- 400 puM, whereas in urine it is 1.5 mM- 4.4 mM [176]. Balance of UA is very
important for normal functioning of the physiological system. Deficiency of UA in human body
leads to range of disorders/ diseases including metastatic cancer, bone marrow disorders,
indication of gout, diabetes, hypoparathyroidism, anconi syndrome, and leukemia whereas, surplus
amount of UA in human body leads to the formation of kidney stones [177]. In recent times, P-
OFSs are applied to a variety of applications such as strain measurement, chemical detection, gas
detection, environmental monitoring, structural, vibration tests, food safety, pressure
measurement, and biomolecules detection [20]. Many of the P-OFSs suffer from a narrow range
of measurement. To mitigate this problem various hetero-core structure-based P-OFSs have been
proposed. On the other hand, proposed SMSMS design-based P-OFSs are applied in multipurpose
applications i.e., detection of UA available with human serum and urine. This structure is also
known as the In-line-MZI structure. Nowadays, In-line MZI-OFSs are largely replacing the
conventional MZI based sensors, and being employed in ultrafast optical signal processing
applications [178]. Various methods, such as fluorescence, electrochemical, enzymatic process,
optical, and chromatography techniques are reported in past for the detection of UA [179]. Among
these, optical methods such as SPR and LSPR were used for the measurement of different analytes
including UA. The proposed UA sensor has many attractive features which include a wide
measurement range, less fabrication cost, label-free detection, remote monitoring, and ease of
structural design. The details of UA sensor such as experimental methodology (sensor design,
synthesis of NMs, nanocoating and functionalization process), characterization and measurement

procedure, and performance of UA sensor are thoroughly presented in following sections.
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7.2 Experimental Methodology

The experimental details in the development of UA sensor probe viz. sensor design and design
considerations, synthesis of AgNPs, and CuO-NPs, Nano-coating process, and functionalization

process are briefly discussed in following sub-sections.

7.2.1 Sensor Fabrication and Design Consideration

The UA sensors reported previously and available in open literature, suffer from a narrow range
of measurement. To overcome this problem, a novel SMSMS optical fiber structure-based LSPR
sensor is proposed in this study. The above optical design based on two different configurations
i.e. Probe-1 (SMSMS/CuO-NPs/P-OFSs) and Probe-2 (SMSMS/CuO/AgNPs/P-OFSs) is
developed and presented in this chapter. The combination of MMF (62.5/125 pum), and SMF (9/125
pm) along with NMs such as CuO-NPs and AgNPs are used in the fabrication of UA sensor probes.
The proposed structure contains two MMF sections and three SMF sections which are joined
together as shown in Fig. 7.1. The length of embedded MMF1, SMF2, and MMF2 sections
(sandwiched between SMF1 and SMF3 sections) are 12 mm, 30 mm, and 12 mm, respectively.
The MMF1 and MMF2 sections used in proposed SMSMS structure act as a splitter and combiner,
respectively. The schematic of optical signal propagation through proposed SMSMS optical fiber

design is also shown in Fig. 7.1.

7.2.2 Nanomaterial Realization, Immobilization, and Functionalization
Process

The CuO-NPs and AgNPs immobilized UA sensor is designed and presented in this work. For
this, different reagents such as HF, H.SO4, MPTMS, H,O2, EDC, MUA, NHS, NaBHa, L-Proline,
urea, glycine, Cho, uricase (U0880-250UN, Sigma-Aldrich), UA (U2625-100G, Sigma-Aldrich),
Copper-(11) Oxide Nanopowder (~50 nm), AA, D-Gal, glucose, L-Alanine (L-Ala), B-
Cyclodextrin (BCD), and PBS (pH7.4) are used. The electrochemical method as described in
Section 3.2.2 of Chapter-3 is adopted to synthesize AgNPs used for the development of proposed
UA sensor. Further, colloidal CuO-NPs are prepared and deposited over AgNPs nanocoated probe.

In this process, copper oxide Nano-powder and DI water have been mixed well using a

80



SMF1 MMF1 SMF2 MMF2 SMF3

A
| claading 62.5 ym!
Pl ) \
125 pm: —> > i 9 pm
i | Core > T
\" : : ; :
12mm 30 mm - 12mm |
Lead in fiber Lead out fiber

Figure 7.1: Schematic of optical signal propagation via. proposed structure [20] © 2020 IEEE.

magnetic stirrer. The high-power ultra-sonicator is used to make the suspension further
homogeneous.

In nanocoating process, a bare probe is immobilized with AgNPs initially as described in
Section 3.2.3 of Chapter-3. After the completion of AgNPs nanocoating, some residual toxic
elements might have been left over the surface of sensor probe during the AgNPs synthesis using
wet chemical method. This can affect the measurement of analytes and sensitivity. To mitigate this
issue, AgNPs immobilized sensor probe is further nanocoated with CuO-NPs. For this, AgNPs
immobilized probe is dipped (30 min) in prepared CuO-NPs solution and dried (6 min) at a
temperature of 70°C. This is repeated thrice to ensure uniform and fine coating of CuO-NPs above
the AgNPs nanocoated probe.

In next step, AgNPs and CuO-NPs immobilized probe is functionalized with uricase. For
this, pre-enzyme functionalization process i.e., deposition of MUA (0.5 mM), NHS (50 mM), and
EDC (200 mM) (to produces and activate the carboxylic group) are performed as reported in the
‘Experimental Methodology’ section (4.2.3) of Chapter 6. Later, this pre-functionalized probe is
functionalized with uricase (0.137 mg/ml) [20].

7.3 Characterization and Measurement

The characterization results of AgNPs, CuO-NPs, and nanocoated probes are shown in Fig. 7.2.
The characterization process is broadly distributed into two parts: i) characterization of NMs and

ii) characterization of immobilized probe. In first part, absorbance spectra and morphology of
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AgNPs and CuO-NPs are recorded using UV-Vis-spectroscopy, and HR-TEM respectively. The

absorbance spectra of AgNPs and CuO-NPs are reported at 395 nm and 387 nm wavelength,
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Figure 7.2: Absorbance spectrum of (a) AgNPs, and (b) CuO-NPs; HR-TEM image of (c) AgNPs, and (d)
CuO-NPs; SEM image at (e) lower magnification, and (f) higher magnification; (g) EDS image [20] © 2020

IEEE.
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Figure 7.3: Schematic of a measurement setup for the detection of uric acid and enlarge view of sensor [20]

© 2020 IEEE.

respectively. The mean approximate size of the spherical AgNPs is found to be 7.5£0.5 nm. In

next part, NMs immobilized probes are characterized using SEM, and EDS. SEM images are

obtained at lower magnification to check shape of the proposed sensor probes. Higher magnified
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SEM image of nanocoated probe confirms the presence of uniform coating of the CuO-NPs, and
AgNPs. Further, the characteristics of the nanocoating materials on sensor surface are confirmed
using EDS analysis. The UA detection measurement setup is shown in Fig. 7.3. Wide-range of UA
test samples are prepared in 10 nM - 10 mM range to check the performance of proposed UA
sensors. This range of samples can well cover the normal range of UA available in both mentioned
body fluids i.e., serum and urine. An optical source (300- 1800 nm) has been employed to generate

the light signal and LSPR spectra are observed using an optical spectrometer.

7.4 Results and Discussion

7.4.1 Performance of Uric Acid Sensor

The measured performances of Probe-1 and -2 are presented here. The LSPR spectra and linearity
plots are displayed in Fig. 7.4, and Fig. 7.5, respectively. To ensure the reliability of UA sensor,
optical signal activity of testing response is measured at minimum of three cycles to plot the LSPR

spectra and linearity plot. Following are the important observations with the two probes:

Probe-1 (CuO-NPs/SMSMS/P-OFSs): The results such as LSPR spectra and linearity plot of
Probe-1 are presented in Fig. 7.4 (a), and Fig. 7.5 (a-b), respectively.

For the serum sample: linearity curve equation, sensitivity, LoD and correlation correlator are
revealed as,

A =4.0303 C + 661.22 (7.1)
4.0303 nm/ mM, 162.17 pM, and 0.9539, respectively. In this equation C denotes the UA
concentration.

For the urine sample: linearity curve equation, sensitivity, LoD and correlation correlator are

revealed as,

A =0.6691 C + 662.35 (7.2)
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Figure 7.4: LSPR spectra for (a) Probe-1, and (b) Probe-2 [20] © 2020 IEEE.
0.6691 nm/ mM, 0.98 mM, and 0.9845, respectvely.

Probe-2 (CuO-NPs/AgNPs/SMSMS/P-OFSs): The results such as LSPR spectra and linearity plot
of Probe-2 are presented in Fig. 7.4 (b), and Fig. 7.5 (a-b), respectively.

For the serum sample: linearity curve equation, sensitivity, LoD and correlation correlator are
revealed as,

A= 6.1525 C + 675.67 (7.3)

6.1525 nm/ mM, 69.26 UM, and 0.9439, respectively.
For the urine sample: linearity curve equation, sensitivity, LoD and correlation correlator are
revealed as,

1 =1.2322C + 676.41 (7.4)

1.2322 nm/mM, 0.35 mM, and 0.9695, respectvely. Table 7.1 provides a comprehensive summary

of Probe-1 and -2 results.

7.4.2 Reproducibility, Reusability, and Selectivity Test

The reproducibility and reusability, test results of projected UA probe are shown in Fig. 7.6. The
reproducibility test is measured over 1 mM UA sample using three sensors each for both types of

probes (Probe-1 and -2). Similarly, reusability test for Probe-1 is measured over 400 uM and 4
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Figure 7.5: Linearity plot of uric acid sensor for (a) serum sample, and (b) urine sample [20] © 2020 IEEE.
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Table 7.1

Performance of proposed uric acid sensor [20] © 2020 IEEE

Parameters Testing Sample Probe-1 Probe-2
Linearity 10 uM to 600 uM 10 uMto 1 mM
Correlation 0.9539 0.9439
coefficient Over the serum
LoD range 162.17 uM 69.26 uM
Sensitivity 4.03 nm/mM 6.15 nm/mM
Linearity 0.4 mM to 6 mM 0.4 mM to 10 mM
Correlation Over the urine 0.9695 0.9845
coefficient range
LoD 0.98 mM 0.35 mM
Sensitivity 0.67 nm/mM 1.23 nm/mM
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Figure 7.6: Reproducibility test for (a) Probe-1, (b) Probe-2; and reusability test for (c) Probe-1 (d) Probe-
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Figure 7.7: Selectivity test of probe-2 with (a) serum biomolecules, and (b) urine biomolecules [20] © 2020
IEEE.

mM UA samples, whereas in case of Probe-2 reusability is tested over 1 mM and 5 mM UA
samples. After each experiment, UA probe is ringed with buffer solution and dried to eliminate
the suspension of previous UA sample. The selectivity result of proposed sensor is revealed in Fig.
7.7. The selectivity test indicates the capability of the probe to detect the targeted biomolecule

among the other available or interfering biomolecules in human body fluids. Here, biomolecules
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including AA, D-Galactose, Urea, Glucose, Cho, and UA (different analytes presents in serum)
are used to check the specificity of UA sensor. For this, wavelength shift is measured in case of 1
mM and 10 puM concertation of each analyte. The difference between higher and lower peak
wavelength for AA, Urea, D-Galactose, Glucose, Cho, and UA samples, have been observed as
0.00, 0.45, -2.25, 0.45, 0.45, and 6.15, respectively. This indicates the maximum value of shift for
UA over different analytes presents in serum as shown in Fig. 7.7 (a). Similarly, biomolecules
including Glycine, B-Cyclodextrin, L-Alanine, and UA (different analytes presents in serum) are
used to check the specificity of UA sensor. The wavelength shift is measured in case of 10 mM
and 1 mM concertation of each analyte. As in the previous case, here also the difference between
higher and lower peak wavelength is calculated for Glycine, -

Table 7.2
Comparative study of uric acid sensors [20] © 2020 IEEE
Material Method Test Linearity | LoD Sensitivity Ref.
sample

Polyvinyl pyrrolidone- | LSPR Serum | 0 to 50 uM| 5.00 uM n.ré [180]
Ag
Zn0O/Ag20/Co304 Wet-chemical n.ré 0.1nMto | n.r 82.33 [181]

method 10 uM HAuMt cm?
Platform based on poroug Electrochemical | Serum | 0.2 uM to | 0.139 uM n.ré [182]
g-CsN4/ multi-walled method 20 uM
carbon nanotubes
Terbium (111) Fluorescent n.ra n.ra 0.028 uM n.ra [183]

method
Cadmium Fluorescent n.ré 125 uM to | 125 uM n.ré [184]

method 1000 uM
Poly (hydroxyethyl SPR n.ra n.ra 0.247 mg/L | n.r? [185]
methacrylate
methacryloyl)-Fe3+

Urine | 0.4 mMto | 0.98 mM 0.67 nm/mM

Probe-1 (CuO- 6 mM
NPs/SMSMS/P-OFSs) Serum | 10puMto | 162.17 uM | 4.03 nm/mM

LSPR technique 600 pM This
Probe-2 (CuO- Urine | 0.4 mMto | 0.35 mM 1.23 nm/mM | work
NPs/AgNPs/SMSMS/P- 10 mM
OFSs) Serum | 10 uMto 1| 69.26 uM 6.15 nm/mM

mM

not reported.

89




Cyclodextrin, L-Alanine, and UA samples and have been observed as 1.35, 0.00, 1.35, and 5.98,
respectively as shown in Fig. 7.7 (b). This also clearly indicates the maximum wavelength shift

value for UA over different analytes present in urine.

7.5 Summary

This study reports the practical implementation of a newly designed optical fiber-based SMSMS
probe for the measurement of UA concentration available with urine and serum of human body
fluid. In reported sensors, chemical etching method is used to etch out the sensing part and
immobilized it with CuO-NPs, and AgNPs. The mean diameter of AgNPs is reported as 7.5 £ 0.5
nm used for immobilization process, a fine coating of lower size AgNPs provides improved
sensitivity of probe. In addition, CuO-NPs are also immobilized over AgNPs nanocoated probe,
which provides advantages viz. specific surface area, high biocompatibility, and low toxicity. The
characterization instruments, namely SEM, HR-TEM, EDS, and UV-spectrophotometer are used
for the characterization of AgNPs, CuO-NPs, and nanocoated probes. The immobilized probe is
further functionalized with uricase enzyme. The results of proposed Probe-2 for the measurement
of UA concentration available with serum such as LoD, sensitivity, and correlation correlator are
observed as 69.26 pM, 6.15 nm/mM, and 0.9439, respectively. Whereas results for the
measurement of UA concentration available with urine such as LoD, sensitivity, and correlation
correlator are observed as 0.35 mM, 1.23 nm/mM, and 0.9695, respectively. The above results
show the improved performance of Probe-2 in comparison with Probe-1. The comparative studies
for proposed UA sensors and other previously reported UA sensors available in open literature are
presented in Table 7.2. In conclusion, proposed UA sensor probe exhibits great potential in bio-

nanotechnology applications.
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Chapter 8

Conclusion and Future Scope
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8.1 Conclusion

In this thesis design, development, practical realization, and systematic characterization of new
genre of LSPR phenomenon-based novel and efficient OFSs with great potential of detection of
different analytes present in human body are presented. This chapter summarizes plasmonic
phenomenon-based in-vitro sensing strategies and their perspectives for the future. In-depth study,
experimental realization, and systematic characterization of the newly developed LSPR sensors
for the detection/diagnosis of an array of important biomolecules available with bio-fluids in
human body, such as Cho, DA, AA, UA, and L-Cys are successfully exhibited. Due to the
enhancement in localized electromagnetic fields and exposure towards the surrounding medium,
LSPR sensors are significantly attracted to bio-sensing applications [186]. Several new structures
have been introduced to enhance the LSPR phenomenon. Advanced models and alterations, such
as tapering, chemical etching, core mismatch, and hetero-core structure, have been particularly
employed in development of the probes. Also, highly biocompatible NMs, such as AUNPs, AgNPs,
ZnO-NPs, CuO-NPs, and GO are used. The superior performance of the projected sensors on
various parameters, namely, linearity range, LoD, sensitivity, selectivity, CC, and reproducibility,
make them powerful candidates for real-time biological monitoring. Different important
observations and features of the realized sensor probes, distributed over five important chapters,

as indicated below have been recorded in this thesis:

I.  The use of primary nanocoating NMs, such as AuNPs and AgNPs in plasmonic sensors
has attracted remarkable attention, because of their exclusive chemical and physical
properties. The features, like stability, low sintering temperatures, large surface area,
biocompatibility, high field enhancements, high electrical conductivity, strong light
absorbance, and scattering are of great significance in improving the biosensing

phenomenon of proposed P-OFSs.

ii.  Inthe development of the DA sensor, AgNPs immobilized probe is further functionalized
with polyether compound i.e., PEG. This polyether compound has a range of applications
from medicine to industrial manufacturing. The PEG mainly helps to reduce protein

absorption. It also protects the lipoplexes from interaction with blood components.
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Vi.

Vii.

viii.

Further, in the development of proposed AA and L-Cys sensor, AgNPs/AuNPs nanocoated
probes are coated with stealth material, like GO, synthesized using modified Hummer’s
method. The GO carries unique optical properties, such as excellent biocompatibility, high
carrier mobility, and solubility. It also has a very high extraction capacity of biomolecules

per unit area.

Similarly, in the development of Cho and UA sensors, AgNPs/AuNPs nanocoated probe
was immobilized with ZnO-NPs/CuO-NPs. These materials are used due to their very low
toxicity and offer various advantages, such as harmonic surface immobilization,
robustness, higher biocompatibility, thermal resistance, long shelf life, and chemical

stability.

In all these cases AUNPs/AgNPs nanocoated probe is further immobilized/ functionalized
with secondary material i.e., GO/ZnO-NPs/CuO-NPs/PEG. The use of primary NMs i.e.
AuNPs/AgNPs is highly biocompatible. But these NMs are synthesized using conventional
wet-reduction methods that may leave some toxic chemical species probe surface that may
affect the sensitivity of sensor probes. Due to this in most cases, secondary material is

immobilized/functionalized over the AUNPs/AgNPs nanocoated probe.

Different sizes of AUNPs were investigated and used in the development of Cho sensor. It
can be observed that small size of AuNPs (10 nm) enhances the sensitivity and detection

range.

The use of special fiber such as (Ge)-doped PSF in the development of Cho sensor,
enhanced the sensing performance significantly. The PSF reveals distinct properties such
as withstanding up to 300 - 400°C (applicable in a harsh environment), less attenuation
(allows to be used in longer lengths), and a larger difference in core/cladding index. Due
to these exceptional features, it is well suited for hydrophones, temperature sensing, FBG,

strain sensing, geophones, biomedical sensing applications.

The proposed hetero-core-based optical fiber sensor designs such as SPS, MPM, and
SMSMS structure enhance the LSPR phenomenon of sensor. In this technique propagating

light waves might leak into the cladding layer and will suit for LSPR phenomenon.
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There are various plasmonic phenomenon-based sensing techniques available and explored in
past. In recent times, P-OFSs are found to be useful for biomedical diagnoses, drug discovery, and
therapies, material analysis, and shaping, (bio) chemical sensing, and environmental monitoring
applications. This study was aimed to address some of the most promising opportunities for LSPR
phenomenon-based sensors in biosensing applications. These days, attention is paid to the
formation of plasmon-enhanced NSs that produce potential applications in biosensing field.
Increased sensitivity of plasmonic NSs changes their local dielectric environment leading to the
introduction of new sensing strategies and systems. It is demonstrated that by regulating the size
and shape of NMs in an immobilized surface, it is possible to enhance plasmonic phenomenon-
based sensing. The emphasis is also placed on use of metallic and other novels NMs, which have
been used to plasmonic enhancement of EMF, correlated with research methods. The innovations
in the realization of plasmon NMs, immobilization of NMs, and expansion of extremely sensitive
optical characterization tools are propelled mainly by advances in nanoscience, nanotechnology,
and biotechnology. The different methods to Nano-structuring metals led to remarkable optical
properties and functionality via management of the plasmon modes. In the field of bio-diagnostics,
selectivity is an important parameter, and it is enhanced through functionalization layer. This layer

is made up of a range of molecules that attract the specific protein.

8.2 Future Scope

The design, development, practical realization, and characterization of an array of plasmatic
sensors for biomedical applications are reported in this thesis. Thanks to the generality of the
design approaches, proposed work and methodologies can be extended for designing various other
important bio-sensors with improved performance for versatile applications. The packaging of
newly developed sensors is also a very important area, which has a large potential for commercial
applications like those of cholesterol sensor or pregnancy tester. Proposed work can also be

extended into following futuristic research work and directions:

e The investigation and development of rapid, highly sensitive P-OFSs reported in the thesis
can be further optimized for performance enhancement and validated for commercial

applications.
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e The current work can be extended for the synthesis of metallic NSs of various other shapes

such as cubic, tripod, dendrites, hollow, etc.

e Investigation of the different NPs, nanoclusters, and nanosheets to enhance the

performance of sensors can be explored.
e The prepared NSs and based sensors could be subjected to in-vivo sensing applications.

e Innear future, research can be extended to the detection of pathogenic microorganisms and

point-of-care applications.

Optimum configuration and modification of the proposed sensors to explore their possibility of

working in hazardous and complex environments can be investigated.
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