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Chapter 1

Introduction

1.1. Background

Spectroscopy is the study of the interaction of light with matter. Interaction of light
with matter always fascinates human since ancient times. For thousands of years,
people marvelled at the multicolour arc of visible light that frequently appears after
rain showers. In order to understand the rainbow effect, the term 'spectroscopy' was
originated in the 17t century through the study of visible light dispersion according to
its specific wavelength, by a prism. The idea was later extended impressively to append
any feasible interaction with radiative energy as a function of its frequency or
wavelength. Spectroscopy is a fundamental exploratory tool in the fields of physics,
chemistry, biomedical science and environmental science, allowing the compositional
and structural information of matter to be investigated at atomic or molecular scale.
Application of spectroscopy in the field of medical science is popularised
dramatically during early 20t century. However, from the earliest times to till now the
diagnosis of medical diseases using spectroscopic tools is unavoidable. Primary medical
diagnosis made by an expert physician based on what they could observe with their
eyes and ears, which sometimes also included the examination of human specimens.
The ancient Greeks believed that the health was affected due to disorders of bodily
fluids called humors, and during the Late Middle Ages, doctors routinely performed
uroscopy. Later on, the discovery of microscope was a revolution in medical science; it
revealed not only the cellular structure of human tissue, but also the organisms that
cause disease. After that, lots of sophisticated diagnostic tools and techniques has been
discovered and the clinical laboratory would become a standard fixture of medicine in
the beginning of the 20t century using these sophisticated spectroscopic tools and
techniques [1]. However, the current cost of clinical laboratory test is very high

compared to the economic condition of the people in developing countries. Therefore,



the development of low-cost and highly efficient spectroscopic device for disease
diagnosis is still necessary to meet the increasing demand of people living in the low-
income countries.

On the other hand, optical spectroscopy has been used for centuries to find out
the chemical composition of materials and making decisions by sensing properties and
converting them into an optical signature. In the early sixteenth century, Georgius
Agricola mentioned in the ‘Ore Testing’ section of his famous De re metallica that the
differences in colour from heated materials provide the compositional information of
the materials [2]. At the same time, in 1565, Nicolas Monardes examined a species of
wood using fluorescence to use in the treatment of urinary and kidney infections. The
spectral analysis was proposed to detect if the wood was counterfeited [3]. Since the
sixteenth century, the chemical analysis has been carried out by studying the interaction
of matter to radiative excitation, such as photo-acoustic spectroscopy, photothermal
spectroscopy, Raman scattering and many others. But the invention of the laser by
Maiman in 1960 was a revolution in the field of chemical analysis [4]. As a
spectroscopic tool it has several advantages and it rapidly has become a useful
technology in laboratories, outdoor situations as well as within the industrial context.
In order to be applied outside laboratories focusing on fundamental research, laser
spectroscopy is confronted with the real world of sensing and chemical analysis.
Furthermore, the aforementioned technologies have been used to integrate the
instrumentation for both atomic and molecular spectroscopy. Now a days, the
developed spectroscopic tools are used to monitor environmental pollutions, the
progress of chemical processes and to assess the purity of products. However, the
current cost of environmental pollution monitoring technologies, commercially
available in the market is very high. Due to increasing human health problems with
increasing environmental pollutions, the development of low-cost and highly efficient

spectroscopic techniques is essential to monitor environmental pollutions.

Optical spectroscopy holds promise not only as clinical tool for diagnosing at

the early stage of diseases but also as sensing tool for the determination of



environmental pollution by combining with available photonic technology and has

been utilised throughout this thesis work.
1.2. Spectroscopy in Medical Diagnosis

Spectroscopy is a broad field in which many sub-disciplines exist, each with numerous
implementations of specific spectroscopic techniques. From the mid-1800s, the
interaction of light with biological tissues and molecules has been used to recognize the
disease. Now a days, the contemporary developments of the small detectors, light
sources and fiber optic probes provide the great opportunities for the qualitative as
well as quantitative estimation of these interactions, which give the information for
diagnosis at the structural, biochemical and (patho) physiological level within the intact
tissues and molecules [5]. However, during the last quarter of the century, there has
been a tremendous revolution in the use of instrumentation and techniques in the field
of biomedical instrumentation for clinical and research purpose. The basic changes are
in the way or technique of measuring parameters with some medical relevance [6]. The
contemporary challenges in the mentioned fields include the design and realization of
low-cost techniques without compromising the sensitivity and overall performance of
the device.

Application of spectroscopy in diagnosis covers broad field of application from
pulse oximetry to non-invasive optical biopsy. In this section, the state of the art
diagnostic strategies based on different spectroscopic techniques has been discussed.
Ultraviolet/visible (UV/Vis) absorption spectroscopy has been used in the clinical
laboratory for many years. Absorption spectroscopy is usually studied on molecules
presented within the aqueous medium. The absorbance of a molecule is linearly
depended on its concentration. Therefore, absorption spectroscopy is highly reliable
for quantitative estimation of some solute. On the other hand, as the molecular
absorbance and absorbing wavelengths of a molecule depend not only on the chemical
structure but also on the molecular environment of its chromophores. Therefore, the

absorption spectroscopy is also an exceptional technique for following the enzyme



catalysis, ligand-binding reactions and conformational transitions in proteins and
nucleic acids [7]. In this category, the most popular diagnostic tool used in daily life for
the oxygen saturation (SpO2) measurement is pulse oximetry. A pulse oximeter
continuously measures the oxygen saturation level of haemoglobin in the arterial
blood. Highly specific and precise oxygen balance maintenance in blood of the human
body is necessary for the healthy life. Standard blood oxygen saturation levels in
humans are considered to be 95 to 100%. If the level is below 90% then it is
considered to be low, resulting in hypoxemia. Pulse oximeter works based on the
Beer—Lambert law. It utilizes an electronic circuit and a pair of small light-emitting
diodes (LEDs) facing a photodiode through a translucent part (usually a fingertip or an
carlobe) of the patient's body. Absorbance spectroscopy has also been employed for
the estimation of glycated hemoglobin in hemolysate samples of normal individuals
and diabetic patients, which does not involve the use of external dyes or reagents. The
fiber optic based instrument is used for recording absorption spectra in the spectral
range 200—850 nm of glycated hemoglobin (HbAlc). For the quantitative estimation of
the HbA1c(%), the parameter “area under the curve” of each recorded absorption
spectrtum was used. The obtained glycated hemoglobin values with this developed
spectroscopic method were compared with the reported values of the standard ion
exchange high-performance liquid chromatography (HPLC) method [7]. Due to
extremely high potential in practical application, the aforementioned technique may be
employed as supplementary technique to other techniques that already exist.
Fluorescence spectroscopy is a high resolution spectroscopic method which is
completely complementary of absorption spectroscopy. Fluorescence spectroscopy is
primarily concerned with vibrational and electronic states of the molecules.
Fluorescence spectroscopy is being used in many medical subspecialties as a diagnostic
tool which extends from diagnostic studies for the determination of multisystem
cancers with high sensitivity and specificity to atheromatic plaques detection in
coronary arteries. Fluorescence spectroscopy minimizes the need for repetitive biopsy,

which is routine practice for cancer patient follow-up. There are three main types of



fluorophores used for cancer diagnostic studies: exogenous fluorophores, endogenous
fluorophores and fluorophores synthesized in the tissue from a precursor molecule
that is given externally [8, 9]. Endogenous fluorophores give rise to auto-fluorescence
phenomenon. Examples of endogenous fluorophores include collagen, elastin,
nicotinamide adenine dinucleotide (NADH), tryptophan, porphyrins and flavin
adenine dinucleotide (FAD) [10]. Collagen and elastin are mainly responsible for
spectral changes associated with structural changes within the tissues and cells [10].
Other fluorophores like FAD, NADH, tryptophan and porphyrins are mainly
responsible for spectral changes associated with changes in cellular metabolism and
functional processes [9]. Steady-state ultraviolet (UV) fluorescence spectroscopy can be
utilised to separate malignant tumors from benign and normal breast, cervical, ovarian
and uterus tissues and tumors [9-11]. Not only the steady-state fluorescence but also
the time resolved fluorescence is also a novel way to obtain fundamental information
on cancer. On the other hand, laser-induced fluorescence spectroscopy, a non-invasive
real-time technique for evaluating neoplasia, measures the auto-fluorescence of tissue
which generally occur form the natural fluorophore of the tissue. The diagnostic
algorithms with high specificity and sensitivity for the diagnosis of squamous
intraepithelial lesions (SILs) can be derived with fluorescence spectroscopy. The
fluorescence spectroscopy can also be useful for the detection of abnormalities of the
cervix without any prior information [11]. New medical technologies or devices can be
evaluated using various measures, including specificity, sensitivity, negative and
positive predictive values, receiver operating characteristic (ROC) curves and areas
under the ROC curves. The ROC curves have the advantage of comparing test
performance over several thresholds and can be used for both, in screening settings, in
which the prevalence of disease is low and in diagnostic settings, in which the
prevalence of disease is high. Furthermore, fluorescence dye based detection of
different diseases has also been reported. For an instance, fluorescence lifetime
imaging of 4',6-diamidino-2-phenylindole (DAPI) stained nuclei has been utilised as a

novel diagnostic tool for the detection and classification of B-cell chronic lymphocytic



leukemia [12]. Conversely, the fluorescence probes, 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA) is also the most widely used one for detection of intracellular
oxidative stress [13, 14]. Therefore, it has been observed that the spectroscopic based

techniques have extremely high potential applications in the field of medical diagnosis.
1.3. Spectroscopy in Environmental Pollution Monitoring

Application of spectroscopy is not limited to medical science only. Spectroscopy has
significant role on environmental pollution monitoring also. Environmental pollution
is one of the most serious global problems that humanity and other life forms on our
planet are facing today. Among all the environmental pollutants, chemical elements are
the most hazardous one. Optical spectroscopy has been used for centuries for
determining the chemical composition of materials and making decisions by sensing
properties and converting them into an optical signature [15]. During the last quarter
of the century, there has been a tremendous revolution in the use of instrumentation
and spectroscopic techniques in the field of environmental research. The dynamical
change of environmental conditions by various pollutions has adverse effects on life,
make it extremely important to detect and quantify. Various spectroscopic techniques
and interferometers provide us greater insight about the composition of matter and
suspended particulates. Therefore, the application of spectroscopy in the field of
environmental pollution monitoring is unanimous.

Ultraviolet and visible spectroscopic tools have been employed by
environmental scientists for years. Common colorimetric tests that probe different
water properties are now available in the market in simple kit forms, using portable
colorimeters or visual colour matching [16]. Atomic absorption spectroscopy and
emission spectroscopy are highly convenient techniques in the ultraviolet and visible
regions to determine the chemical ions in water and solids samples. Sometimes, to
analysis the samples using these techniques, immersion of the analyte into the solution
is required. However, certain solid or semi-solid samples can be examined directly with

atomic absorption spectrometry (by employing electrothermal atomization). Infrared



spectroscopy is also one of the useful technique for environmental pollution
monitoring to the environmental analysts [17]. Environmental scientists employed this
technique to develop long-range infrared sensors for the determination of certain
compounds’ concentration in the air mass. In addition, ultraviolet long-path methods
are also tremendously used, albeit not as habitually as infrared spectroscopy. On the
other hand, fluorescence spectroscopy, such as atomic fluorescence spectroscopy can
be employed for the measurement of a compound present in air, water, or other
media. In environmental pollution monitoring field, these techniques are extremely
used for chemical ions detection, such as mercury, iron, fluoride etc. The X-ray
methods (such as X-ray fluorescence spectroscopy) are also useful techniques for the
measurement of atomic composition of solid materials. These methods can also be
suitable for the detection of metal concentrations in particulate matter from the air, as
well as in soil samples. In addition to all, sometime microwave region spectroscopy and
magnetic resonance spectroscopy have also been implemented in some environmental
research.

On the other hand, even the nanomaterials or nanoparticles are not directly
related to the spectroscopic studies but the working of the nanomaterials can be
confirmed by means of spectroscopic methods only. Hence, the application of the
nanomaterials as environmental pollution monitoring agent is indirectly related to the
spectroscopy. However, in some cases the effective application of the nanoparticles
could be enhanced through the application of external light or magnetic field which is
in the domain of spectroscopy [18]. The nanomaterials or nanoparticles are extensively
used in the past few years for the environmental pollution monitoring agent using
spectroscopic application. Strong absorption/emission of electromagnetic waves and
tunable optical properties induced by small changes in size, shape, surface nature and
dielectric properties of the media make them suitable for the environmental pollution

monitoring.

Thus, spectroscopy can offer the necessary tools to investigate the relevant

structure and function, but the complexity in biological systems as well as in



environmental systems are beyond that usually encountered in the chemical and
physical sciences and therefore poses a particular challenge. This challenge is met by
extraordinary efforts to improve the specificity, sensitivity, information content and in
some cases spatial resolution of spectroscopic methods. The key focus of this thesis is
to exploit modern instrumentation and spectroscopic tools for the betterment of
human life by developing novel disease diagnosis tools and environmental pollution
monitoring techniques, which can further help to shape our understanding of living

systems.
1.4. Scope and Objective

Importance of spectroscopy in the field of medical diagnosis and environmental
pollution monitoring is unanimous. Advent of nanotechnology further opens up the
scope of optical spectroscopic techniques for the medical diagnosis and environmental
pollution monitoring applications. In recent years, spectroscopic techniques have come
to be regarded as attractive and promising analytical tools for analyses conducted in
research and industrial laboratories. These techniques are increasingly considered by
researchers as an obvious solution. Daily, new applications of spectroscopic methods
in the fields of biomedical and environmental application are being demonstrated and
published. The key objective of this thesis is the development of prototype devices and
kits for the disease diagnosis and environmental water pollution monitoring to render
the better quality of human life.

Spectroscopic investigation has taken an important role in diagnose different
diseases including hypoxia [19], anemia [20], jaundice [21], oxidative stress [22] and
cancer [23] also. Among these diseases, anemia is one of the most common global
health problems affecting both developed and developing countries; it has far-reaching
and severe adverse effects on human health and strongly affects socioeconomic
development. The 2015 World Health Organization (WHO) fact sheets on the global
statistics of anemia show that roughly 273 million (43%) children, 32.4 million (38%0)

pregnant women, 496 million (29%) non-pregnant women and 29% of all women of



reproductive age are anemic [24]. Therefore, anemia detection and control activities
should be an integral part of healthcare services, particularly because an early diagnosis
of anemia in the population is one of the proven means of health promotion. To date,
the lack of a portable, easily operable, inexpensive and accurate device has hindered the
widespread adaption of anemia screening in public health programs [25]. Some
methods for point-of-care non-invasive hemoglobin measurements have been
described in the literature [26, 27]. Although these devices address many problems
encountered in older non-invasive devices, they have their own limitations, such as low
precision and accuracy [28]. The accuracy and sensitivity of all non-invasive devices
vary across races (specifically, skin color) because of the variation of melanin
concentration in skin tissues [29]. So, to overcome the aforementioned limitations and
to realize several crucial functions missing in the current non-invasive devices, a highly
efficient spectroscopic device is extremely needed. In the above context, we developed
a translational spectroscopic technique for noncontact hemoglobin measurement at
low-resource point-of-care settings in human subjects, independent of their skin color,
age and sex, by measuring the optical spectrum of the blood flowing in the vascular
bed of the bulbar conjunctiva.

Among various diseases, oxidative stress is also a major global health problem.
Oxidative stress is essentially an imbalance between the production of reactive oxygen
species (ROS) and the ability of our body to counteract or detoxify the harmful effects
through neutralization by antioxidants. The production of ROS has been implicated in
the onset and progression of several diseases (e.g., neurodegeneration, diabetes, cancer
and atherosclerosis) [30]. These species were thought only to be released in host
defence roles by phagocytic cells; however, it is now clear that at molecular level, ROS
exhibit signaling and cell-function-modifying roles for many biological systems [31, 32].
They are easily inter-converted and can subsequently react with larger biological
molecules, causing chain reactions to occur, which can lead to changes in both the
function and structure of cellular components. Several analytical approaches have been

used to detect ROS using nanoparticles, chemiluminescence, various fluorescence



probes, mass spectrometry probes etc. [33, 34]. However, all of the techniques have
some relative advantages as well as disadvantages too. Direct in-vivo measurement of
oxidative stress using specific fluorescence probes with negligible additional
cytotoxicity remains a great challenge. In this project, we have attached DCFH
fluorescent probe to the fiber tip surface through DNA matrix assuring negligible
discharge of the probe to the solution under investigation for the direct or localized
measurement of ROS/oxidative stress in physiologically relevant environments.

Chemical element is one of the most environmental constituent. Chemical
element sensing at physically inaccessible locations or locations unfit for human
presence has always been a challenge for scientists and technologists. Among the heavy
metals, mercury is the most dangerous environmental pollutant and detrimental to
human health due to its high toxicity in all oxidation states. Furthermore, mercury is
heavily spread out in water, air, soil and our daily food [35-37]. Such mercury exposure
has serious detrimental effects on the brain, heart, lungs, kidneys, central nervous
system and immune system in humans and animals at all ages [38]. One of the most
usual and stable forms of mercury pollution is water-soluble oxidized divalent mercury
(Hg?*) ions [39] with the maximum permissible level in drinking water and food being
~ 2 ppb [40]. In this regards, the environmental monitoring and determination of low
level (sub ppb) concentrations of aqueous Hg?* heavy metal ions has become a vital as
well as essential need for our healthy society. In our environmental pollution
monitoring projects, we have developed a low-cost prototype device for mercury
detection based on silver nanoparticles-impregnated poly(vinyle alcohol) (PVA-Ag-
NPs) nanocomposite.

On the other hand, other metal ions as well as non-meat ions also create health
problem in humans. Among the metal ions, iron is one of the most essential trace
elements in human body and plays an important role in human health clinically as well
as environmentally. However, excess concentration of iron ions in ground/drinking

water creates health problems in humans. The maximum permissible limit of Fe3* in

drinking water is 5.4 pM by the U.S. Environmental Protection Agency [41]. Like
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heavy metal ions, among non-metal ions, small quantity of fluoride (I') ions are also
an essential component for normal mineralization of bones and formation of dental
enamel in human body [42]. However, excessive intake of fluorine compounds may
result in slow, progressive scourge known as fluorosis [43]. Around the world, more
than 260 million people are suffering from fluorosis [44]|. According to WHO the
maximum permissible level of fluoride concentration in drinking water is 1.5 mg/L
[45]. In the above context, the development of a facile synthesis, photostable, highly
efficient, low-cost and environmental friendly fluorescence probe sensor for rapid
qualitative as well as quantitative analysis of Fe3" and I ions is extremely needed. In
one of our nanomaterials based projects, we have prepared highly fluorescent carbon
dots (CDs) through a simple and nontoxic one step hydrothermal carbonization of
polyvinylpyrrolidone (PVP) for the developed of a highly efficient, selective, extremely
low-cost and sensitive dual fluorescence sensors for Fe3* and F ions in aqueous

medium.
1.5. Summary of the Work Done

1.5.1. Spectroscopic Studies for the Potential Application in Medical Diagnosis

of Anemia:

1.5.1.1. Development and Validation of a Noncontact Spectroscopic Device for
Hemoglobin Estimation at Point-of-Care [20]: In this study, we describe a
translational spectroscopic technique for noncontact hemoglobin measurement at low-
resource point-of-care settings in human subjects, independent of their skin color, age
and sex, by measuring the optical spectrum of the blood flowing in the vascular bed of
the bulbar conjunctiva. We developed software on the LabVIEW platform for
automatic data acquisition and interpretation by nonexperts. The device is calibrated by
comparing the differential absorbance of light of wavelength 576 and 600 nm with the
clinical hemoglobin level of the subject. Our proposed method is consistent with
results obtained using the current gold standard, the automated hematology analyzer.

The proposed noncontact optical device for hemoglobin estimation is highly efficient,
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inexpensive, feasible and extremely useful in low-resource point-of-care settings. The
device output correlates with the different degrees of anemia with absolute and
trending accuracy similar to those of widely used invasive methods. Moreover, the
device can instantaneously transmit the generated report to a medical expert through e-

mail, text messaging, or mobile apps.

1.5.2. Development of Optical Fiber-based Diagnostic Strategy for Direct In-

vivo Measurement of Reactive Oxygen Species (ROS) in Animal Model:

1.5.2.1. DNA-based Fiber Optic Sensor for Direct In-vivo Measurement of
Oxidative Stress [22]: In this study, we have developed a DNA-based portable fiber
optic sensor for the direct in-vivo measurement of oxidative stress in physiological
milieu. Oxidative stress is essentially an inability of our body to counteract or detoxify
the harmful effects of ROS through neutralization by antioxidants. Till date direct in-
vivo measurements of oxidative stress are challenging. In this work, first we have
developed a novel 2,7-dichlorodihydrofluorescein (DCFH) impregnated genomic
DNA-based biomaterial, which is completely insoluble in water and forms excellent
thin film layers on optical fiber tips. The biomaterial-sensitized fiber tip fluoresces
brightly in the proximity of ROS as the entrapped DCFH is oxidized to highly
fluorescent DCF. We have demonstrated that an indigenously developed biomaterial-
sensitized optical fiber tip can work as an efficient ROS/oxidative stress sensor in an
aqueous medium as well as in the blood phantom (hemoglobin solution). A preclinical
study on the minimally invasive direct in-vivo oxidative stress detection in mice model

has also been successfully demonstrated.

1.5.3. Spectroscopic Studies for the Potential Application in Environmental

Pollution Monitoring of Toxic Heavy Metal Ions:

1.5.3.1. Nanosurface Energy Transfer Based Highly Selective and Ultrasensitive
“Turn on” Fluorescence Mercury Sensor [46]: In this work, we have developed a
silver nanoparticles (Ag-NPs) impregnated poly(vinyle alcohol) capped 4-

nitrophenylanthranilate (PVA-NPA) complex for mercury detection. The fluorescence
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intensity of the synthesized PVA-NPA is found to be quenched by the impregnated
Ag-NPs through dynamic quenching. Moreover, energy transfer (ET) between the
acceptor (Ag-NPs) and the donor (PVA-NPA) is observed to follow the nanosurface
energy transfer (NSET) mechanism. We have utilized the amalgamation of Ag-NPs
with Hg?* to develop a low cost prototype, which is highly efficient NSET based
ultrasensitive “turn on” fluorescence mercury sensor. This sensor has high selectivity
for Hg?" ions over a wide range of other competing heavy metal ions, generally present
in water of natural sources. The sensor response is found to be linear over the Hg?*
ions concentration regime from O to 1 ppb with a lower detection limit of 100 ppt (0.5
nM). The proposed method demonstrated successfully for monitoring trace Hg?* ions

in real world samples.

1.5.3.2. Development of Highly Selective and Efficient Prototype Sensor for
Potential Application in Environmental Mercury Pollution Monitoring [47]: In
this study, we have extended our earlier work towards more practical for the
development of low-cost and portable device upon simplifying the experimental
technique and setup. In this work, we have proposed a low-cost prototype device
based on silver nanoparticles-impregnated poly(vinyle alcohol) (PVA-Ag-NPs)
nanocomposite thin film for mercury detection. The thin film, fabricated through a
facile protocol, is shown to be a fast, efficient and selective sensor for Hg?* in aqueous
medium with a detection limit of 10 ppb. We have utilized the aggregation and
amalgamation of Ag-NPs with Hg?* to develop the low-cost, highly efficient and
feasible prototype mercury sensor. In the presence of Hg?*, the yellowish thin film
turned into coloutless due to the loss of intense surface plasmon resonance (SPR)
absorption band of the silver nanoparticles (Ag-NPs) through aggregation and
amalgamation with mercury. The developed sensor has high selectivity for Hg?* ion
over a wide range of other competing heavy metal ions, generally present in water of
natural sources. The sensor response is found to be linear over the Hg?* ions
concentration regime from 10 ppb to 5 ppm. The developed sensor has shown to

determine a trace Hg?* ions in real water samples. Finally, using the proposed
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technique, we have developed a simple and inexpensive prototype device for

monitoring in field environmental mercury pollution.

1.5.4. Development of a Carbon Nanomaterial-based Detection Technique for

the Potential Environmental Monitoring of Toxic Metal and Non-metal Ions:

1.5.4.1. Development of Highly Efficient Dual Sensor Based on Carbon Dots for
Direct Estimation of Iron and Fluoride Ions in Drinking Water [48]: In the
present work, highly fluorescent nanomaterials carbon dots (CDs) were prepared
through a simple and nontoxic one-step hydrothermal carbonization of
polyvinylpyrrolidone (PVP). The as-synthesised CDs, without any pre-treatments or
post-treatments, show high stability over a broad pH range and have an excellent
potential in chemical sensing applications. The as-prepared CDs have been
demonstrated to be an excellent nano probe for Fe3* ions sensing in aqueous media
based on the fluorescence quenching with high sensitivity (lower limit of detection ~ 1
uM) and selectivity towards Fe3* ions. “Turn off” fluorescence arises due to the
formation of CDs-Fe?* nanocomposite complex in the solution. The nanocomposite
complex forms by the attachment of Fe3* ions to the surface emissive site of the CDs,
resulting in an obvious fluorescence quenching. Here, CDs itself act as a promising
nano carrier for loading of Fe3* ions to form the CDs-Fe3* nanocomposite complex in
the solution. In addition to all, in this study we are intensely focused to explore the
application of CDs-Fe>* nanocomposite complex. We have used the CDs-Fe3*
nanocomposite complex as a novel sensor probe for the detection of F ions in

aqueous media based on “turn on” fluorescence mechanism. “Turn on” fluorescence

occurs due to the formation of thermodynamically highly stable [FeF¢]> complex and
bare CDs in the solution. The developed sensor has high sensitivity (lower limit of
detection ~ 1 pM) and selectivity towards F ions over a wide-ranging other competing
anions. Finally, we successfully demonstrate the real life application of the developed

sensor by estimating the trace F ions in the real world drinking water samples.
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1.6. Plan of the Thesis

The plan of the thesis is as follows:

Chapter 1: This chapter gives a brief introduction to the different types of
spectroscopic methods used in various kinds of medical diagnosis and environmental
pollution monitoring applications. The scope and brief summary of the work done has

also been included in this chapter.

Chapter 2: This chapter provides an overview of spectroscopic techniques, both the
dynamical and steady-state, the structural aspects of biologically important systems,

fluorescent probes and nanomaterials used in the experiments.

Chapter 3: Details of instrumentation, data analysis and experimental procedures have

been discussed in this chapter.

Chapter 4: This chapter demonstrates the development and validation of a noncontact
spectroscopic device for hemoglobin estimation without using any blood samples or
chemical reagents at point-of-care in human subjects with high precision and accuracy.
This chapter also demonstrates that the developed device can also generate and
instantaneously transmit the report to a medical expert through e-mail, text messaging,

or mobile apps.

Chapter 5: In this chapter, we have developed a highly efficient, portable and
inexpensive DNA-based fiber optic sensor for direct measurement of ROS/oxidative
stress in physiologically relevant environments. The preparation of DCFH entrapped
biomaterial and the sensitization of a chemically etched fiber tip by the prepared
biomaterial to develop the DNA-based fiber optic sensor has been described. The
ROS generation activity of Mn3O4 nanoparticles and direct 7z-vivo measurement of

oxidative stress in mice model has also been described in this chapter.

Chapter 6: This chapter deals with the spectroscopic studies on nanomaterial for the
potential application in environmental mercury pollution monitoring. In this chapter,

we have demonstrated a highly efficient, low cost NSET based ultrasensitive “turn on”
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fluorescence sensor and polymer thin film-based portable prototype sensor device for
Hg?* ions detection in the background of a wide range of competing heavy metal ions.
The potential application of the developed sensor in monitoring trace Hg?" ions in

real-world water samples has also been described in this chapter.

Chapter 7: In this chapter, we have developed a highly efficient sensor for direct
estimation of iron and fluoride in drinking water. Here, we synthesis a highly
fluorescent CDs through one step hydrothermal carbonization of Polyvinylpyrrolidone
(PVP). Furthermore, we have developed “turn off” and “turn on” dual fluorescence
sensors for Fe3* and I ions in aqueous media using the as-prepared CDs. Finally, the
real life application of the developed sensor has also been described in this chapter by

estimating the trace F ions in the real world drinking water samples.
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Chapter 2

An Overview of Spectroscopic Techniques and Systems

In order to investigate the various processes involved in course of study on ultrafast
spectroscopy, synthesis, functionalization and potential application of the biomedically
relevant sensors and environmental pollution monitoring sensors, different steady-state
and dynamical tools have been employed. In this chapter, a brief discussion about
these tools has been provided. A brief overview of the various systems used has also

been discussed.
2.1. Steady-state and Dynamical Tools

2.1.1. Diffuse Reflectance Spectroscopy: Reflectance spectroscopy is very closely
related to UV /Vis spectroscopy, as both of these techniques use visible light to excite
valence electrons to empty orbitals. The difference in these techniques is that in
UV/Vis spectroscopy one measures the relative change of transmittance of light as it
passes through a solution, whereas in diffuse reflectance, one measures the relative
change in the amount of reflected light from a surface (Figure 2.1). A solution that is
completely clear and colorless has essentially 100% transmission of all visible
wavelengths of light, which means that it does not contain any dissolved components
that have (allowed) electronic transitions over that energy range. By the same line of
reasoning, a white powder effectively reflects 100% of all visible wavelengths of light

that interacts with it.

Diffuse
Reflection Incident

Radiation

Specular
Reflection

Figure 2.1. Schematic representation of the diffuse reflection from a solid sample. The diffuse light can be
collected for spectroscopic studies.
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However, if the material has electronic energy levels that are separated by energy in the
visible region, then it may absorb some of the light energy to move electrons from the
filled energy level (valence band) into this empty level (conduction band). This causes a
relative decrease in the amount of light at that particular energy, relative to a reference

source. In other words, the % transmission/reflectance will decrease.

2.1.2. Forster Resonance Energy Transfer (FRET): Forster Resonance Energy
Transfer [1] is an electrodynamic phenomenon involving the non-radiative transfer of
the excited state energy from the donor dipole (D) to an acceptor dipole (A) (Figure
2.2a). FRET has got wide uses in all fluorescence applications including medical
diagnostics, DNA analysis and optical imaging. Since FRET can measure the size of a
protein molecule or the thickness of a membrane, it is also known as “spectroscopic
ruler” [2]. FRET is very often used to measure the distance between two sites on a
macromolecule. Basically, FRET is of two types: (a) Homo-molecular FRET and (b)
Hetero-molecular FRET. In the former case, same fluorophore acts both as energy
donor and acceptor, while in the latter case two different molecules act as donor and
acceptor.

Each donor-acceptor (D-A) pair participating in FRET is characterized by a
distance known as Forster distance (Ro) ie., the D-A separation at which energy
transfer is 50% efficient. The Ry value ranges from 20 to 60 A. The rate of resonance
energy transfer (£7) from donor to an acceptor is given by [3],

Ky = i(&) 2.1)

T r

where, 7p is the lifetime of the donor in the absence of acceptor, Ry is the Forster
distance and r is the donor to acceptor (D-A) distance. The rate of transfer of donor

energy depends upon the extent of overlap of the emission spectrum of the donor with
the absorption spectrum of the acceptor (J(4)), the quantum yield of the donor (Op),

the relative orientation of the donor and acceptor transition dipoles (k%) and the

distance between the donor and acceptor molecules (r) (Figure 2.2b). In order to
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estimate FRET efficiency of the donor and hence to determine distances of donor-
acceptor pairs, the methodology described below is followed [3]. The Férster distance

(Rp) is given by,

- 1/6
=021 &% 0, J(A) ] (in A) 2.2)
where, 7 is the refractive index of the medium, OUp is the quantum yield of the donor

and J(A) is the ovetlap integral. &7 is defined as,

k* =(cos@, —3cosb,, cosb, )2 =(sin@, sin@ , cosp —2cos b, cosl , )2 (2.3)
where, Or is the angle between the emission transition dipole of the donor and the
absorption transition dipole of the acceptor, &p and @4 are the angles between these
dipoles and the vector joining the donor and acceptor and ¢ is angle between the
planes of the donor and acceptor (Figure 2.2b). & value can vary from 0 to 4. For
collinear and parallel transition dipoles, K2 = 4; for parallel dipoles, &2 = 1; and for
perpendicularly oriented dipoles, &2 = 0. For donor and acceptors that randomize by
rotational diffusion prior to energy transfer, the magnitude of &Z is assumed to be 2/3.

J(A), the ovetlap integral, which expresses the degree of spectral overlap between the

donor  emission and  the  acceptor  absorption, is  given by,

(2)
Forster Resonance Energy Transfer
(FRET)
Excitation
A Emlssmn

Donor Acceptor

K'=4 = l —0

Figure 2.2. (a) Schematic illustration of the Firster Resonance Energy Transfer (FRET) process. (b)
Dependence of the orientation factor K° on the directions of the emission and absorption dipoles of the donor and
acceptor, respectively.
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J(A)=+— 2.4)
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where, Fp(A4) is the fluorescence intensity of the donor in the wavelength range of A to
A +dA and is dimensionless. £4(4) is the extinction coefficient (in M-'cm) of the
acceptor at A. If A is in nm, then J(4) is in units of M-! cm! nm*.

Once the value of Ry is known, the efficiency of energy transfer can be
calculated. The efficiency of energy transfer (E) is the fraction of photons absorbed by
the donor which are transferred to the acceptor and is defined as,

E= 71’ér (r)
7, +4:(r)
6
or B

The transfer efficiency is measured using the relative fluorescence intensity of the

2.5)

2.6).

donor, in absence (Fp) and presence (Fp.4) of the acceptor as,

F
E — 1 _ b4 2
_FD (2.72).

For D-A systems decaying with multiexponential lifetimes, E is calculated from the
amplitude weighted lifetimes (7)= zaﬂ? [3] of the donor in absence (7p) and presence
(tp.4) of the acceptor as,
-
E=1-—= 2.7b).
o
The D-A distances can be measured using equations (2.6), (2.7a) and (2.7b).
The distances measured using Eq. 2.7a and 2.7b are revealed as RY (steady-state
measurement) and R'R (time-resolved measurement), respectively. In one of recent

studies from our group [4], we have reported the potential danger of using Eq. 2.7a to

conclude the nature of energy transfer as Forster type. The study shows that the energy
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transfer efficiency E, calculated from steady-state experiment (Eq. 2.7a) might be due

to re-absorption of donor emission, but not due to dipole-dipole interaction (FRET).

2.1.3. Nanosurface Energy Transfer (NSET): The D—A separations can also be
calculated using another prevailing technique, NSET [5, 6], in which the energy
transfer efficiency depends on the inverse of the fourth power of the D—A separation
[7]. The NSET technique is based on the model of Persson and Lang [6], which is
concerned with the momentum and energy conservation in the dipole-induced
formation of electron—hole pairs. Here the rate of energy transfer is calculated by
performing a Fermi golden rule calculation for an excited-state material depopulating
with the simultaneous scattering of an electron in the nearby metal to above the Fermi
level. The Persson model states that the damping rate to a surface of a noble metal may

be calculated by,

2
ﬂ a)dye

k,=03(——— 28

’ (nwFéFd“) 28

which can be expressed in more measurable parameters through the use of the

Einstein A2 coefficient [8],

, 2
:—3‘4“ ‘ 2.9).
To give the following rate of energy transfer in accordance with Coulomb’s law
(1/47z0):
€3¢ql)'e

4
Wpk.d Ty,

k, =0.225 (2.10)

2
[0 e

where, ¢ is the speed of light, ¢d]€ is the quantum yield of the donot, wy. is the angular
frequency for the donor, wr is the angular frequency for acceptor, 4 is the D—A
separation, £ is the dipole moment, 7. is the average lifetime of the donor and 4 is

the Fermi wave-vector [9, 10]. The dy value is the distance at which a dye exhibits equal

probabilities for energy transfer and spontaneous emission. The dp value is given by,
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3
P,
d, =(0.225 ——=—)""*
0 =( oo, /aF) 2.11).

In our studies, we used £ as Rrine-resoived,

1 1
/étz'me—rem/i/ed - - (2 A 2)
Tdonarfamptar T@/e

where, Zunor—aupir 1 the average lifetime of the D—A system [11].

Now the donor-acceptor distance d can be calculated by following the given equation,

__ 4

—W 2.13).

2.1.4. Data Analysis of Time-resolved Fluorescence Transients: Curve fitting of
the time-resolved fluorescence transients was carried out using a nonlinear least square

fitting procedure to a function (2.14) comprised of convolution of the IRF,
(X(#)= [ E()R( = )dr") (2.14)
0
(E(?) with a sum of exponentials (2.14) with pre-exponential factors (B),

I\T
(R()y= A+ Be"'™) (2.15)
i=1
characteristic lifetimes (7) and a background (A). Relative concentration in a
multiexponential decay is expressed as (2.10),

B
¢, = —=—x100
* (2.16).

2B

i=1

The average lifetime (amplitude-weighted) of a multiexponential decay is expressed as,

Z\/T
Tw = ZQ-T; 2.17).
i=1
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2.1.5. Dynamic Light Scattering (DLS): According to semi-classical theory of light
scattering, when light impinges on matter, the electric field of the light induces an
oscillating polarization of electrons in the molecules. Hence, the molecules provide a
secondary source of light and subsequently scatter light. The frequency shift, the
angular distribution, the polarization and the intensity of scattered light are determined
by size, shape and molecular interactions in the scattering material. Dynamic light
scattering (DLS) also known as photon correlation spectroscopy (PCS) or quasi-elastic
light scattering (QELS) is one of the most popular technique used to determine the

size of the particle.

2.1.5.1. Theory: DLS experiments are based on two assumptions:
(a) Particles exhibit Brownian motion (also called ‘random walk’). The probability

density function is given by the formula,

P(r,z‘

0,0)=(47Dr)" exp(—*/4Dr) 2.18)

where, D is the translational diffusion coefficient.
(b) The particles are spherical in shape with particles of molecular dimensions. If it is
so, then it is possible to apply the Stoke-Einstein relation and hence have a formula

that easily gives the diffusion constant,

AT
3nnd,,

2.19)

where, dp 1s the hydrodynamic diameter of the particles, £p is the Boltzmann constant,

T'is the temperature in Kelvin and 7 is the viscosity of the solvent.

2.1.5.2. Experimental Methods: 1t has been seen that particles in dispersion are in a
constant, random Brownian motion and this causes the intensity of scattered light to
fluctuate as a function of time. The correlator used in a DLS instrument constructs the

intensity autocorrelation function G(z) of the scattered intensity,
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G(z)=(I(z)I(z+7)) (2.20)
where, 7is the time difference (the sample time) of the correlator. For a large number

of monodisperse particles in Brownian motion, the correlation function (given the

symbol G) is an exponential decaying function of the correlator time delay 7,
G(r)=A[1+B.exp(-2I'7)] (2.21)

where, 4 is the baseline of the correlation function, B is the intercept of the correlation
function. I' is the first cumulant and is related to the translational diffusion coefficient

as, I'=Dg?, where ¢ is the scattering vector and its magnitude is defined as,

| 4mn). (0O
9= /1_0 sin 5 (2.22)

where, 7 is the refractive index of dispersant, Ay is the wavelength of the laser and 6, the

scattering angle. For polydisperse samples, the equation can be written as,

G(T)=A[1+B‘gm (7)2} (2.23)

where, the correlation function g(?)(z) is no longer a single exponential decay and can be

written as the Laplace transform of a continuous distribution G(I') of decay times,

0

¢"(r)=[G(T)esp(-T7)dr (2.24).

0
The size distribution of the particles are obtained by fitting, using non-linear least
square fitting or CONTIN program, the autocorrelation function to multiexponential
function. The size distribution obtained is a plot of the relative intensity of light
scattered by particles and is therefore known as an intensity size distribution. However,
in the intensity distribution graph, the area of the peak for the larger particle appears at
least 10¢ times larger than the peak for the smaller particle. This is because large
particles scatter much more light than small particles, as the intensity of light scattering
by a particle is proportional to the sixth power of its diameter (Rayleigh’s

approximation).
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2.1.6. Transmission of Light through Optical Fiber: An optical fiber is a cylindrical
dielectric waveguide (nonconducting waveguide) that transmits light along its axis, by
the process of total internal reflection. The fiber consists of a core surrounded by a
cladding layer, both of which are made of dielectric materials [48]. To confine the
optical signal in the core, the refractive index of the core must be greater than that of
the cladding. The boundary between the core and cladding may either be abrupt, in
step-index fiber, or gradual, in graded-index fiber. When the light (electromagnetic
wave) travels to the boundary between the core and the clad (with an angle greater
than the critical angle) a localized attenuating electromagnetic field is generated which
is called the evanescent field.

Evanescent wave is a near-field wave with an intensity that exhibits exponential
decay without absorption as a function of the distance from the core-clad boundary of
the optical fiber as shown in Figure 2.3. The standard practice for the estimation of
penetration depth (ds) of the evanescent field in a “non-absorbing” medium can be
illustrated in the following way [12]. In a fiber optic cable, the optical signal is
transmitted by total internal reflection of the light. The light from the silica core with
refractive index ni is incident on the clad with refractive index 72, where #7>n2. As a
result, the light is internally reflected totally, depending upon the incident angle &,
where @/ >0, (0. is the critical angle). In practice, the light does not reflect back from
the exact plane of separation between core and clad, rather it has certain penetration
depth in the clad region. The penetration depth or depth of penetration dp is defined as
12],

_ A
- 272'\/(7712 sin® @ —n, )

d, (2.25).

The estimated penetration depth for our case is in the range of few hundreds of
nm. However, if any portion of clad is removed or etched (as in our case) the depth of
penetration would change. It is also worth mentioning that evanescent field strongly

interacts with the environment outside the fiber and carry spectroscopic information,
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and is the key of all the waveguide-based sensors [12]. The scenario would change in
the case of an environment, which offers strong optical absorption to the light
responsible for the evanescent field [13, 14]. This can be conveniently taken into

account by defining a complex refractive index [13],

~

n=n+m (2.26)
where, the real part of the refractive index # indicates the phase speed, while imaginary
part x indicates the amount of absorption loss when electromagnetic wave propagates
through the medium. Both the real and imaginary parts of the refractive index are the
tunctions of wavelength of the light propagating through the optical fiber. One way to

incorporate attenuation of the evanescent field in the absorbing medium is via an

absorption coefficient () [13, 14] in the following way,

I(z)=1¢ "~ (2.27)

where, 1(3) is the intensity of the evanescent field at a distance of 3 from the interface
having field intensity of Iy. cu denotes absorption coetficient of the medium and equal
to twice the magnitude of the imaginary component of the refractive index (2X») [13].
In this formulation, the penetration depth, 4, would be just inverse of the absorption

coefficient (7/ Q) [13]. From the above formulation it is clear that the penetration
depth of the evanescent field in an absorbing medium very much depends on the

concentration of the analyte in the medium.

Incident A Incident A

Refracted Evanescent

—— wave
Reflected 1n,|n,

— >
Distance wave

nyn, 6.0, nyn, 6,

Figure 2.3. Schematic representation of light refraction from medium with higher to lower refractive index

Distance

and the evanescent wave in the medium with lower refractive index when i >0, (right).
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2.1.7. Statistical Analysis: Comparison of different parameters between the groups in
animal studies was performed using one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test using a computer program GraphPad Prism
(version 5.00 for Windows), GraphPad Software, La Jolla California USA,

www.graphpad.com. P values <0.05 were considered significant.
2.2. Systems

2.2.1. Materials and Molecular Probes: In this section, we have discussed about the

different materials and probe molecules that have been used in the course of study.

2.2.1.1. Nanomaterials: Nanomaterials represent a special class of materials whose
structural features lie intermediate between those of individual atoms and bulk
materials, with at least one dimension in the nanometer region. The interest in
nanomaterials stems from the fact that new properties are acquired at this length scale
and equally important, that these properties change with their size or shape. In recent
years, metal, non-meatal and semiconductor nanoparticles have been a prime center of
attention for research and development during the past few decades due to their
widespread applications in optoelectronics, catalysts, biological sciences, detectors and
sensors which mainly arises from their unique size and morphology-dependent optical

and electrical properties.

2.2.1.1.1. Metal Nanoparticles (NPs): Metal nanoparticles (10-100 nm) have recently
attracted much interest because of their unique properties, including large optical field
enhancements resulting in the strong scattering and absorption of light. The interesting
optical attributes of metal nanoparticles are due to their unique interaction with light.
In the presence of the oscillating electromagnetic field of the light, the free electrons of
the metal nanoparticle undergo a collective coherent oscillation with respect to the
positive metallic lattice. This process is resonant at a particular frequency of the light
and is termed the surface plasmon resonance (SPR) absorption which can be simply

visualized as a photon confined to the small size of the nanostructure, constituting an
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intense electric field around the particle. The surface plasmon oscillation decays by
radiating its energy resulting in light scattering or decays nonradiatively as a result of
conversion of absorbed light to heat [15]. The electric field intensity and the scattering
and absorption cross-sections are all strongly enhanced at the SPR frequency which for
gold, silver and copper lies in the visible region. Since copper is easily oxidized, gold
and silver nanostructures are most attractive for optical applications.

Because of surface plasmon enhancement, optical cross-sections of metal
nanoparticles are 5 orders of magnitude or much larger than those of dye molecules
tor various applications including sensing application. Each metal nanoparticle can be
considered as an optical probe equivalent to a million dye molecules. This provides a
large margin for enhancing the probing sensitivity. Unlike dyes, metal nanoparticles are
photostable and do not undergo photobleaching, allowing higher light excitation
energies and longer probing times. There is a range of enhanced radiative and
nonradiative attributes associated with the SPR. The optical probing strategy can thus
be chosen depending on the specific application. Different strategies may also be
combined. Another unique property of SPR is that it can be tuned by changing the
nanostructure size, shape, composition, environment or dielectric properties of the
media [16, 17] in order to suit for different applications.

The spectral position and shape of the plasmon band for a given particle has
been determined by Gustav and Mie [18] and can be represented in the following way,
247°Na'e [’ £.(A)

An(10) | (&, (M) + g&,.)’ +&,(A)

E(A)= (2.28)

where ¢, and ¢ are respectively, the real and imaginary components of the dielectric
function of the metal, &, is the external environment dielectric function, r is the radius
of the particle, yis factor related to the eccentricity of the particle and N is the number
of atoms present in the particle. Using equation 2.28 one can reasonably predict the
position and shape of plasmon absorption for spherical and spheroidal metal
nanoparticles which have sizes comparable to the wavelength of the incident light (i.e.

R=\) [19]. Optical responses of such larger metal nanoparticles (R=)X) to external
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electromagnetic fields are simply dependent on their sizes, free electron density and
therefore their dielectric function relative to that of the surrounding medium. This
size-dependent effect is extrinsic because optical properties such as dielectric functions
(i.e. refractive indices) of the nanoparticles are similar to those of bulk metals [20].
When particle size approaches the second characteristic length, i.e. the electron mean
free path (the average distance an electron travels between two adjacent collisions), the
dielectric function and refractive indices become size dependent. This is known as an
intrinsic size effect [20, 21]. As a result, the optical responses such as plasmon
absorptions of small metal nanoparticles (R<<A) have different size-dependences
compared with large nanoparticles. It is in fact well established that the surface
plasmon bandwidth is inversely proportional to the radius r of the particle for sizes
smaller than about 20 nm [20, 22]. The increased broadening with decreasing size
enhances both the low and high-energy absorbance of the smallest clusters, causing the
plasmon to be completely damped below a size of 4= 2.2 nm for Au but still
observable at the size of 4= 1.55 nm for Ag [23]. However, Mie theory can still be
extended into this quasi-static regime. Eventually, when particle size becomes
comparable to the third characteristic length— Fermi wavelength of an electron (i.e. de
Broglie’s wavelength of an electron at the Fermi energy, or ~0.5 nm for gold and
silver), [24, 25] optical, electronic and chemical properties of metal clusters are
dramatically different from the other two size regimes. In this smallest size regime,
metal clusters become “molecular species” [26, 27] and discrete states with strong

florescence can be observed [28, 29].

2.2.1.1.2. Carbon Dots (CDs): As a new class of fluorescent carbon nanomaterials,
carbon dots (CDs) have been a prime center of attention for research and development
during the past few decades. CDs have several novel properties like size-tunable
emission, narrow spectral line widths, continuous absorption profiles [30], high
luminescence, high chemical stability [31], low toxicity [32], high quantum yield [33]
and excellent biocompatibility [34-36]. Due to these unique properties, CDs have been

applied widely in the fields of drug delivery [37], catalysis [38], chemical sensors [39,
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40], biomedical application [41, 42], biological sensors [43], nano-biotechnology [44].
On the other hand, these unique properties allow for excitation of multiple species of
CDs utilizing a single light source for multiplexed fluorescence detection without
substantial signal cross-coupling. Using suitable capping agents, CDs can be conjugated
with biological molecules in order to “match” them with biological environments. By
changing the particle size and composition, the photoluminescence emission maximum
can be manipulated and attaching nanocrystals to the molecules gives a fluorescent
labeling method [45]. The large surface area-to-volume ratio of CDs makes them
appealing for the design of more complex nanosystems. Also, the long luminescent
lifetime of CDs diminishes interference from background autofluorescence in live cell
imaging. Unlike conventional organic dyes, CDs are extremely resistant to
photobleaching, which makes them useful for continuous monitoring of biological

phenomena and environmental pollution.

2.2.1.2. Poly(vinyl alcohol) (PVA): PVA (Figure 2.4a) is a water-soluble nontoxic and
biodegradable synthetic hydrophilic linear polymer that generally exists as a copolymer
of vinyl alcohol and vinyl acetate. PVA was first synthesized by Hermann and Haehnel
in 1924 via saponification of poly(vinyl ester) in sodium hydroxide solution [46]. The
“n” in PVA, -(C:H4O)n-, varies from 500 to 5000, which resembles change in
molecular weight from about 20,000 to about 200,000 Daltons. It is white (coloutless)
and odorless and available as beads or as powder. The polymer melt at around 180-228
°C and display glass to rubber transition at 75-85 °C. Due to the reactive structural
functional groups, the polymer undergoes chemical changes such as esterification and
ctherification, as well as physical changes such as crystallization and ion-polymer
complexation. The polymer has high tensile strength and flexibility, as well as high
oxygen and aroma barrier properties. PVA has excellent film forming, emulsifying and
adhesive properties also. Due to their simple structure and unique properties such as
adhesiveness, strength, film forming, swelling, biocompatibility, nontoxic and non-

carcinogenicity, polymer has found applications in different industries including
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papermaking, textiles, vinylon fiber production, food, biomedical, environmental

pollution monitoring and pharmaceutical in particular [47-49].

2.2.1.3. 4-Nitrophenyl Anthranilate (NPA): NPA (Figure 2.4b) is a well-known
fluorescence probe having an anthranilate group as fluorescence moiety. NPA also has

an active p-nitro-phenyl ester group that can react with nucleophiles.

(a)_ ) (b) (©) O
OH ‘ COOH

A
o
~ ] 989
N O @) O
4
- -Nn (@) CHj3 O~ CHj
Poly(vinyl alcohol) (PVA) 4-Nitrophenyl anthranilate (NPA) 2,7-Dichlorodihydrofluorescein diacetate

(DCFH-DA)

Figure 2.4. Molecular structures of the molecular probes: (a) Poly(vinyl aleohol) (PV'A) (b) 4-Nitropheny!
anthranilate (NPA), (¢c) 2,7-Dichlorodibydrofiuorescein diacetate (DCFH-D.A).

2.2.1.4. 2,7-Dichlorodihydrofluorescein Diacetate (DCFH-DA): DCFH-DA
(Figure 2.4c) is a cell-permeable non-fluorescent probe. 2',7'-Dichlorofluorescin
diacetate is de-esterified intracellularly and turns to highly fluorescent 2'7'-
dichlorofluorescein upon oxidation. This fluorescence probes is the most widely used
one for detection of intracellular oxidative stress, including sensitive and rapid
quantitation of oxygen-reactive species in response to oxidative metabolism. The probe
is added to cells in culture and the intracellular oxidation of 2)7-
dichlorodihydrofluorescein (DCFH) results in formation of a fluorescent product, 2,7-

dichlorofluorescein (DCF) [50, 51].

2.2.2. Biological Macromolecules: In this section, we have discussed about the

different biological macromolecules that have been used in the course of study.

2.2.2.1. Hemoglobin: Found in red blood cells, hemoglobin (Figure 2.5) is globular
protein that ferry oxygen (Oz) molecules and carbon dioxide (COz) molecules

throughout the body. Each hemoglobin protein structure consists of four polypeptide
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subunits, which are held together by ionic bonds, hydrogen bonds, hydrophobic
interactions and van der Waals forces, as well as four heme pigments, one in each of
the subunits [52, 53]. These heme groups contain positively-charged iron (Fe?*)
molecules which can reversibly bind to oxygen molecules and transport them to
various areas of the body [52, 53]. As the heme groups bind or release their oxygen
loads, the overall hemoglobin undergoes conformational changes which alters their
affinity for oxygen. Hemoglobin tetramers are comprised of the four subunits, two o-
globin chains and two [-globin chains all of which take the form of alpha helices [52].

which is typically hidden within the various subunits, is covalently bound to yet a

Figure 2.5. Structure of hemoglobin. There are four subunits as shown by the various colors. The heme
groups are shown in predominantly gray. Protein Data Bank ID-4hhb.
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different nitrogen atom that belongs to a nearby histidine group. This histidine chain,
combined with other hydrophobic interactions, stabilize the heme group within each
subunit. Oxygen molecules bind to the side of the iron ion that is opposite of the
proximal histidine. Located near this opposite side is a different histidine chain,
which serves two important function even though it is not directly bound to

the heme group [54].

2.2.2.2. Deoxyribonucleic Acid (DNA): Nucleic acids form the central molecules in
transmission, expression and conservation of genetic information. DNA serves as
carrier of genetic information [55]. The classic example of how biological function
follows from biomolecular structure comes from the elucidation of double helical
structure of DNA by Watson and Crick [56]. DNAs are polynucleotides with each
nucleotide comprising of deoxyribose sugar, purine and pyrimidine bases and
phosphate groups. The main bases whose intermolecular hydrogen bonding holds the
DNA strands together are adenine, guanine, thymine and cytosine. There are generally

three forms of DNA: The A, B and Z-form. Native DNA, however, exists in B-form.

) Minor groove
Major groove

Figure 2.6. Schematic representation of deoxcyribonucleic acid (DINA).

Native DNA is about a metre long and comprises of hundreds of base pairs. The
distance between two base pairs in B-DNA is 3.4 A [57]. In about 4 M NaCl, B-form is

converted into Z-form. DNA structures consist of major and minor grooves and
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intercalation spaces through which DNA interacts with ligands. There are two modes
of interaction of DNA with ligands: (i) intercalation, where the planar polycyclic
heteroaromatic ligands occupy the space in between the base pairs of DNA (Figure
2.6) and interact through m-7 interaction [58, 59] and (i) groove binding where the
ligands bind in the major and minor grooves of DNA [60]. The water molecules at the
surface of DNA are critical to the structure and to the recognition by other molecules,

proteins and drugs. In one of our study, a synthetic DNA oligomer having sequence

CTTTTGCAAAAG was used.
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Chapter 3

Instrumentation and Sample Preparation

In this chapter we will describe the details of instrumental setup for the spectroscopic
investigation of biomedically and environmentally relevant samples and corresponding

preparation techniques used in our studies.
3.1. Instrumental Setup

3.1.1. Steady-state Absorption and Fluorescence Spectroscopy: Steady-state UV-
Vis absorption and emission spectra of the probe molecules were measured with
Shimadzu UV-2450 spectrophotometer and JobinYvon Fluorolog fluorometer,
respectively. Schematic ray diagrams of these two instruments are shown in Figures 3.1

and 3.2.
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Figure 3.1. Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen (W1) and
denterium lamps (D2) are used as light sources in the visible and UV regions, respectively. M, G, L, S, PMT
designate mirvor, grating, lens, shutter and photomultiplier tube, respectively. CPU, A/D converter and
HV '/ amp indicate central processing unit, analog to digital converter and high-voltage/ amplifier circuit,
respectively.
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Figure 3.2. Schematic ray diagram of an emission spectrofluorimeter. M, G, L, S, PMT and PD represent
mirror, grating lens, shutter, photomultiplier tube and reference photodiode, respectively.
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Figure 3.3. Basic internal ray diagram of CCD array detector based STS-11S.
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For the studies on development of a noncontact device for monitoring
hemoglobin level in human subjects [1] we have used STS-VIS spectrograph from

ocean optics. The basic ray diagram of the devices is represented in the Figure 3.3.

3.1.2. Fourier Transform Infrared (FTIR) Measurement: FTIR spectroscopy is a
technique that can provide very useful information about functional groups in a
sample. An infrared spectrum represents the fingerprint of a sample with absorption
peaks which correspond to the frequencies of vibrations between the bonds of the
atoms making up the material. Because each different material is a unique combination
of atoms, no two compounds produce the exact same infrared spectrum. Therefore,
infrared spectroscopy can result in a positive identification (qualitative analysis) of
every different kind of material. In addition, the size of the peaks in the spectrum is a
direct indication of the amount of material present. The two-beam Michelson
interferometer is the heart of FTIR spectrometer. It consists of a fixed mirror (M4), a
moving mirror (M5) and a beam-splitter (BS1), as illustrated in Figure 3.4. The beam-
splitter is a laminate material that reflects and transmits light equally. The collimated IR
beam from the source is partially transmitted to the moving mirror and partially
reflected to the fixed mirror by the beam-splitter. The two IR beams are then reflected
back to the beam-splitter by the mirrors. The detector then sees the transmitted beam
from the fixed mirror and reflected beam from the moving mirror, simultaneously. The
two combined beams interfere constructively or destructively depending on the
wavelength of the light (or frequency in wavenumbers) and the optical path difference
introduced by the moving mirror. The resulting signal is called an interferogram which
has the unique property that every data point (a function of the moving mirror
position) which makes up the signal has information about every infrared frequency
which comes from the source. Because the analyst requires a frequency spectrum (a
plot of the intensity at each individual frequency) in order to make identification, the
measured interferogram signal cannot be interpreted directly. A means of “decoding”
the individual frequencies is required. This can be accomplished via a well-known

mathematical technique called the Fourier transformation. This transformation is
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performed by the computer which then presents the user with the desired spectral
information for analysis. FTIR measurements were performed on a JASCO FTIR-6300
spectrometer (transmission mode). For the FTIR measurements, samples were mixed
with KBr powder and pelletized. The background correction was made using a
reference blank of KBr pellet. In situ-FTIR study was carried out using a FTIR

spectrometer (Bruker Vertex 70v) which is connected to a potentiostatgalvanostat

(PGSTAT30, AUTOLAB).
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Figure 3.4. Schematic of Fourier transform infrared (FTIR) spectrometer. 1t is basically a Michelson
interferometer in which one of the two fully-reflecting mirrors is movable, allowing a variable delay (in the travel-
time of the light) to be included in one of the beams. M, FM and BST represent the mirror, focusing mirror
and beam splitter, respectively. M5 is a moving mirror.

3.1.3. Dynamic Light Scattering (DLS): DLS also known as photon correlation
spectroscopy (PCS) or quasi-elastic light scattering (QELS) is one of the most popular
techniques used to determine the hydrodynamic size of the particle. DLS
measurements were performed on a Nano S Malvern instrument, (U.K.) employing a 4
mW He-Ne laser (A\=632.8 nm) and equipped with a thermostatted sample chamber.

The instrument allows DLS measurements in which all the scattered photons are
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collected at 1730 scattering angle (Figure 3.5). The instrument measures the time
dependent fluctuation in intensity of light scattered from the particles in solution at a
fixed scattering angle [2]. The scattering intensity data were processed using the
instrumental software to obtain the hydrodynamic diameter and the size distribution of
the scatterer in each sample. In a typical size distribution graph from the DLS
measurement, X-axis shows a distribution of size classes in nm, while the Y-axis shows
the relative intensity of the scattered light. The ray diagram of the DLS setup is shown

in Figure 3.5.
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Figure 3.5. Schematic ray diagram of dynamic Light Scattering (DLS) instrument. The avalanche photo
diode (APD) is connected to preamplifier/ amplifier assembly and finally to corvelator. 1t has to be noted that
lens and translational assembly, laser power monitor, sige attennator, laser are controlled by the computer.
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3.1.4. Time Correlated Single Photon Counting (TCSPC): All the picosecond-
resolved fluorescence transients were recorded using TCSPC technique. The schematic
block diagram of a TCSPC system is shown in Figure 3.6. Primarily, TCSPC setup
from Edinburgh instruments, U.K., was used during fluorescence decay acquisitions.
The instrument response functions (IRFs) of the laser sources at different excitation

wavelengths varied between 70 ps to 80 ps. The fluorescence from the sample was
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Data Acquisition/

Control Electronics

Figure 3.6. Schematic ray diagram of a time correlated single photon counting (ICSPC) spectrophotometer.

A signal from 16 channel photomultiplier tube (PMT) is amplified (Amp) and connected to start channel of
time to amplitude converter (1':AC) via constant fraction discriminator (CED) and delay. The stop channel of
the TAC is connected to the laser driver via a delay line. I, M, G and HV represent lens, mirror, grating
and high voltage source, respectively.

detected by a photomultiplier after dispersion through a grating monochromator. For
all transients, the polarizer in the emission side was adjusted to be at 54.7° (magic
angle) with respect to the polarization axis of excitation beam. For tryptophan
excitation of protein, femtosecond-coupled TCSPC setup were employed in which the

sample was excited by the third harmonic laser beam (300 nm) of the 900 nm (0.5 nJ
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per pulse) using a mode-locked Ti-sapphire laser with an 80 MHz repetition rate
(T'sunami, spectra physics), pumped by a 10 W Millennia (Spectra physics) followed by
a third harmonic generator (Spectra-physics, model 3980). The third harmonic beam
was used for excitation of the sample inside the TCSPC instrument and the second

harmonic beam was collected as for the start pulse.

3.1.5. Transmission Electron Microscope (TEM): An FEI Tecnai TF20 field-
emission high-resolution transmission electron microscope (HRTEM) (Figure 3.7)
equipped with an Energy Dispersive X-ray (EDAX) spectrometer was used to
characterize the microscopic structures of samples and to analyze their elemental

composition. The size of the nanoparticles was determined from the TEM images
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Figure 3.7. Schematic diagram of a tpical transmission electron microscope (IEM). After the transmission
of electron beam through a specimen, the magnified image is formed either in the fluorescent screen or can be
detected by a CCD camera.
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obtained at 200 kV. Samples for TEM were prepared by placing a drop of the colloidal
solution on a carbon-coated copper grid and allowing the film to evaporate overnight

at room temperature.

3.1.6. Scanning Electron Microscope (SEM): Surface characteristics of Porous
silicon samples were done by scanning electron microscope FE-SEM; JEOL. Ltd.,
JSM-6500F. An electron-gun is attached to SEM and the electrons from filament
triggered by 0 KV to 30 KV. These electrons go first through a condenser lens and
then through an objective lens, then through an aperture and finally reach to the
specimen. The high energy electrons go a bit in the sample and back again give

secondary electrons. The signal from secondary electrons are detected by detector and

amplified. The ray diagram of the SEM setup is shown in Figure 3.8.
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Figure 3.8. Schematic diagram of typical scanning electron microscope (SEM).

3.1.7. Fluorescence Microscope: A fluorescence microscope is much the same as a
conventional light microscope with added features to enhance its capabilities. The
conventional microscope uses visible light (400nm-700nm) to illuminate and produce a

magnified image of a sample. A fluorescence microscope, on the other hand, uses a
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much higher intensity light source which excites a fluorescent species in a sample of
interest. This fluorescent species in turn emits a lower energy light of a longer
wavelength that produces the magnified image instead of the original light source. In
most cases the sample of interest is labelled with a fluorescent substance known as a
fluorophore and then illuminated through the lens with the higher energy source. The
lluminating light is absorbed by the fluorophores (now attached to the sample
specimen) and causes them to emit a longer lower energy wavelength light. This

fluorescent light can be separated from the surrounding radiation with filters designed
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Figure 3.9. Optical system of a fluorescence microscope.
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for that specific wavelength allowing the viewer to see only the fluorescence. The basic
task of the fluorescence microscope is to let excitation light radiate the specimen and
then sort out the much weaker emitted light from the image. First, the microscope has
a filter that only lets through radiation with the specific wavelength that matches your
fluorescing material. The radiation collides with the atoms of the sample specimen and
electrons are excited to a higher energy level. When they relax to a lower level, they
emit light. Fluorescence from the sample is separated from the excitation light by a
second filter (Figure 3.9) to make it detectable (visible to the human eye). Most of the
fluorescence microscopes used in biology today are epi-fluorescence microscopes,
meaning that both the excitation and the observation of the fluorescence occur above

the sample. Most use a Xenon or Mercury arc-discharge lamp for more intense light.

3.1.8. Hydrothermal Technique: The hydrothermal technique was the most popular
one, gathering interest from scientists and technologists of different disciplines, for the
synthesis of different nanomaterials. Hydrothermal reaction was defined for any
heterogenous chemical reaction in the presence of a solvent (whether aqueous or non-
aqueous) above room temperature and at pressure greater than 1 atm in a closed
system. Crystal growth under hydrothermal conditions requires a reaction vessel called
an autoclave. The autoclave must be capable of sustaining highly corrosive salt, which
are used to synthesis inorganic materials at high temperature and pressure for a longer
duration of time. For selecting a suitable autoclave, the first and foremost parameter is
the experimental temperature, pressure conditions and the corrosion resistance in that
pressure-temperature range in a given solvent or hydrothermal fluid. To avoid
corrosion of autoclave material it should coated with non-reactive material called
Teflon from inside. Due to the larger coefficient of thermal expansion of Teflon
versus metal, the Teflon will expand and contract much more upon heating and
cooling cycles than its enclosure material. For the synthesis of nanomaterials, we have
used teflon-lined stainless steel autoclave of 30 mlL capacity (Figure 3.10). The
autoclave was tested at desired temperature under autogenous pressure for the desired

period of time.
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Figure 3.10. Schematic representation of teflon-lined stainless steel antoclave.

3.1.9. Experimental Setup for Sensing Studies: In the following section, we have
elaborated the experimental setup used in optical fiber based spectroscopic detection
techniques. In our study “DNA-based fiber optic sensor for direct zz-vivo measurement
of oxidative stress” [2] we used a commercially available FluoroLog system with a
minute modification of the sample chamber. For the fluorescence-based study an ‘F-
3000 Fiber Optic Mount’ was attached externally to the FluoroLog for transmitting the
excitation from the fluorometer and to collect the fluorescence from the tip of the
sensitized fiber, which was connected through a SMA connector on the end of the
Fiber Optic Mount. Through one end of the Fiber Optic Mount, the excitation
wavelength introduced into the sensitized fiber to excite the samples of interest. The
fluorescence of the samples of interest was collected from another end of the Fiber
Optic Mount, which was the signal measured by the fluorometer. All studies were

carried out after continuous dipping of the functionalized fiber tip in the samples of
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interest. The detailed experimental setup using F-3000 Fiber Optic Mount is shown

schematically in Figure 3.11b.

3.1.10. Light Sources and Optical Components: Light emitting diode (LED) light
sources ware used in fiber optic based detection systems. For the studies on
development and validation of a noncontact spectroscopic device for hemoglobin
estimation at point-of-care [1], a white LED source [LS-450, with the preinstalled blue
LED replaced with a white LED (196-00000-WHT)] with wavelength range 430—700
nm (Ocean Optics, FL, USA) was used in our study. All the optical parts used in our
studies including optical fiber, collimator, fiber couplers etc. are from Ocean Optics.
Whereas, the basic components like front surface reflecting mirrors, dichroic mirrors,
parabolic mirrors, multimode silica core fiber (FT1000UMT) and optical stands are

from Thorlabs.

3.2. Sample Preparation

In this section the different sample preparation and data collection methods have been

discussed.

3.2.1. Chemicals Used: The chemicals and spectroscopic probes were procured from
the following sources. Analytical-grade chemicals were used for synthesis without
further purification. All the aqueous solutions were prepared using deionized water
from Millipore system. Sodium azide (NaN3), calf thymus DNA, CTAB (cetyltrimethyl
ammonium bromide; lipid), silicon oil, trisodium citrate (NasC¢HsO7), hemoglobin
human, copper sulfate pentahydrate (CuSO4'5H20), hydro fluoric acid (HF), silver
nitrate (AgNO3 - 99.99 %), sodium citrate, sodium borohydride, sodium hydroxide, 4-
nitrophenylanthranilate (NPA), poly(vinyl alcohol) (MW- 89000-98000) (PVA),
polyvinylpyrrolidone (MW- 10,000) (PVP) as well as the nitrates and chlorides salts of
various metal ions were purchased from Sigma-Aldrich (USA). Ethanol, hydrogen
peroxide (H202; 30%), Acetonitrile and sulfuric acid (H2SO4) were obtained from
Merck (USA). 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) was obtained
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from Calbiochem. All the different anions used in our study, NaCl, Asl, KBr, NaNOs3,
Na2SO4, NaCOOCH3, NasPOy4, NaoHPO4, NaxH2PO4, NaHCO3 and NaNO2 were
purchased from Sigma-Aldrich (USA). Groundwater (from S. N. Bose National Centre
for Basic Sciences, Kolkata, India) was used as a real water samples. All the kits for
measurement of serum biochemical parameters were purchased from Autospan Liquid
Gold, Span Diagnostics Ltd. (IND). All hematological tests were performed spectro-
photometrically following the protocols described by the corresponding

manufacturers.

3.2.2. Synthesis of Citrate Functionalized-Mn304 Nanoparticles: Synthesis of
bulk Mn3O4 nanoparticles (NPs) was carried out following a reported ultrasonic-
assisted approach for preparation of colloidal Mn3O4 NPs at room temperature and
pressure without any additional surfactants or templates [3]. We followed earlier
reports [4-6] for surface functionalization of the bulk NPs with citrate ligand. In brief,
as prepared bulk Mn3O4 NPs were added to 0.5 M aqueous ligand (citrate) solution of
pH 7.0 (~20 mg Mn3;O4 NPs/mL ligand solution) and were extensively mixed for 12
hours in a cyclomixer. A syringe filter of 0.22 pm pore diameter was used to eliminate
the non-functionalized bigger-sized NPs. The resulting filtrated solution was used for
all successive experiments without further dilution. The final concentration of the as
prepared functionalized NPs was estimated to be 250 pM [7]. Our eatlier studies

showed the average particle size distribution of the prepared citrate functionalized NPs

to be around 3.6 nm * 0.15 nm [4, 5, 7].

3.2.3. Preparation of DNA-based Biomaterial: The DNA-based biomaterial (DNA-
DCFH-CTAB) was prepared with minute modification of the procedure reported
carlier [8]. For preparation of biomaterial, firstty DCFH was prepared from the
DCFH-DA by mixing 0.5 mL of 1.0 mM DCFH-DA in methanol with 2.0 mL of 10
mM NaOH at room temperature for 30 minutes, then the mixture was neutralized
with 10 mL of 25 mM NaHxPOg4 [9]. After that, the DNA stock was prepared by
dissolving the fiber-like NaDNA in 50mM phosphate buffer (6.5g/mL) and incubated
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overnight at room temperature in stirring condition. For the preparation of the DNA-
DCFH-CTAB complex, the as-prepared 2 mL. DCFH was added to a 10 mL

volumetric flask containing 3 mL of stock DNA solution and 5 mLL Mili-Q water. The
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Figure 3.11. (a) Schematic representation of the DIN.A-Biomaterial preparation, Optical fiber etching and
Jiber tip sensitization. Inset shows the SEM image of sensitized fiber tip. (b) Experimental setup using F-
3000 Fiber Optic Mount.

DNA, DCFH mixture was kept in dark for 60 minutes under stirring condition at
room temperature for complete complexation reaction. Under continuous stirring
condition 500 uL. of 40 mM CTAB solution (in water) was added into the DNA-
DCFH mixture. The DNA-DCFH-CTAB complex started to form spontaneously and
accumulated around the stirring bid. The precipitate was collected by filtration, washed
with Mili-Q water and then lyophilized overnight. The resultant biomaterial was
dissolved in ethanol through vortexing for 30-60 minutes. The water insoluble DNA-
DCFH-CTAB complex was formed due to the binding of CTAB cationic polar head
to the negative phosphate sugar chain of the DNA strands. The prepared biomaterial

was stored at -20 °C and used without further modifications. For dip coating an alcohol
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solution of the biomaterial was prepared for further use. The preparation of DNA-

based biomaterial is shown schematically in Figure 3.11a.

3.2.4. Fiber Tip Preparation and Sensitization with DNA-Biomaterial: The
optical fibers of 10 cm length were taken for the sensitization with biomaterial. After
removal of jacket (manual etching) from the tip (~ 1 cm), the fibers were dipped (the
tip portion) into HF solution with a layer of silicone oil atop the solution and kept
overnight [10, 11]. The chemical etching of the fibers led to a sharp needle like fiber tip
as shown in Figure 3.11a. The etched fiber tip was then coated with the biomaterial by
dipping into the biomaterial alcohol solution and dried in air for a minute (dip-
coating). The overall fiber tip preparation and sensitization with the biomaterial is
shown schematically in Figure 3.11a. Furthermore, the SEM image of the biomaterial
coated fiber tip (sensor tip) confirmed the sharp needle like shape of the sensitized

fiber tip (Figure 3.11a).

3.2.5. Mice Treatment Protocol: Swiss albino mice of both sexes (4—6 weeks old,
weighing 23 * 4 g) in good physical conditions were used for this study. Animals were
kept in standard, clean polypropylene cages (temperature 22 * 3° C; relative humidity
45-60%; 12 hours light/dark cycle). Water and standard laboratory pellet diet for mice
(Hindustan Lever, Kolkata, India) were available ad-Gbitum. One week of
acclimatization was provided to all of them before the experiment. All animals received
human care according to the criteria outlined by the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA), New Delhi, India,
and the study was approved by the Institutional Animal Ethics Committee (approval
number IAEC/RES/DEY’S — 12/S/2016 Under Animal Welfare Board, Ministry of
Environment Forest and Climate Change, Govt. of India).

In total eight animals were randomized into two groups (n = 4 in each group).
Group-1 served as sham control and was treated with olive oil (0.5 ml/kg body weight
(BW)) in alternative days for a period of 4 weeks. For induction of oxidative stress,

Group-2 received carbon tetrachloride solution (25% CClyin olive oil) 1 ml/kg BW in
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every alternative days for a period of 4 weeks. All inductions were carried out through
intraperitoneal injection. At the end of the experiment, the animals were kept in fasting
condition overnight and sacrificed by cervical dislocation. Blood samples were
collected in sterile tubes (nonheparinized) from retro orbital plexus just before sacrifice
and allowed to clot for 45 minutes. Serum was separated by centrifugation at 5000 rpm
for 15 minutes. AST and total bilirubin were measured using commercially available
test kits (Autospan Liquid Gold, Span Diagnostics Ltd., Gujarat, India) following the
protocols described by the corresponding manufacturers. MDA content was
determined following the protocol described elsewhere [6]. SOD and Catalase activity
were measured using commercially available test kit (Sigma, USA) following the

included protocol.

3.2.6. Direct In-vivo Oxidative Stress Measurement Procedure in Mice Model:
For the purpose of this study, first the sensitized fiber tip was fixed in an
anticoagulated capillary tube. Then for the comparative study, data were collected from
both normal (control) as well as CCly induced mice. General anaesthesia was used
before performing direct ROS measurement in mice model. For the measurement, the
mouse was restrained in such a manner that it cannot move, but was breathing well.
Then the eyelid was gently pulled back from the globe and the capillary tube with
sensitized fiber tip was gently inserted between the lid and the globe, pushing
backward with even pressure, puncturing the conjunctiva and gaining access to the
retro orbital plexus. The blood was then allowed to drip on the surface of sensor tip,

inside the capillary tube, by capillary action.

3.2.7. Data Collection for Noninvasive Hemoglobin Measurement in Human
Subject: The study included a total of 493 patients (including 276 males, 74 of whom
were children) with a variety of age group ranging from 4 to 76 years (mean age *
standard deviation (SD) = 27 £ 13 years). All data were collected using our device in
the blood collection room of the outpatient department of Nil Ratan Sircar Medical

College and Hospital, Kolkata, following the standard ethical guideline approved by
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the local medical ethics committee (No/NMC/443, Dated — 25/01/2016). A duly
signed consent form was obtained from the patients or their legal guardians stating
their acceptance, involvement and full understanding of the study. All ethical
guidelines, including participant confidentiality and legitimacy, were followed.

The study was conducted in two stages. In the first stage, the device was
calibrated, and in the second, the accuracy of the software-driven device was measured
and compared with that of the gold standard (i.e., the standard biochemical method).
Because the study was conducted over a period of 120 days, the dark and reference
spectra were acquired each day before starting the data collection to avoid the potential
effects of variation in ambient light. We also re-acquired both spectra in case of a
change in the measurement location. Before acquisition of the dark and reference
spectra, the light source was run for 5 minutes (according to manufacturer instructions,
<1.0% variation after 2 minutes of warm up). After completing the instrumental setup
and preliminary legal and ethical formalities, the patient was instructed to sit on a chair
and look in the direction opposite to that of the probe without head and eye
movement. Data were acquired from the vascular bed of the bulbar conjunctiva by
placing the probe close to (~1.5 cm away from) the patient’s eye, approximately
perpendicular to the surface of the conjunctiva. Because the exposure of light to the
conjunctiva is low (~5 sec), no intervention (manual holding) was needed for most of
the subjects. For more accurate measurement we requested the subjects not to blink
for a longer time (usually <10 sec), and they all succeed not to blink for that extended
period. However, in some cases, we had to manually hold the eye open to avoid
interference from eyelashes. As the total measurement time was very short (~15 sec),
the light intensity was low (~20 uW); many times lower than that in an
ophthalmoscope used during regular eye check-up), and the light was incident on the
white portion of the eye (i.e., not on the eyeball), the subject neither sensed the light
nor reported any irritation or discomfort. Furthermore, the noninvasive and
noncontact nature of our method eliminated the need for disinfecting the measuring

probe. Immediately after the acquisition of spectral data, blood samples were collected
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from the subjects, and the complete blood count (CBC) was analyzed using an
automated hematology analyzer (Sysmex KX-21). These data were later used for

calibration and comparison.

3.2.7.1. Stage I: For Calibration: In this stage, the data of 302 (including 134 females
and 48 children) participants were randomly selected for device calibration; the
collected spectral response, as generated in the spectrograph and processed in the
LabVIEW software, were stored in the tablet computer for further processing in terms

of calibration.

3.2.7.2. Stage II: Assessment of the Device: In this stage, the clinical assessment
output of the calibrated device was compared with that of a standard hematology
analyzer by using a statistically significant number of samples (n = 191). To
demonstrate the repeatability and reproducibility of the proposed device, 56 and 50
patients in this stage were repetitively examined using our device by the same observer

and by two independent observers, respectively.

3.2.8. Synthesis of Silver Nanoparticles (Ag-NPs): Citrate capped Ag-NPs were
prepared in aqueous solution (pH = 6.5) by reduction of AgNO3 with NaBH4 [12].
Briefly, first a 1 mM stock solution of sodium citrate, 5 mM stock solution of NaBH4
and 5 mM stock solution of AgNOj; were prepared in an aqueous medium. One
millilitre aliquot of stock AgNOs3 solution was added to 16 mL of 1 mM aqueous
sodium citrate solution under stirring condition in an ice bath at around 0 °C. Then,
150 pL of a freshly prepared 5 mM aqueous NaBHjy solution was added dropwise over
5 minutes. The initially coloutless solution gradually turned to intense yellow in colour
and was stirred for 2 h and 30 minutes. The formation of Ag-NPs was confirmed by

the SPR band at around 400 nm in aqueous media [12].

3.2.9. Preparation of PVA Capped NPA Solution: The PVA capped NPA solution
was synthesized by mixing aqueous solution of PVA with acetonitrile solution of NPA

at a weight ratio of PVA/NPA of 1200 : 1. The aqueous PVA solution was prepared
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by dissolving 0.9g of PVA in 30 mL of water under stirring condition upon heating at
temperature around 70 °C. The pH of the solution was adjusted to 7.5 by adding
aqueous solution of NaOH. Then 4 mL of 1 mM acetonitrile solution of NPA was
prepared at room temperature. A 3 mL aliquot of stock NPA solution was added in a
30 mL. PVA aqueous solution at room temperature under stirring condition, in six
aliquots with an interval of 30 minutes. The greenish yellow solution was washed
extensively with ethanol (Merck) to remove free NPA and side product. After that, the
precipitated PVA capped NPA was dissolved in a 30 mL water. The formation of PVA

capped NPA was confirmed by the strong emission band at around 420 nm.

3.2.10. Procedure for Hg?* Ions Detection in Real World Samples: Groundwater
samples were collected from the campus and used as model real world samples. The
collected samples were spiked with various known concentration ranges of mercury
and filtered using 0.22 um pore size filters. For sensing, 800 puL. of Hg?* spiked water
samples was taken for the analysis using our developed sensor (final concentrations of

mercury in the solution were prepared to be 1 ppb, 1 ppm and 10 ppm).

3.2.11. Preparation of Silver Nanoparticles Impregnated Polymer Thin Film: In
order to fabricate the polymer thin film, first the aqueous PVA solution was prepared
by dissolving 1.6 ¢ PVA in 10 mL of water under stirring condition upon heating at
temperature around 70 °C. Then 3 mL aliquot of stock Ag-NPs solution was added in
1 mL PVA solution at room temperature under stirring condition. The resulting
mixture solution is stirred for 15 minutes. Now, to prepare the sensor film, first of all,
we make sure the glass slide size is 4.5 cm long and 1 cm wide. The prepared glass
substrates (glass slides) were cleaned using soap solution and water followed by
sonication with isopropyl alcohol for 30 minutes and dried in a hot air oven. After that,
50 pL of the well mixed PVA-Ag-NPs mixture solution was casted on the cleaned
glass substrates and subsequently heated in a hot air oven at 100 °C for 2 h. The thin

film was formed on the glass substrates by encapsulating Ag-NPs in the host polymer
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matrix. Thereafter, the characterization studies of the fabricated sensor films were

performed for further sensing application.

3.2.12. Procedure for Hg?* Sensing Experiments by Thin Film Sensor: All the
sensing experiments were carried out at room temperature. The Ag-NPs impregnated
polymer thin film was immersed into a beaker with Millipore water for a short period
of time and taken out for the measurement of absorption spectrum of the sensor film.
The spectrum was marked as initial or zero-minute spectrum for comparison study.
This process has been repeated at 3 minutes interval consecutively for 30 minutes with
the same sensor film. To observe the effect of Hg?* on the films, the beaker was filled
with known amount of the aqueous mercury ion (Hg?") solution (required amount of
mercury nitrate monohydrate (Hg(NOs3)2 ‘H20) was dissolved in Millipore water to
prepare aqueous mercury ion (Hg?*) solution). Similar to the aforementioned way, the
spectrum of the sensor films was monitored with 3 minutes interval for up to 12

minutes. A fresh thin film was used for each new experiment.

3.2.13. Procedure for Hg?* Sensing in Real Samples by Thin Film Sensor: Tap
water samples were collected from the laboratory and used as a model of real world
water samples. The used tap water samples were analysed in a National Accreditation
Board for Testing and Calibration Laboratory in the city and found no trace of
mercury in the samples. All the collected samples were filtered using 0.22 pm pore size
nylon disk and spiked with mercury at different concentration levels by dissolving
required amount of mercury nitrate monohydrate (Hg(NO3)2'H20) salt. Final
concentrations of mercury ions in the spiked tap water samples were 500 ppb, 1 ppm,
5 ppm and 10 ppm. For sensing, mercury contamination of the spiked tap water
samples were measured as described eatlier using our developed sensor and a
correlation was traced between the measured and the expected results (obtained from
the calibration equation) by comparing the differential absorbance intensity with

respect to the reference sample measured at zero minute.
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3.2.14. Synthesis of Carbon Dots (CDs): The highly fluorescent CDs were prepared
in aqueous solution through one-step hydrothermal carbonization of PVP, which is
similar to chemical reactions of chitosan under hydrothermal conditions [13], where
PVP served a dual role as both the source of CDs and as a passivating agent. First, the
aqueous PVP solution was prepared by dissolving 300 mg of PVP in 10 mL of water
under a stirring condition at room temperature. Then, the solution was transferred into
a 15 mL Teflon-lined stainless-steel autoclave and was placed into an oven to react at
200 9C for 6 hours. After the reaction, the system was then cooled down to ambient
temperatures naturally. The deep-brown aqueous product was collected and
centrifuged at high speed (10,000 tpm/min) for 15 minutes in order to remove any
insoluble or bigger particulates. Then the upper deep-brown aqueous solution was
collected and stored in the room temperature for further study. The formation of CDs

(pH — 6.5) were confirmed by the strong multiple emission.

3.2.15. Determination of the Standard Solution of Fe3* Ions: The determination of

Fe3* ions concentrations in the given aqueous solution was carried out as follows: 100

uL of the as-prepared CDs solution was added into 50 mL Millipore water to prepare
the stock solution (Fe3* ions sensor). A 2 mL aliquot of the stock solution was taken in
the cuvette to measure the emission spectra without and with different concentrations

of Fe3* ions, respectively.

3.2.16. Determination of the Standard Solution of F Ions: The determination of
F" ions concentrations in the given aqueous solution were carried out as follows: The
CDs-Fe?* nanocomposite complex (F ions sensor) was prepared by mixing the known
concentration of the Fe3" ions in the stock solution of CDs (final concentration of the

Fe3* ions in the CDs-Fe3* nanocomposite complex was 150 pM). A 2 mL aliquot of

stock CDs-Fe3* nanocomposite complex was taken in the cuvette to measure the

emission spectra without and with different concentration F ions, respectively.
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3.2.17. Procedure for F Ions Detection in Real World Water Samples:
Groundwater samples were collected from different drinking water tap in our institute

and used as model real world water samples. The collected samples were filtered using
0.22 um pore size filters and spiked with various known concentration ranges of
fluoride ions. For sensing, 10 pL of every ' spiked water samples were taken for the
analysis using our developed F ions sensor (final concentrations of F ions in the

solution were 10 pM, 50 uM, 150 pM, 300 uM and 450 uM respectively).
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Chapter 4

Spectroscopic Studies for the Potential Application in

Medical Diagnosis of Anemia

4.1. Introduction

Anemia is one of the most common global health problems affecting both developed
and developing countries; it has far-reaching and severe adverse effects on human
health and strongly affects socioeconomic development [1]. Approximately two billion
people-nearly 30% of the world population-are estimated to be currently anemic [2-4],
and women of reproductive age, pregnant and breastfeeding women and children are
the most vulnerable populations [5-7]. The 2015 World Health Organization (WHO)
fact sheets on the global statistics of anemia show that roughly 273 million (43%)
children, 32.4 million (38%) pregnant women, 496 million (29%) nonpregnant women
and 29% of all women of reproductive age are anemic [8, 9]. Therefore, anemia
detection and control activities should be an integral part of healthcare services,
particularly because an early diagnosis of anemia in the population is a proven means
of health promotion.

Hemoglobin measurement is usually dependent on the services of a well-
equipped clinical laboratory. The current gold standard, automated hematology
analyzers, use blood samples for precisely estimating hemoglobin concentration in a
laboratory setting [7]. Although this method is effective, it has several drawbacks.
Numerous other methods, such as HemoCue, hemoglobin color scale, copper sulfate
method, are available, but all of these methods require a high level of technical skills to
interpret and at least one drop of blood [10]. Invasive blood sampling is stressful and
painful for the patients and results in blood loss, which may induce anemia in infants
and infection at the sampling site [11]. In addition, the accuracy of the results are

heavily dependent on the skills of the operators [12]. Moreover, hematology analyzers
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are expensive [10] and the cost per sample is significantly high compared with older
manual techniques.

To date, the lack of a portable, easily operable, inexpensive and accurate device
has hindered the widespread adaption of anemia screening in public health programs
[13]. Most anemic women live in low-resource areas, where cost-effective and accurate
diagnosis of anemia is unavailable. These factors have encouraged researchers and
manufacturers to develop an economic and accurate noninvasive device for anemia
detection in point-of-care settings; such a device would increase the accessibility of
anemia screening and increase early diagnosis and treatment [14]. Some methods for
point-of-care noninvasive hemoglobin measurements, such as Pronto-7™ and Pulse
CO-Oximeter developed by Masimo Corporation (Irvine, CA), NBM-200 developed
by OrSense (Israel) and spectrophotometry, have been described in the literature [14-
18]. Most of these devices use a finger probe, and the technology is analogous to
noninvasive pulse oximetry, which measures the total hemoglobin level within a few
minutes. However, although these devices address many problems encountered in
older noninvasive devices, they have their own limitations [14], such as low precision
and accuracy [19] The accuracy and sensitivity of all noninvasive devices vary across
races (specifically, skin color) because of the variation of melanin concentration in skin
tissues [17, 20]. Moreover, they are not highly efficient and reliable as they frequently
produce erroneous results because of the limitations associated with direct access to
the blood or blood vessels and change in tissue morphology, shape and blood content
in the targeted area [17].

To overcome the aforementioned limitations and to realize several crucial
functions missing in the current noninvasive devices, we applied a spectroscopic
method and addressed many unavoidable requirements that are missing in the previous
noninvasive devices. In this paper, we present a noninvasive, noncontact and portable
device for hemoglobin estimation at point-of-care in human subjects. Our innovation
is based on the measurement of the spectroscopic signal emanating from the vascular

bed of the bulbar conjunctiva [21]. As the conjunctiva in all humans is transparent and
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has white sclera as background [22], the accuracy and sensitivity of the proposed device
are independent of the skin color of the subjects. The easy access to the conjunctiva
and its high vascular visibility ensures that the proposed device has high accuracy and
sensitivity. The other distinguishing features of this device include the following: (1)
Direct measurements of the hemoglobin level with extremely high precision and
accuracy and without interference from pathological conditions. (2) The noninvasive
and noncontact nature of the device, which is essential for use in neonates and virus-
infected maternal subjects. (3) Online monitoring and compatibility with mobile-phone
platforms for data transceiving, which facilitates the quick development of treatment
plans. (4) Almost zero maintenance costs. (5) Operable by minimally trained or nearly
untrained healthcare workers. Moreover, the proposed device can efficiently estimate
hemoglobin levels with high precision and accuracy and without requiring any blood
samples or chemical reagents at point-of-care. Furthermore, the generated report can
be instantaneously transmitted to a medical expert through e-mail, text messaging, or
mobile apps. Thus, the proposed device has high potential for further development

and commercialization.
4.2. Result and Discussion

4.2.1. Development and Validation of a Noncontact Spectroscopic Device for

Hemoglobin Estimation at Point-of-Care [23]:

4.2.1.1. Characteristic of the Conjunctival Spectrum: Oxyhemoglobin has a unique
characteristic optical spectrum over the visible light range, with absorption peaks at
approximately 414, 542 and 576 nm [24, 25]. Figure 4.1a presents an optical fiber and
spectroscopy—based absorbance setup for collecting and monitoring the diffused
reflectance spectral response of the blood flowing in the vascular bed of the bulbar
conjunctiva of human subjects (patent 466/KOL/2009). A spectrograph (STS-VIS)
with wavelength resolution of 0.47 nm and a white light-emitting diode (LED) source
[LS-450, with the preinstalled blue LED replaced with a white LED (196-00000-
WHT)] with wavelength range 430—700 nm (Ocean Optics, FL, USA) was used in our

72



study. A lab-grade optical fiber probe (Fiber-type UV-VIS; Ocean Optics) were used
for transmitting and collecting the light to and from the vascular bed of the bulbar
conjunctiva. The light from the light source is carried by the six surrounding fibers of
the probe (called excitation fibers) and is incident on the conjunctiva, and the single
fiber in the middle of the probe (called the collection/detection fiber) collects the
diffused light and transmits it back to the spectrograph [Figure 4.1a]. The collected
spectral response generated in the spectrograph is then transferred to a tablet

computer through a Universal Serial Bus (USB) connection, where it is processed using

,—Excitation Fiber
/
Detection Fiber '

0.53
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Figure 4.1. (a) Schematic representation of the proposed device. The light from the source is transmitted
through the six-channel excitation fiber and incident on the conjunctiva of the subject. The diffused light from
the conjunctiva is collected using the single-channel detection fiber and transmitted to the spectrograph. The
corvesponding spectral response is processed and generated in the tablet. (b) Comparative spectral response of the
conjunctiva of a normal volunteer and anemic patient.
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the custom-developed LabVIEW software. Figure 4.1b presents the collected
comparative spectral response of a normal volunteer with hemoglobin level 16.6 g/dL

and an anemic patient with hemoglobin level 8.7 g/dL.

4.2.1.2. Software Development: For automatic data acquisition and visualization of
the acquired spectra, the supporting software was designed on a LabVIEW platform.
First, the collected spectral response as generated in the spectrograph is transferred to
a tablet computer through a USB connection, where it is processed and displayed by
custom-designed LabVIEW software. The measured spectrum from the conjunctiva of
the patient is displayed online and can be used to analyze the medical condition of the
patient. Finally, the calculated hemoglobin level of the patient is displayed along with
suggested medical attention on the screen of the tablet computer. Figure 4.2a illustrates
the sequential program flow diagram of the developed software. The instrument is first
initialized to its power-on status. Then, the software creates a folder for a given subject
name to store the data and hemoglobin level of the subject. To achieve sufficient
signal-to-noise (S/N) ratio in the collected data (spectrum), we set 2 sec as the
integration time throughout this study. The integration time was determined at the
time of reference-spectrum collection. The reference spectrum is collected using a
standard scatterer (WS-1 Reflectance Standards, Ocean Optics) with a spot size of
diameter approximately 0.7 cm; the perpendicular distance between the reference
surface and the probe tip was maintained at approximately 1.5 cm by adjusting the
integration time (2 sec). The dark spectrum is acquired in the presence of ambient light
by turning off the source LED. The length of the optical spectrum intensity array is
fixed on the basis of the pixel number of the detector. Accordingly the corresponding
wavelength array (one-dimensional array) is determined. The pre-acquired dark
spectrum and reference spectrum, which were acquired each day before starting the
data collection, are then read from the preloaded file location for spectrum processing
and baseline correction. The software is then ready to read the optical spectrum

processing and baseline correction. The software is then ready to read the optical
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Figgure 4.2. (a) Sequential program flow diagram of the developed software designed on a Labl/ IEW
Platform for noncontact online monitoring of hemoglobin level in humans. (b) Typical reference and dark
spectra.

spectrum intensity array from the subject and generate the processed spectrum array

from the dark, reference and sample spectra by using the below equation.

Sample spectrum— Dark spectrum

Processed spectrum = —logyg [ 4.1)

Reference spectrum—Dark spectrum
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Figure 4.2b shows the typical dark and reference spectra. The boxcar width (= 4) is
then fixed to generate a smooth online graph by bundling the wavelength and
processed spectrum array; this processing removes noise by averaging the values of the
adjacent pixels and therefore improves the S/N ratio at the expense of optical
resolution. The online graph and data are automatically saved in the folder location
with a sound alarm only when the absorbance intensity of the spectrum at 600 nm is
between 0.38 and 0.42. Setting this narrow range of absorption ensures the collection
of spectral data from the spot size of diameter approximately 0.7 cm on the
conjunctiva. This spot size is the same as that used to acquire the reference spectrum.
Subsequently, the software asks the user to either end the data acquisition by ending
the loop or to repeat the measurement on the same subject.

Using this developed software we collected 302 participants’ data to calibrate
our instrument for hemoglobin measurements. The calibration equation was
incorporated into the software [Figure 4.2a] for calculating the hemoglobin level from
the acquired spectrum. Now the software can also display and save the calculated
hemoglobin value following the earlier data saving conditions. The hemoglobin level of
the patient is calculated using the differential absorption of light of wavelength 576 and
600 nm. On the basis of the calculated hemoglobin level, the online display indicator
classifies the data of the patient as being within or outside the anemic region. Finally,
the acquired absorbance spectrum and the displayed hemoglobin level are stored in a
folder (labelled with the name of the patient), and a comprehensive medical report is
instantaneously generated and sent to the doctor and patient through e-mail and text
messaging for offline use. We have ensured that the user interface of the software is
appropriate for use by personnel with zero or minimal medical and instrumentation

knowledge.

4.2.1.3. Calibration and Validation of the Device: The study included a total of 493
patients (including 276 males, 74 of whom were children) with a variety of age group
ranging from 4 to 76 years (mean age * standard deviation (SD) = 27 £ 13 years). All

data were collected using our device in the blood collection room of the outpatient
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department of Nil Ratan Sircar Medical College and Hospital, Kolkata, following the
standard ethical guideline approved by the local medical ethics committee
(No/NMC/443, Dated — 25/01/2016). A duly signed consent form was obtained
from the patients or their legal guardians stating their acceptance, involvement and full
understanding of the study. All ethical guidelines, including participant confidentiality
and legitimacy, were followed. The study was conducted in two stages. In the first
stage (Stage I), the device was calibrated, and in the second (Stage II), the accuracy of
the software-driven device was measured and compared with that of the gold standard.
The proposed device collects the spectroscopic signal of the blood from the
human conjunctiva. We choose the conjunctiva of human eyes as the target organ to
estimate the hemoglobin concentration as it is easily accessible, hosts well-oxygenated
blood containing high-density vascular bed [26] and has high vascular visibility with a
white background in all human subjects. In addition, the noncontact nature of our
method ensures no change in tissue morphology, shape and blood content in the target
area. Although, the effects of low hemoglobin saturation on our measurements are
unknown, the study by MacKenzie et al. showed that the blood in the bulbar
conjunctival microvasculature is always highly saturated with oxygen [26]. These
advantages ensure that the proposed device can measure hemoglobin concentration
with high accuracy and precision and without any interference from the other
pathological conditions in subjects from all races. Figure 4.1b presents the spectral
response of a normal volunteer and an anemic patient. There was an obvious
difference in their absorbance spectra, clearly indicating the concentration of
hemoglobin is much higher for the normal volunteer compared to the anemic patient.
For device calibration (Stage 1), 302 patients (including 168 males, 48 of whom
wete children) of all age groups with hemoglobin levels ranging from 3.4 to 17.9 g/dL
were randomly selected for data collection; their information is listed in Table 4.1. The
acquired data were then processed to enable quantitative comparisons with the blood
hemoglobin levels obtained using the automated hematology analyzer. It has already

been reported that the absorbance maxima of the blood at around 576 nm wavelength
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is directly related to the hemoglobin concentration present in the blood [24, 25].
Different characteristic wavelengths over the collected spectrum were selected for
assessment, and the differential absorbance of light of wavelength 576 and 600 nm was
found to be highly consistent with the blood hemoglobin levels of the patients. Figure
4.3 presents the dependency of the instrument index values (ie., differential

absorbance at 576 and 600 nm) with blood hemoglobin levels. Cleatly, there is a linear
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Figure 4.3. Device calibration: linear regression of the hemoglobin level from the blood test and the
instrument index value from our device (r = 0.92) with 95% CI and 95% prediction intervals.

dependency between the instrument index values and blood hemoglobin levels. To
calibrate the device and to determine the direct correlation with blood hemoglobin
levels, the clinically measured hemoglobin levels (measured using a standard automated
hematology analyzer) were plotted against the instrument index values. The linear
regression curve with the 95% confidence intervals (CI) and 95% prediction intervals is
shown in Figure 4.3. The Pearson correlation coefficient r = 0.92 and the statistical
parameters P value < 0.0001 and F value = 1407.49 indicate a strong correlation
between the hemoglobin levels and the instrument index values. The calibration
equation obtained from the linear regression curve was y; = 115.533x; + 3.507, where
y; represents the hemoglobin level and X; represents the instrument index value. We
used this equation in the LabVIEW software to estimate the hemoglobin level from

the spectral information obtained using our device.
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Table 4.1. Statistics of the patients’ information.

For Calibration For Validation
Patients N=302 N=191
27113 26+12
Age (Yr.) (95% CI: 25; 28, CV: (95% CI: 25; 28, CV:
49.15%) 49.15%)
Sex Ratio M/F 168/134 108/83
10.46%3.36 (95% CI:
10.15£3.43 (95% CI:
Hb Value (g/dL) ) o 9.98;10.94; CV:
9.76; 10.53; CV: 33.77%) 32.15%)
Stage of Anaemia
Severely Anaemic (3-7) N=63 (20.8%) N=31 (16.2%)
Anaemic (7-11) N=120 (39.7%) N=78 (40.8%)
Normal (11-18) N=119 (39.4%) N=382 (42.9%)
Diagnosis
Iron Dt?ficiency N=18 (5.9%) N=11 (5.7%)
Anaemia
Thalassemia N=17 (5.6%) N=17 (8.9%)
Leukemia N=25 (8.3%) N=14 (7.3%)
Other ;"Xnaemia N=20 (6.6%) N=15 (7.9%)
(aplastic etc.)
Other Disorders N=18 (5.9%) N=12 (6.3%)
Not Diz}gnosed N=114 (37.7%) N=72 (37.7%)
(Screening)
Normal Volunteer N=90 (29.8%) N=50 (26.2%)
Transfusion (within 6 N=22 (7.3%) N=18 (9.4%)
months)

N: Sample Size; 95% CI: 95% confidence interval of Mean, CV: Coefficient of variation, Hb: Hemoglobin
concentration (g/ dL.).

In the field of clinical measurement, a new measurement technique must often
be compared with an established technique to evaluate whether the outputs of
technique are sufficiently consistent for the new technique to replace the old one. Such
investigations are often conducted through the Bland—Altman method [27]. Hence, to
the statistical significance of the proposed noncontact and noninvasive optical
device for online assessment of the hemoglobin level, correlation and regression

analyses were used following the reported literature [28-30]. For assessing the

agreement between the outputs of the conventional technique (automated hematology
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analyzer) and the proposed optical device, the Bland-Altman method was used to

determine the correlation coefficient [27].

To compare the proposed point-of-care noninvasive hemoglobin detection

method with an established conventional technique (the Stage II), a total of 191

patients (including 108 males, 26 of whom were children) of all age groups with

hemoglobin levels ranging from 3.9 to 17.9 g/dL wetre randomly selected. Their

information is listed in Table 4.1. Figure 4.4a represents the linear regression analysis
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with the 95% CI and 95% prediction intervals. The linear regression results (Pearson
correlation coefficient r = 0.965, P value < 0.0001, F value = 2562.86, slope = 1.013
and intercept = —0.038) indicate a strong correlation between the two methods. For a
more adequate comparison of the two methods, we applied the Bland-Altman method,
which measures the agreement between two repeated measurements and the strength
of the relationship between the measurements by using a plot of the difference
between the methods against their average value [Figure 4.4b] [31, 32]. A direct
compatison of the two methods using this method yielded a bias of 0.082 g/dL and
SD of 0.921; 95% CI for the bias was —0.049 to 0.214 and 95% limits of agreement
[mean * 2SD] were —1.723 to 1.887 g/dL [Figure 4.4b]; 95% limits of agreement
means that 95% of the differences are assumed to lie within these limits and how far
apart the measurements obtained using the two methods are likely to be for most
individuals. The accuracy of the proposed method relative to the reference method was
calculated using the accuracy root mean square (Arwms) as \ (|mean bias]? + [SD]?) [15].
The obtained Arus of our method throughout the hemoglobin range was 0.924 g/dL,
which indicate the high accuracy of the method. These results exhibit strong agreement
between the conventional method and the proposed noninvasive as well as noncontact
method of anemia detection.

Compared with laboratory reference values, the overall bias * the limits of
agreement was 0.082 = 1.805 g/dL for the proposed device, which is significantly
lower than that the commercially available noninvasive and invasive hemoglobin
monitoring devices such as Radical-7® Pulse CO-Oximetry (—0.02 + 2.724 ¢/dL),
HemoCue®201+ (—0.17 £ 2.058 g/dL), HemoCue point-of-care device (—0.4 £ 2.6
g/dL) and hemoglobin monitoring using capillary blood (—0.4 * 2.6 g/dL) [15, 16, 33].
Compared with laboratory reference values, noninvasive hemoglobin measurement
with the proposed device has absolute and trending accuracy similar to those of widely
used noninvasive and invasive methods of hemoglobin measurement. The proposed
method is especially useful in low-resource settings, where conventional hematology

analyzers are cost-prohibitive.
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Furthermore, the proposed device can efficiently classify anemia in the patient
into the different stages defined by the WHO, the severe anemia, <7 g/dL; mild
anemia, 7-11 g/dL; and normal rage above 11 g/dL [6, 25]. Thetefore, for effective

screening test, detection of hemoglobin level upto 11 g/dL. with high precision and
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accuracy is the main goal of our invention. According to the defined anemic range we
classified our all the results into three regions according to the aforementioned ranges
[Figure 4.5]. Figure 4.5a presents the linear regression analysis for the samples in which
the hemoglobin level exceeds 11 g/dL (n = 82; r = 0.854, P value < 0.0001, F value =
198.10, slope = 0.983 and intercept = 0.349), and Figure 4.5b depicts the Bland—
Altman plot of two successive measurements made using the two different methods
(mean =—0.112 g/dL, SD = 1.138 and the calculated accuracy (Arws) is = 1.143 g/dL).
The correlation coefficient between the proposed device and laboratory-measured
hemoglobin is the indication of good agreement between the two methods of
measurement. The promising results imply that the device can detect and differentiate
hemoglobin levels ranging from 11 g/dL to onwards with high accuracy.

On the other hand the CBC results revealed that the hemoglobin levels were 7—
11 g/dL in 78 samples; Figure 4.5¢ presents the corresponding linear regression, which
confirms that the clinical hemoglobin level measured using the automated hematology
analyzer correlates strongly with the hemoglobin level measured using our noncontact
device (r = 0.865, P value < 0.0001, F value = 206.12, slope = 0.985 and intercept =
0.233). In addition, the Bland—Altman method yielded a bias of —0.099 g/dL and SD
of 0.713; the 95% CI for the bias was —0.260 to 0.061 and 95% limits of agreement
were —1.498 to 1.298 g/dL [Figure 4.5d]. The high accuracy of the device (Arms =
0.719 g/dL) in this region highlight the strong potential of the device. These results
indicate that the output of the noncontact anemia detection device is highly consistent
with that of the conventional method. The 95% limits of agreement suggest that the
device is relatively more sensitive in the anemic region.

Lastly, to establish the performance of the device in the severe anemia region,
31 samples were analyzed. Figure 4.5¢ and f presents the linear regression analysis (r =
0.853, P value < 0.0001, F value = 77.25, slope = 0.962 and intercept = 0.168) and the
Bland—Altman plot (bias 0.043 g/dL, SD 0.542, 95%, CI for the bias, —0.154 to 0.241
and 95% limits of agreement, —1.014 to 1.101 g/dL), both of which reveal a strong

correlation and agreement between the two methods. The accuracy of the device (Arms
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= 0.54 g/dL) in this region is highly comparable with commercially available devices.
These promising results validate the ability of device to detect severe anemia with
extremely high accuracy. The Bland-Altman analysis confirmed that the proposed
device is highly sensitive in the anemic region, more than that in the normal region,
meaning that the device can accurately diagnose even the mildest forms of anemia as
well as nonanemic participants’ hemoglobin level and different degrees of
polycythemia.

Finally, according to the CBC results, of the 191 samples with hemoglobin level
in the 3.9-17.9 g/dL range, 109 had anemia (<11 g/dL); among the 109 anemic
samples, 31 were severe anemia. The corresponding results, obtained using our method
are as follows: 112 patients were classified as anemic, among whom 35 were classified
as having severe anemia. These results indicate that in the clinically most significant
region (i.e., in the anemic region, <11 g/dL), the petformance of the proposed device
is highly consistent with that of the current gold standard and that the device can
determine anemia efficiently with extremely high accuracy. This device thus has the
potential to provide CBC-quality measurement of total hemoglobin in point-of-care
and austere medical environments, which do not have direct access to laboratory
equipment. Moreover, the device is useful for diagnosing patients with any degree of

anemia in low-resource settings in any region of the world.

4.2.1.4. Repeatability Test: To demonstrate repeatability, the hemoglobin levels of 56
patients were measured repetitively using the proposed device. We found the
outstanding precision between the two back-to-back measurements in the same subject
by the same observer. The calculated SD and mean were almost the same in both
measurements, with highly significant intraclass correlation (correlation coefficient r =
0.983, P value < 0.0001). Linear regression analysis as shown in the Figure 4.6a further
confirmed that the accuracy of the two measurements (F value = 1498.26, slope =
0.994 and intercept = 0.084). Figure 4.6b presents the Bland-Altman plots of the

measurements, wherein each point represents one patient (throughout the hemoglobin
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Figure 4.6. Device repeatability: (a) linear regression analysis for two successive hemoglobin measurements in
the same subject by the same observer and (b) the corresponding Bland-Altman analysis.

range, mean bias = 0.03, SD = 0.633, 95 % limits of agreement = —1.212 to 1.272
g/dL and Arms = 0.634 g/dL). Ideally, the bias should be zero; the instrumental bias
for our device was 0.03 g/dl., which is close to zero and exerts neatly no effect on the
clinical hemoglobin measurement. These results suggest that the proposed non-

invasive as well as noncontact device has excellent repeatability.

4.2.1.5. Reproducibility Test: Reproducibility of the device was assessed by measuring

the clinically significant samples of 50 patients’ hemoglobin levels two times in the
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Figure 4.7. Device reproducibility: (a) linear regression analysis for two successive hemoglobin measurements
in the same subject by two independent observers and (b) the corresponding Bland-Altman analysis.

same subject by two independent observers. We found marvelous precision between
two back-to-back measurements in the same subject by two independent observers.
The measurements were highly precise, with nearly the same SD and mean values in
both measurements and a significant correlation in the linear regression analysis
(correlation coefficient r = 0.975, P value < 0.0001, F value = 993.68, slope = 0.982
and intercept = 0.134) [Figure 4.7(a)]. Moreover, the Bland—Altman analysis yielded a
bias of —0.052 g/dL, SD of 0.679, 95 % limits of agreement of —1.382 to 1.278 g/dL
and Arms = 0.681 g/dL [Figure 4.7(b)]. The two measurements exhibited a
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nonsignificant bias and a close agreement. These results indicate that the proposed

noncontact device has high reproducibility.

4.3. Conclusion

We proposed a simple diffused reflection measurement technique for assessing
hemoglobin levels and demonstrated that the vascular bed of bulbar conjunctiva is an
ideal target area for this device. Through this spectroscopic method, which is invariable
to skin color, age and sex of the subject, we developed an inexpensive, noncontact,
highly reliable and efficient practical device for the online monitoring of hemoglobin
levels in low-resource point-of-care settings. Moreover, the device can instantaneously
transmit the generated report to a medical expert through e-mail, text messaging, or
mobile apps. Furthermore, the device can classify the measured data into different
degrees of anemia. In the clinically most significant regions [i.e., in the severe anemic
region (<7 g/dL) and mild anemic region (7-11 g/dL)], the device has absolute and
trending accuracy similar to those of widely used invasive methods of hemoglobin
measurement. Moreover, this proposed noncontact, feasible and inexpensive device
for rapid anemia screening with extremely high precision and accuracy has high

potential for further development and commercialization.
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Chapter 5

Development of Optical Fiber-based Diagnostic Strategy

for Direct In-vivo Measurement of Reactive Oxygen

Species (ROS) in Animal Model

5.1. Introduction

Molecular oxygen is one of the most important elements for living beings on the earth
because almost all living organisms utilize oxygen for respiration and energy
generation. But oxygen’s derivatives, reactive oxygen species (ROS), can be very
detrimental. The generation of ROS has been implicated in the onset and progression
of several diseases (e.g., neurodegeneration, diabetes, cancer and atherosclerosis) [1].
These species were thought only to be released in host defense roles by phagocytic
cells; however, it is now clear that at molecular level, ROS exhibit signaling and cell-
function-modifying roles for many biological systems [2, 3]. They are easily inter-
converted and can subsequently react with larger biological molecules, causing chain
reactions to occur, which can lead to changes in both the function and structure of
cellular components. Oxidative stress is essentially an imbalance between the
production of ROS and the ability of our body to counteract or detoxify the harmful
effects through neutralization by antioxidants. Several analytical approaches have been
used to detect ROS using nanoparticles, chemiluminescence, various fluorescence
probes, mass spectrometry probes etc. [4, 5]. However, all of the techniques have some
relative advantages as well as disadvantages too. Among these fluorescence probes, 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) is the most widely used one for
detection of intracellular oxidative stress. The probe is added to cells in culture and the
intracellular oxidation of 2,7-dichlorodihydrofluorescein (DCFH) results in formation
of a fluorescent product, 2,7-dichlorofluorescein (DCF), which can be monitored by

several  fluorescence-based  techniques (confocal microscopy, spectroscopic
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fluorescence detection, flow cytometry etc.) [6, 7]. This type of fluorescence techniques
using some specific fluorophores are usually applied for detecting oxidative stress in
cellular environment [8, 9]. However, use of these fluorescent probes in applications
such as zz-vivo measurement of oxidative stress is sparse in the literature. Direct zn-vivo
measurement of oxidative stress using specific fluorescence probes with negligible
additional cytotoxicity remains a great challenge to the researchers. Some other
analytical techniques for oxidative stress detection such as nuclear magnetic resonance
(NMR), electron paramagnetic resonance (EPR), derivatization with attendant mass
spectrometric (MS) analysis and liquid scintillation counting can also be quite useful
but are less portable and often require highly trained technical expertise making the
techniques to be highly expensive [7]. The aforementioned factors encourage us to
develop a cost effective, simple, efficient and non-invasive or minimally-invasive
technique for direct oxidative stress measurement.

The combination of optical fiber-based probes and DNA-based biomaterial
offers an attractive non-invasive or minimally-invasive novel approach for various
applications in biomedical and environmental sensor design [10, 11]. In this study we
have attached a fluorescent probe to the fiber tip surface through DNA-based
biomaterial matrix assuring negligible discharge of the probe to the solution under
investigation for the direct or localized measurement of ROS [10, 11]. DNA, ‘the
molecule of life’ has been used extensively for biomaterials development in the last few
decades [12]. Among different types of DNA based biomaterials the DNA-Ilipid
(surfactant) complex is most popular [13]. On the other hand, Fiber-Optic Sensors
(FOS) are popular since 1987 [14] as FOS based system can be handled by any non-
expert with little or no knowledge of instrument handling. In some recent reviews the
development of Fiber-Optic Biosensors (FOBS) and Chemical Sensors (FOCS) has
also been summarized [15-18]. However, reports on the direct /z-vivo measurement of
ROS or oxidative stress in biological systems are limited in the contemporary literature.
There are few reports on potential FOS tools for the detection of hydrogen peroxide

[19], with limited portability, cost-effectiveness and versatility. On the other hand,
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there are several reports on the offline measurement of ROS [7, 20, 21]. However, cost
effectiveness and versatility in the measurement capability, which are essential for the
conclusive diagnosis of oxidative stress in a physiological condition have been
profoundly compromised in the reports. In the given context, development of a highly
efficient, portable and inexpensive DNA-based FOS for direct measurement of
ROS/oxidative stress in physiologically relevant environments is the motivation of the
present work.

In this work, salmon sperm DNA, a waste product of fish-processing industry,
is used to produce sensor biomaterial. The highly water soluble DNA forms complex
polymers upon interaction with cationic surfactants. The complex is insoluble in water
but completely soluble in alcohol [22], which is not only privileged in terms of casting
DNA thin-films over any surface but also supreme for sensing applications. We have
utilized the exceptional affinity of DNA towards different dyes in order to encapsulate
DCFH into the DNA-complex matrix [23]. The DCFH is impregnated into the DNA
matrix during the complexation reaction with a cationic surfactant, CTAB
(cetyltrimethyl ammonium bromide) in aqueous solution. The DCFH entrapped
biomaterial (DNA-DCFH-CTAB complex) eventually dried and re-solubilized in
alcohol. We have sensitized a chemically etched fiber tip by dipping the tip into the
biomaterial in alcohol solution and dried in air for a minute (dip-coating) for direct
measurement of ROS/oxidative stress in physiologically relevant environments. The
regenerative use of the fiber tip can be achieved by wiping the fiber tip using ethanol
followed by further dip-coating of the tip. Here, we have followed the increase in
fluorescence intensity and quenching of fluorescence intensity of the sensitized fiber
tip upon interaction with well-known ROS generator (Mn3O4 nanoparticles: NPs [24])
and ROS quencher (sodium azide: NaNj; [25]), respectively. The effects of blood
phantom (aqueous hemoglobin solution) and real blood (mice model) on the sensitized
fiber tip have also been studied. The fluorescence of sensitized fiber tip gets increased
depending upon the concentration of ROS present in the blood phantom/blood

samples. Picosecond time-resolved studies on the sensitized fiber tip in presence of
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ROS with hemoglobin (Hb)/blood samples have confirmed the reabsorption of
fluorophores’ energy by Hb/blood. In order to assess the effectiveness of the sensor

fiber tip, ROS was monitored directly in anaesthetized mice.
5.2. Result and Discussion

5.2.1. DNA-based Fiber Optic Sensor for Direct In-vivo Measurement of

Oxidative Stress [26]:

5.2.1.1. ROS Generation Activity of Mn3O4 Nanoparticles: 1n this study, we used
citrate functionalized Mn3O4 nanoparticles as a ROS generating agent|[27]. The UV-Vis
spectra of the as prepared NPs (200 pL in 2 mL water: 25 uM) is shown in the Figure
5.1a (blue color). The absorbance maxima at around 290 nm (data not shown) and 429
nm correspond to the high-energy ligand-to-metal charge transfer transition (LMCT)
involving citrate-Mn** interaction and Jahn-Teller (J-T) distorted d-d transitions
centered over Mn’* ions respectively [24]. In order to observe the ROS generation
ability of the NPs in aqueous media a fluorescent probe DCFH was employed.
Oxidation of DCFH by ROS, converts the molecules to DCF, is which highly
fluorescent. The prepared DCFH solution was characterized by the absorbance as well
as the fluorescence spectra. Figure 5.1a shows that the absorbance of DCFH at around
500 nm is increasing with time from zero to finite values in presence of NPs. For more
convenience the time dependant change in absorbance of DCFH at 500 nm in
presence and absence of NPs are shown in the inset of the Figure 5.1a. In addition the
excitation spectra of DCFH monitored at 530 nm with time is shown in Figure 5.1b.
Figure 5.1b also reveals the strong emission of DCFH at around 520 nm, upon
excitation at 480 nm, in presence of NPs. The above results indicate that the NPs are
efficient generator of ROS, which oxidise the non-fluorescent DCFH to highly
fluorescent DCF. In order to investigate the ROS generation efficiency of the NPs, the
time dependant fluorescence at 520 nm of the DCFH in presence and absence of NPs
is observed (inset of Figure 5.1b). The observed result indicates that the NPs can

efficiently generate ROS for more than 15 minutes.
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Figure 5.1. (@) Ul -vis absorption spectra of DCFH in presence of Mn;O, NPs with time and Mn;0,
NPs (Blue) in aqueouns medium. Inset shows the reaction kinetics of DCFH in presence and absence of

Mn;O, NPs. (b) Steady-state fluorescence emissions (A,. = 480 nm) and excitation (A,, = 530 nm) spectra
of DCFH in absence and presence of ROS' generator NP (Mn;O,) with time. It has to be noted that the
emission peak of DCFH appears at 520 nm. The excitation spectra are collected at detection wavelength of
530 nm to measure complete pattern. Inset shows the reaction kinetics of DCFH in absence and presence of
ROS generator NPs.

5.2.1.2. Characterization of the DNA-based Biomaterial Coated Fiber Tips:
After preparation of the biomaterial and the fiber tip, the DNA-based biomaterial was
coated on the etched fiber tip by dip-coating. The overall fiber tip preparation and
sensitization with the biomaterial is shown schematically in Figure 3.11a. The SEM
image of the biomaterial coated fiber tip (sensor tip) confirmed the sharp needle like

shape of the sensitized fiber tip (Figure 3.11a). The comparative microscopic images of
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Figure 5.2. The comparative study of different biomaterial coated fiber tips under bright field (Integration
time (t) = 50 ms) and UV excitation (t = 500 ms): (a) DNA coated fiber tip, (b) DINA-Biomaterial
coated fiber tip before interaction with NPs, (¢) DNA-Biomaterial coated fiber tip after interaction with NPs.

different biomaterial coated fiber tips under bright field (Integration time (t) = 50 ms)
and UV excitation (t = 500 ms) are presented in Figure 5.2. We considered three
variants of the biomaterial for our study namely (a) DNA, (b) DNA-DCFH and (c)
DNA-DCF (CTAB was common for all). As shown in Figure 5.2, all the observations
under bright field were almost the same. However, under UV excitation the fiber tip in
the panel (a) was invisible and those in panels (b) & (c) were visible. Though the
concentration of biomaterial present in both the fiber tips ((b) & (c)) were same but tip
shown in panel (c) fluoresces exceptionally high due to the interaction with NPs.
Because in presence of NPs (ROS generator) very low-fluorescent DNA-DCFH was
converted to highly fluorescent DNA-DCF.

The indigenously developed experimental setup was used to collect the
spectroscopic signal from the biomaterial coated fiber tip, as shown in Figure 3.11b.
The emission and excitation spectra of the biomaterial coated fiber tip were recorded
under the experimental setup and represented in Figure 5.3a. A low green (at 530 nm)
emission was observed from the sensitized fiber tip upon the excitation at 500 nm
wavelength. However, no emission was observed from the fiber tip

before sensitization. The excitation spectra corresponding to Aem ~ 540 nm reveals the

97



(a) 510 nm After Sensitized

1000 1 530 nm

750

Aem 540 nm

500

Normalized Fluorescence

350 400 450 500 550 600

Wavelength (nm)
(b) 510 nm After Interaction

1000 A
o 900 530 nm
Q
5
3] 600 -
§ 750 1 Emission
g 300 - at 530 nm
= 5004 0 2
g 0 200 400 600 800 ’-3
IS Time (s) %
g 250 A Before Interaction
z. Aem 540 nr%\

O -

L Ll L] T L} L

350 400 450 500 550 600
Wavelength (nm)

Figure 5.3. Steady-state fluorescence emissions (A,. = 500 nm) and excitation (A, = 540 nm) of: (a) the
fiber tip before and after sensitization with DIN.A-based biomaterial. (b) the sensitized fiber tip before and
after interaction with Mn,O, NPs. Inset shows the fluorescence kinetic of the sensitized fiber tip in absence and
presence of Mn;O, NPs.

excitation wavelength maxima to be at around 510 nm. The emission maximum of the
DCF was shifted from 520 nm (in methanol) to 530 nm (in DNA-matrix) due to the
solvent effect. Significant increase in emission/excitation intensity of the biomaterial
coated fiber tip after interaction with Mn3O4 NPs was due to the ROS generation in
the solution by NPs. DCFH present in the biomaterial on the sensitized fiber tip, on
oxidation by ROS forms DCF showing an emission maximum at 530 nm is
represented in Figure 5.3b. Inset of the Figure 5.3b reveals that the fluorescence
intensity of the sensitized fiber tip is increasing with time due to the continuous
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oxidation of DCFH by the NPs in the test solution and is found to increase up to
about 8 fold within 15 minutes. The persistent increase in DCF fluorescence represents

the continuous ROS measurement ability of the sensor tip.

5.2.1.3. ROS Measurements in Aqueous Media: Different measurement times are
reported in the literature for using DCFH assay for ROS measurements, spanning
from minutes to hour [28, 29]. As shown in Figure 5.4, we investigated the
fluorescence kinetics of the sensor tip over 15 minutes of exposure to ROS generator
(NPs) with different concentrations. As demonstrated in Figure 5.4a, we observed an
increase in ROS generation with increasing concentrations of NPs in the solution
without any saturation in the fluorescence intensity. The observation reveals that the
probe fiber tip would be able to monitor the status of ROS of a given medium for at
least 15 minutes continuously. A control study on the probe fiber tip dipped into water
is also shown in the Figure 5.4a, revealing negligibly small auto-oxidation of DCFH in
the biomaterial. In another controlled experiment, we confirmed that the fluorescence
kinetics of the sensor tip after dipping into water for 1 hour shows comparable kinetic
profile with respect to the un-dipped tip. The observation concludes a negligible
leaching of the biomaterial including entrapped DCFH to the solution under
investigation. In order to confirm the increased oxidative stress in the solution
containing NPs, we used sodium azide (NaN3), which is a well-known ROS quencher
in aqueous solution [25]. As shown in Figure 5.4b, the extent of fluorescence
enhancement in the sensor fiber tip decreased with the increase in NaN3 concentration
in the test solution at a fixed NPs concentration (ROS generator). Therefore, the
nature of ROS was found to be singlet oxygen, as the oxidation of DCFH decreased
significantly in presence of NaNj3, a well-known singlet oxygen quencher [25, 30]. In
order to get a quantitative estimation of ROS in various environments including mice
blood, we calibrated the fluorescence enhancement of DCF in presence of different
measured amounts of H2Oz, a well-known ROS source in presence of Cu?* ions [25].
Thus, the concentration of ROS measured in our developed sensor tip is essentially

equivalent to the concentration of H2Oz [31]. Figure 5.4c shows the calibration
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Figure 5.4. The fluorescence kinetics (emission at 530 nm) of the sensitized fiber tip: (a) with increasing
concentrations of NPs (ROS' generator), (b) with increasing concentrations of NalN; (ROS' quencher) keeping

fixced NPs concentration (1.60 uM). (c) Calibration curve of relative fluorescent intensity obtained from the

reaction between DCFH and H,0, in presence of constant Ci’" ions (150 pM) with incubation time 15
minutes. The linear dependency is remarkable. Inset shows the relation between concentration of NPs and
equivalent H,O, concentration estimated from relative DCF fluorescence.
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relationship between the relative fluorescence intensity (F/Fo: F is the fluorescence
intensity of DCF in presence of ROS generator and Fy is the fluorescence intensity of
DCEF in absence of ROS generator) and H2O: concentration in presence of constant

Cu?* ions (150 pM). The calibration equation obtained from the linear regression curve

is F/Fo = 0.317x[H202] + 1.11, with the Pearson’s correlation coefficient r = 0.999.
We also calibrated the concentration of the NPs used in our present study as ROS
generator in terms of equivalent H2Oz concentration using the relative fluorescence of
DCEF in the corresponding solution as shown in the inset of Figure 5.4c. As shown in

the figure, the estimated ROS concentration values in the aqueous medium generated
by 0.13, 0.32, 0.64, 0.96, 1.28 and 1.60 pM NPs are found to be 2.30, 8.48, 13.54,
20.27,26.84 and 36.85 UM, respectively.

5.2.1.4. ROS/Oxidative Stress Measurement in Blood Phantom and Mice
Blood: Direct measurement of oxidative stress in physiological milieu is very difficult
due to following two important factors. Firstly, the concerned ROS are having very
short lifetime [32] revealing erroneous results upon detachment of test sample (e.g.
blood) from the main body. This fact requires an 7#-vivo placement of the sensor probe
to the main body. Secondly, the reaction of the sensor probe with the test sample
reveals toxicity in the main body during the measurements. Iz-vivo measurements
require a non-toxic sensor probe for the measurement of oxidative stress in
physiological milieu. Thus, oxidative stress assessment is usually performed by indirect
methods measuring ROS-induced oxidative damages on proteins, membrane lipids and
DNA, the most vulnerable biological targets for oxidative stress [33]. Although
thousands of articles have been attributed for evaluation of oxidative damage by
measuring the increase of protein oxidation, direct measurement of ROS in the
biological system is still missing. Here, we choose blood as a system for direct
monitoring of ROS levels. It is well known that red blood cells (RBC) may exert both
antioxidant and pro-oxidant activity because of the high-iron concentration [33].

Keeping this fact in mind we select hemoglobin (Hb) solution as a blood phantom for
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examining its pro and antioxidant activity. Figure 5.5a reveals that the fluorescence
intensity of the developed sensor tip significantly increases with time in presence of Hb
compared to that in control sample (water). The observation is consistent with the pro-
oxidant activity of Hb in the proximity of the sensor probe. It is also reported that Hb
shows antioxidant properties in environment with high oxidative stress [34]. Figure
5.5a presents how the ROS generation ability of NPs is reduced due to the presence of
Hb in the solution. The Figure also shows that even in the presence of fixed
concentration of ROS generator NPs (1.28 uM) the oxidation of DCFH was
dramatically decreased with increasing concentration of Hb resulting in a decrease in
the fluorescence intensity of the sensor tip. The above results reveal that the developed
sensor tip is able to efficiently measure the presence of ROS, the major cause of
oxidative stress in blood phantom.

In order to measure the oxidative stress in real blood, blood samples were
collected from retro-orbital sinus plexus of Swiss albino mice. Freshly obtained blood

samples were immediately diluted into two different ways and stored on ice prior to
analysis. For sample-1, 5 uLL of fresh blood was diluted in 4 mL of phosphate buffered

saline water. For sample-2, 5 pL of the same blood was diluted in 4 mL of phosphate
buffered saline water in presence of different concentrations of oxidant (NPs). The
ROS measurement study was carried out with our indigenously developed setup
(Figure 3.11b) using the prepared samples. As shown in Figure 5.5b, the fluorescence
intensity (at 530 nm) of the sensor fiber increases significantly in sample-1 compared
to that in buffer solution. The study demonstrates the pro-oxidant activity of the whole
blood. Figure 5.5b also shows that the fluorescence intensity of the DCF in presence
of sample-2 increases with increasing oxidant (NPs) concentration for a fixed
concentration of blood in the medium. The observation is consistent with the fact, that
the developed sensor would be able to measure oxidative stress and its different

extents in real blood sample.
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Figure 5.5. (a) The effect of Hb concentration on fluorescence kinetics of the sensor tip with fixed oxidant

(INPs) concentration (1.28 pM). (b) Oxidative stress measurement in mice blood with different concentrations
of oxidant (INPs). (c) Picosecond time-resolved fluorescence transients of the sensor tip in presence of NPs, NPs
+ Hb and NPs + Blood upon excitation at 510 nm wavelength. Inset shows the corresponding steady-state
[fluorescence spectra upon excitation at 500 nm wavelength.
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The inset of Figure 5.5¢ presents the steady-state fluorescence of the sensor
fiber in presence of NPs (ROS generator), Hb+NPs and whole blood+NPs in aqueous
solution. A significant quenching of the florescence intensity in presence of Hb and
whole blood is evident. In order to understand the photo-physical basis of the
fluorescence quenching, we performed picosecond resolved fluorescence transient
measurement monitored at 560 nm (excitation 510 nm) as shown in Figure 5.5c. The
fluorescence transients of sensor tip in presence of NPs exposed single-exponential
time constants with lifetime (1) of 3.4 ns, which remained unchanged in the presence
of Hb and whole blood. The results rule out any kind of exited state processes
including electron transfer and/or complexation of the biomaterial on the fiber tip and
Hb/blood in the aqueous medium, other than mere re-absorption of the fiber tip

emission by the Hb/whole blood [35].

5.2.1.5. Direct In-vivo Measurement of Oxidative Stress in Mice Model: 1n order
to validate the developed sensor in preclinical model, we induced mice with CCl4 to
generate oxidative stress [30]. To confirm the induction of oxidative stress in the CCly
induced mice, we evaluated some serum parameters (SOD, Catalase, AST, Total
Bilirubin and Lipid Peroxidation) which are conventionally considered as the potential
biomarkers [30]. SOD and Catalase are the two mutually supportive kingmakers of 7n-
vivo antioxidant defence system. SOD converts superoxide anions to H2Oz, which is
further converted to H20O with the help of GPx and CAT. SOD also inhibits hydroxyl
radical production. In our study, as shown inset of the Figure 5.6a, CCls caused
substantial downregulation of the SOD (~28.9%) and CAT (~32.9%) activities,
indicating the introduction of high oxidative stress. We further studied the effect of
CCls on liver function parameters as the liver serves as the primary target organ of this
genotoxic agent. Figure 5.6a presents both AST (~369.1%) and total bilirubin level
(~266.7%) were much higher than the respective control groups; further signifying
that free radicals induced severe liver damage. Rapid lipid peroxidation of the

membrane structural lipids was proposed as the basis of CCls liver toxicity. So, we
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Figure 5.6. (a) Comparison of conventional biomarker levels (serum and liver function parameters), which
are used to evaluate the oxidative damage, between the normal (control) and CCl, induced mice. (b) Direct in-
vivo measurement of oxidative stress in mice model by the developed fiber optics sensor. Inset shows the
corvesponding steady-state fluorescence spectra of the direct in-vivo measurement at the end (after 15 minutes).

monitored the levels of MDA, an index of oxidative damage and one of the
decomposition products of the peroxidised polyunsaturated fatty acids, to evaluate the
effect of CCly induction. As shown in Figure 5.6a, significant increase of MDA
(~125.0%) in the CCls-treated group strongly confirmed that the substantial oxidative
damage had been induced. All the results are tabulated in Table 5.1. The direct zz-vivo
measurements of oxidative stress in both normal (control) as well as CCly -treated mice
were carried out by our developed sensor for the comparisons (data were collected

following the describe method using the developed setup (Figure 3.11b). The obtained
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Table 5.1: Comparison of various oxidative stress markers between normal and CCl, intoxicated mrice.

Marker Normal CClyinduced | Change in % | p value
mice mice

SOD (U/mg protein) 45+0.3 32+04 28.9 0.0025
CAT (U/mg protein) 14.6 £ 1.2 98+ 1.1 32.9 0.0011
AST (IU/L) 81 +5.2 380 * 40.1 369.1 0.0006
BILIRUBIN (mg/dL) 0.3 = 0.04 1.1 £ 0.05 206.7 0.0001
MDA Content 20+ 3.1 45+ 4.2 125.0 0.0014
(mmoles/mg protein)
Measured ROS (uM)
using the proposed 416 £0.12 5.00 £ 0.20 20.2 0.0009
method

Data are expressed as mean X standard deviation (n = 4). p value computed nsing unpaired t-test
(parametric) with Welch’s correction. p <0.01 compared to normal mice.

results were then validated with the conventional biomarker levels which are used to
evaluate the oxidative damage as mentioned above. As shown in Figure 5.6b, the
collected fluorescence intensity (at 530 nm, up to 15 minutes) of the sensor from the
CCl4 induced mice is significantly different compared to the control one (normal mice)
at every time. The difference is evident in the steady-state fluorescence spectra also, as
shown inset of the Figure 5.6b. The concentration of ROS in the CCly induced and
normal mice are estimated to be 5.00 £ 0.20 pM and 4.16 £ 0.12 puM respectively

(p <0.01). The direct in-vivo measurement of oxidative stress in mice model is shown
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Figure 5.7. Schematic representation of the direct in-vivo measurement of oxidative stress in mice model by
the developed fiber optics sensor.
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schematically in the Figure 5.7. The above facts indicate the sensor result is well
consistent with the conventional biomarker levels for evaluation of oxidative stress.
The observed results also confirm the direct 7z-vivo oxidative stress measurement ability
of the developed sensor in the living animal models. Although a thorough study for
direct zn-vivo oxidative stress measurement is under investigation, the proof of concept
experiment clearly showed a promise for the direct zz-vivo measurement of oxidative

stress.
5.3. Conclusion

In summary, we have developed a DNA-based portable fiber optic sensor for the
direct zz-vivo measurement of oxidative stress in physiological milieu. Impregnated
DCFH assay in a water insoluble DNA-lipid complex at the sensitized tip of a
multimodal optical fiber is shown to play a crucial role in the sensing mechanism.
Significant increase in fluorescence intensity of the indigenously developed biomaterial
functionalized fiber tip is shown to be a key factor for the aforementioned sensing.
Moreover, the sensor is shown to monitor ROS/ oxidative stress efficiently and
continuously in the aqueous medium as well as in the biological samples, without
forming any complexations or reaction with the biological samples. To our
understanding, the scope for further development of the concept is extensive, which
offers great potential for the development of economical, portable devices for the
direct zn-vivo measurement of oxidative stress efficiently. In the future, our study is
expected to find relevance in the quick measurement of oxidative stress in human

subjects in a minimally invasive way.
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Chapter 6

Spectroscopic Studies for the Potential Application in
Environmental Pollution Monitoring of

Toxic Heavy Metal Ions

6.1. Introduction

In concern to the human and ecological health impacts, mercury (Hg) and its
compounds are considered as well-known toxic and environmental pollutant. Both
elemental and ionic mercury can be converted into organo-mercury species (like
methylmercury) by bacteria in the environment. These species can easily be bio-
accumulated in the food chain and are detrimental to the health of living beings [1, 2].
The sources from which living organisms can be subjected to mercury exposure
include water, air, soil and food [2-7]. Mercury exposure has adverse effects on the
cardiovascular system, heart, brain, kidney, lungs, central nervous system and immune
system of human beings and animals, as well as organic mercury exposure may cause
neurologic and mental disorders [2, 8-11]. One of the most usual and stable forms of
mercury pollution is water-soluble oxidized divalent mercury (Hg?*) ions, [9, 12] with
the maximum permissible level in drinking water and food being ~ 2 ppb [13, 14].
Therefore, the environmental monitoring and determination of low level (sub ppb)
concentrations of aqueous Hg?* heavy metal ions has become a vital as well as essential
need for our healthy society due to the potential impact of mercury ions on human
health and the environment. Several sensitive and selective methods have been
developed for qualitative or quantitative detection of Hg?* ion using various analytical
sophisticated instruments. Among many different kinds of sensors, optical sensors
have comprehensive advantages over other methods due to their versatility, specificity,
sensitivity and real-time monitoring ability with fast response time [13, 15]. In the past

decade, the commonly adopted techniques for mercury ion detection include atomic
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absorption spectrometry (AAS), atomic fluorescence spectrometry (AFS), inductive
coupled plasma mass spectrometry (ICP-MS) [16, 17] and electrochemical methods
[18]. However, these methods generally involve complicated operation procedures,
time-consuming and high costs, which greatly limit their practical applications for
routine assay of mercury ion detection [19, 20]. In recent years, a number of efforts
have been devoted to design various kinds of chemo-sensors targeting the detection of
mercury ions. Such sensors can be utilized for both qualitative and quantitative
detection of mercury ions using various analytical and sophisticated instruments [21-
24]. Although, the aforementioned methods are sensitive and selective, they are having
limitations in practical involving due to rigorous sample preparation and in certain
cases, the methods are unstable or not functional in aqueous medium [25, 26]. To
resolve such issues, noble metal nanoparticles (NPs) are extensively used in the past
few years for high sensitive, selective and cost-effective fluorescence based sensor
development. Recently, with the development of nanotechnology, fluorescence
quenching of fluorescent dyes by noble metal NPs have attracted remarkable attention
in biophotonics, material sciences, as well as sensor applications [27, 28]. Noble metal
NPs, in particular, silver nanoparticles (Ag-NPs), have recently emerged as an
important quencher in energy transfer/quenching based fluorescence sensor because
of their, strong absorption of electromagnetic waves in the visible region due to
Surface Plasmon Resonance (SPR) bands and tunable optical properties induced by
small changes in size, shape, surface nature and dielectric properties of the media [9,
29, 30]. Ag-NPs based sensors are relatively most efficient and sensitive compared to
Au-NPs based sensors because of the (more than 100 -fold) higher visible region molar
extinction coefficient of the Ag-NPs (1 X 108 to 6 X 101 M-lecm'!) compared to Au-
NPs [31, 32]. Although, Au-NPs have been widely employed as colorimetric reporters
due to the higher and tunable SPR absorption in the visible region. However, few
potential problems including sensitivity, selectivity and cost have also been reported in
the practical implementations of Au-NPs-based mercury sensors [5, 29, 33-35]. On the

other hand, Ag-NPs in solution have been used for sensing mercury based on the
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reduction of the SPR extinction; selectivity would be high as such reactions do not
occur with the majority of other transition metal ions. Naked eye visible Ag-NPs are
extensively used to alter the emission behavior of dye molecules because of their SPR
bands matching with the emission bands of the dyes [27, 36]. In addition, fluorescence
quenching is one of the most powerful methods used in medical science and material
science due to its sensitive and selective information about interaction between a dye
and quencher [26, 37]. Fluorescence intensity of a fluorophore is quenched upon
interaction with quencher through excited state reaction, ground state complexation
(static quenching), collisional interaction (dynamic quenching) or energy transfer [27,
37]. During the interaction between the dye and the NPs through the process of
Forster resonance energy transfer (FRET) or nanosurface energy transfer (NSET),
NPs work as an energy acceptor and the dye works as an energy donor [38, 39]. There
are various methods based on fluorescence/ FRET/NSET described in the literature
for Hg?* detection [13, 26, 27, 33, 36]. These are efficient techniques for the
determination of Hg?*; however, highly selective and ultrasensitive fluorescence-NSET
based “turn on” fluorescence mercury sensors are not frequently reported. In addition,
some of the fluorescence-NSET based Hg?* sensors are not highly selective i.e. suffer
from cross-sensitivity toward other metal ions, particularly Cu?*, Mn?* and Pb?*, and
on the other hand require time-effective, sensitive and economical operation that is
limited due to time-consuming and complex sample preparation with relatively high
cost of starting materials [40-43]. In the given context, development of a highly
efficient, low cost, ultrasensitive and highly selective NSET based Hg?" sensors and
polymer thin film based prototype sensor for rapid qualitative as well as quantitative
analysis of Hg?" in real world water samples is the motivation of the present work.

In this work, we report a highly efficient, low cost NSET based ultrasensitive
“turn on” fluorescence sensor and polymer thin film-based portable prototype sensor
device for Hg?* ions detection in the background of a wide range of competing heavy
metal ions. This report is devoted to study the steady-state fluorescence quenching of

the probe PVA-NPA by Ag-NPs and the interaction between them. “Turn on”
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fluorescence depends on the interaction between metal NPs (Ag-NPs) and Hg?* ions
in the solution. Picosecond time-resolved NSET studies on the ligands with the metal
NPs; confirm the excited-state energy transferred of fluorophores through the
nonradiative process to metal NPs. The emission of the fluorescence probe PVA-NPA
and Ag-NPs mixture solution is increased following the addition of Hg?* ions with a
short response time. The sensing mechanism is found to be based on amalgamation of
Hg?* with the NPs excluding the need for special functionalization of the NPs for the
development of “turn on” fluorescence mercury sensor and thin film-based mercury
sensor. The possible interaction between Ag-NPs and mercury ions within the polymer
matrix has been examined by transmission electron microscopic (TEM) studies.
Characterization of the thin film thickness is performed by using scanning electron
microscope (SEM). To the best of our knowledge, this is the first simple and
inexpensive portable sensor and prototype device for Hg?* ion detection in
environmental water samples with very high selectivity even in the presence of other

relevant transition metal ions.
6.2. Result and Discussion

6.2.1. Nanosurface Energy Transfer Based Highly Selective and Ultrasensitive

“Turn on” Fluorescence Mercury Sensor [44]:

6.2.1.1. Characterization and Interaction of Ag-NPs with PVA-NPA: The
prepared Ag-NPs were characterized by TEM imaging as well as UV-vis spectra.
Figure 6.1a represents the TEM image of the citrate capped Ag-NPs. The TEM images
reveal the spherical particles in shape with almost uniform size distribution. The
average diameter of particles has been found to be 10 nm (inset of Figure 6.1a). The
details crystallographic structural information on Ag-NPs was provided by HRTEM.
Figure 6.1b illustrates the HRTEM image of the NPs, showing continuous single
directional lattice fringes. The interplanar distance of the fringes measured to be about
0.23 nm corresponds to the interplanar distance of Ag [111] lattice planes [45]. The
UV-vis spectra of prepared Ag-NPs are shown in the Figure 6.1c (yellow color). The
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observed characteristic absorbance band peaking at around 395 nm due to SPR band
of the Ag-NPs also indicates the formed particle size is around 10 nm.[32] As shown in
Figure 6.1c, the fluorescent dye PVA capped NPA (PVA-NPA) exhibits an absorption
band peaking at around 332 nm. In addition to that, the absorption band of PVA-NPA
in the presence of Ag-NPs was shifting toward the absorbance maxima of Ag-NPs but
the absorbance due to Ag-NPs was unchanged. The absorbance maxima shift may be
due to the very strong and broad absorbance of Ag-NPs compared to PVA-NPA in
the overlapping region (pseudoshift) or the complex formation between them. The

deconvolution of absorbance spectra of PVA-NPA with Ag-NPs (inset of Figure 6.1c)
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Figure 6.1. (@) TEM image of Ag-INPs with an average diameter of 10 nm. Inset shows the sige
distribution of the Ag-INPs. (b) High-resolution TEM (HRTEM) image of Ag-INPs. (c) Ul "—vis
absorption spectra of Ag-INPs (deep yellow), PV A-INPA (blue) and P1”A-NPA in the presence of Ag-INPs
(red). Inset shows the curve deconvolution of PV.A-NPA in the presence of Ag-INPs. (d) Steady-state
Sfluorescence emission (A, = 340 nm) and excitation (A, = 420 nm) spectra of PV.A-NPA in the absence
and presence of acceptor (Ag-INPs).
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indicates a pseudo shift in the absorbance band of PVA-NPA in the presence of Ag-
NPs. All the absorbance spectra are represented after scattering correction following
the reported literature [46, 47]. As shown in Figure 6.1d, the strong emission of PVA-
NPA was found at around 420 nm, upon 340 nm excitation. A significant quenching
of PVA-NPA emission was observed upon addition of Ag-NPs, keeping fixed the
concentration of PVA-NPA in the solution. The Figure 6.1d also shows the excitation
spectra of PVA-NPA and PVA-NPA with Ag-NPs monitored at the emission peak
(420 nm). The excitation spectra for both PVA-NPA and PVA-NPA with Ag-NPs
show maxima at around 330 nm. In addition, the excitation spectra for PVA-NPA with
Ag-NPs also reveal the pseudo shift which is in accordance to the observations made

from the curve deconvolution of absorption spectra.

6.2.1.2. Quenching Mechanisms and Titration Study: Figure 6.2a represents the
steady-state fluorescence quenching of PVA-NPA in aqueous solution with increasing
concentration of Ag-NPs. Upon 340 nm excitation, the maximum emission
wavelength of PVA-NPA was at around 420 nm. In addition, the emission peak is
shifting toward higher wavelength with increasing concentration of Ag-NPs. The
observed peak shift and decrease in fluorescence intensity of PVA-NPA in the
presence of Ag-NPs can arise either due to excited state reaction or collisional
interaction (dynamic) or static quenching or both or even through nonmolecular
mechanisms where fluorophore itself or other absorbing species attenuates the
fluorescence intensity.[48]. The specified quenching mechanism can be determined by
lifetime measurements. Figure 6.2b represents the fluorescence transients of PVA-
NPA in the absence and presence of different concentrations of Ag-NPs (acceptor)
monitored at 445 nm. The fluorescence transients of PVA-NPA exposed
multiexponential time constants with an average lifetime (Tp) of 2.3 ns as tabulated in
Table 6.1. Furthermore, it has also been observed that the fluorescence transient for
the donor-acceptor system the average lifetime (1) decreases with the increase in Ag-

NPs concentration (Table 6.1) which indicates efficient energy transfer from PVA-

NPA donor to Ag-NPs acceptor.
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Figure 6.2. (a) Fluorescence emissions spectra (A, = 340 nm) of PV A-NPA with increasing
concentrations of Ag-NPs (0.00, 0.06, 0.12, 0.25, 0.37, 0.50, 0.62, 0.75, 0.87, 1.00, 1.13, 1.25, 1.37
and 1.63 x10° M). (b) Picosecond time-resolved fluorescence transients of the donor with increasing
concentrations of Ag-NPs (0.00, 0.18, 0.64, 1.10 and 1.65x10° M), upon excitation at 375 nm. (c) Plots
of B,/ F vs [Ag-INPs] at 420 nm (red) and tp/t vs [Ag-NPs] (A,. = 375 nm) (blue). Inset shows the linear
part of the plot of F,/ F vs [Ag-NPs].
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Table 6.1: Dynamics of Picosecond Time-Resolved Fluorescence Transients of PV.A-INPA in the Absence
and Presence of Different Concentrations of Ag-INPs (acceptor), Monitored at 445 nm.

Figure Samples Concentration | 1;(ps) T2(ns) T3(NS) | Tavg (NS)
of Ag-NPs
54 1.0 6.9
PVA-NPA 000 (53.4%) | (160%) | G05%) | =
48 0.9 6.6
-9
055107 M g6 40y | (15.7%) | 7.9%) | 20
Figure , Iy 1.0 5.7
620y | VA LOOSIOTM ) 6049 | 6.9%) | @27 | 12
NPA+Ag- 32 1.0 5.6
9 ' ’
NPs 330AIM 0o g0 | 0.4%) | asovey | M
30 0.8 5.1
9
AIXAIM a3 300 | (139 | asavy | 07

In order to understand the quenching mechanism, the relative change in
fluorescence intensity and average lifetime of PVA-NPA has been plotted as a function
of the quencher (Ag-NPs) concentration as shown in Figure 6.2c. For the collisional
(dynamic) quenching, the relative change in fluorescence intensity and average lifetime
is linearly related to the quencher concentration, as described by the well-known
Stern—Volmer (SV) equation [49].

Fo/F =1+ kqo[Q] = 1+ Key[Q] (6.1)
and To/T =1+ k,70[Q] = 1+ Kp[Q] (6.2)

where kq is the bimolecular quenching constant, To and T are the lifetime of the
fluorophore in the absence and present of quencher, respectively, [Q] is the quencher
concentration, Fo and F are the fluorescence intensities in the absence and presence of
quencher, respectively, Ksv is the Stern-Volmer constant and Kp is the dynamic
quenching constant. In the case of pure collisional (dynamic) quenching to/T = Fo/F
while for static quenching Fo/F increases but T remains unchanged i.e, T0/t = 1.|36,
49] As shown in Figure 6.2¢ for the quencher concentration below 1.13 x 109 M a
linear SV plot Fo/F vs [Q] (inset of Figure 6.2¢) with almost equal slope value of the
plot to/T vs [Q)] has been obsetved. The observed results indicate that the quenching

mechanism is purely collisional (dynamic) for the quencher (Ag-NPs) concentration
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lower than 1.13 x 102 M. Then it is possible to estimate the dynamic quenching
constant (Kp) and the Stern-Volmer constant (Ksv) based on eqs 6.1 and 6.2. It turns
out that Ksv and Kp are equal to 0.98 x 102 M-! and 0.93 x 109 M-! respectively. Now,
in the case of higher concentrations of Ag-NPs, the nonlinear upward curvature SV
plot (Figure 6.2c) suggests that maybe both dynamic and static quenching mechanisms
are occurring. When both static and dynamic quenching mechanisms occur, the SV

equation gets modified as [49],
Fo/F = (1 + kqtol@D(1 + Ks[QD) 6.3)

where, Ks represents the static quenching constant. In such a case the plot Fo/F vs [Q]
will have an upward curvature due to the [Q]? term, which accounts for the upward

curvature in our SV plots shown in Figure 6.2c.

6.2.1.3. FRET and NSET Studies: In order to rationalize the above quenching
phenomena picosecond resolved fluorescence spectroscopy was performed. As shown
in Figure 6.3a, a huge spectral overlap (overlap integral value [J/(1)] is equal to 1.06 X
101 M1 cm! nm*) between the emission spectrum of PVA-NPA and absorption
spectrtum of Ag-NPs makes these two entities excellent donor—acceptor pairs,
suggesting an efficient energy transfer (ET) between them. To confirm the resonance
type of energy transfer from PVA-NPA to Ag-NPs a picosecond resolved fluorescence
study was monitored at 445 nm upon excitation at 375 nm wavelength. The inset of
Figure 6.3b represents the steady-state fluorescence spectra of PVA-NPA in the
absence and presence of Ag-NPs that indicates the energy transfer occurs between the
donor and acceptor. For further confirmation, we measured the excited state lifetime
of PVA-NPA with and without Ag- NPs as shown in Figure 6.3b. The time constants
of the fluorescence transients at 445 nm for PVA-NPA and PVA-NPA with Ag-NPs
revealed multiexponential decay, with an average lifetime of 2.3 and 0.90 ns,
respectively. The details of the lifetime components of the transients are tabulated in
Table 6.2. A significant faster component observed in donor-acceptor system which
indicates efficient ET occurs from PVA-NPA to Ag-NPs. Upon utilization of the

FRET scheme [50] the donor-acceptor distance was found to be 18.13 nm. As the
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calculated donor-acceptor distance exceeds 100 A, the appropriate model for

our system is NSET, which typically occurs if donors are located too close to acceptors
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Figure 6.3. (a) Spectral overlap between emission spectrum of donor (PV.A-NPA) and the absorption
spectrum of acceptor (Ag-INPs). (b) Picosecond time-resolved fluorescence transients of donor in the absence and
presence of the acceptor, monitored at A,, = 445 nm. Inset shows corvesponding fluorescence emissions spectra
(A,. = 340 nm). (c) Picosecond time-resolved fluorescence transients of the P1/A-NP.A+.Ag-NPs complex
upon interaction with Hg'" metal ions, monitored at ,, = 445 nm. Inset shows corvesponding fluorescence
enmissions spectra (A,. = 340 nm). (d) TEM image of the complex PV A-NPA+Ag-NPs after interaction
with HZ" ions. Uper inset shows the HRTEM image obtained from the highlighted (red square) region and
lower inset shows the EDAX spectra.

Table 6.2: Dynamics of Picosecond Time-Resolved Fluorescence Transients of P17.A-NPA, P1V.A-NPA
+Ag-NPs and PV A-NPA+Ag-NPs+Hg ", Monitored at 445 nm.

Figure Samples T1(ps) T2(ns) T3(ns) Tavg(nS)
Figure PVA-NPA 54 (53.4%) a 61(())0 %) 3 06 '590 %) 2.3
6'28?)) PVA-NPA+Ag-NPs | 30 (73.3%) a 10 '380 %) a 55 'A}O %) 0.9
*30 PVI?I—)EFHA;?% >4 (49.4%) (231..500/0) (276..17%) 21
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surface [51]. In order to approve the NSET model, the distance between donor and
acceptor is determined to be 5.66 nm (do = 6.27 nm) from eqs 2.11 and 2.13,
respectively. Herein, we propose NSET from the donor PVA-NPA to the acceptor
Ag-NPs, as the measured donor-acceptor distance is comparable to the radius (~ 5
nm) of the silver NPs. Hence, it is worth emphasizing that the energy transfers from

PVA-NPA to Ag-NPs results in the quenching of PVA-NPA emission.

6.2.1.4. Sensing Mechanism for Detection of Hg?* Ions: In order to understand,
how the quenching phenomena as well as lifetime of the dye are affected by the metal
Hg?* ions, we furthermore performed the picosecond resolved fluorescence transients
at 445 nm for the quenched system in the presence of Hg?* ions. The inset of Figure
0.3¢ shows the drastic emissions of the quenched system in the presence of Hg?* ions,
which are almost same as the emissions of the PVA-NPA system, which indicates no
energy transfer occurs between the donor (PVA-NPA) and acceptor (Ag-NPs) in the
presence of Hg?* ions. For more confirmation we present the fluorescence transient
spectra in Figure 6.3¢c, which shows the decay lifetime of the donor-acceptor system in
the presence of Hg?" ions is similar to that in the PVA-NPA system. The detailed
lifetime components of the transients are tabulated in Table 6.2. The observed result
indicates “turn on” fluorescence as well as “turn off” NSET that is deactivation of
NSET phenomena are occurring in presence of Hg?* ions. This “on-off” phenomenon
is happening in the presence of Hg?* ions due to the aggregation [52, 53] of metal NPs
as well as the amalgam formation of Ag-NPs with Hg?* ions [14, 54, 55]. The amalgam
formed by reduction of Hg?" in the presence of silver nanoparticles [14, 56, 57]. Silver
nanoparticles reduce Hg?* to form the amalgam at the surface of the nanoparticles
within the polymer matrix. The oxidation state of the Ag-nanoparticles is also reported
to be changed (from 0 to +1) at the surface, leading to significant reduction and blue
shifting of the SPR band (reduction of effective sizes of the Ag-NPs upon Hg?*
amalgamation), imparting remarkable selectivity for the sensing response. As such
reactions do not occur with the majority of other transition metal ions, high selectivity

is expected. In addition to that, in the time of amalgamation, the Ag-NPs lead to
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aggregation, leaving free the PVA-NPA dye. Due to aggregation, Ag-NPs lose SPR
band and increase the particles size, and as a result the donor-acceptor system behaves
like a PVA-NPA system. The overall sensing mechanism is represented schematically
in scheme 6.1. The aggregations of metal NPs as well as the amalgam formation of Ag-
NPs with Hg are further confirmed by the TEM image and EDAX spectra as shown in
Figure 6.3d and the lower inset. The HRTEM image obtained from the square part of
the aggregated Ag-NPs, shown in the upper inset of Figure 6.3d. The continuous single
directional lattice fringe with measured interplanar distance of about 0.23 nm
corresponds to the interplanar distance of Ag [111] lattice planes. The observed result
confirms the aggregation of Ag-NPs as well as the amalgam formation of Ag-NPs with
Hg.

Scheme 6.1. Schematic representation of the Nano-Surface Energy Transfer (NSET) between P17 A-
NPA and silver nanoparticles (Ag-NPs) and De-NEST after addition of mercury (Hg'") ions due to
amalgamation of Ag-NPs with Hg'" ions.

6.2.1.5. Factors Affecting the Sensing of Hg?* Ions: For better analytical
performance and in order to obtain a highly sensitive sensor, the experimental
conditions were optimized. We first studied the concentration effects of PVA-NPA
and Ag-NPs on Hg?* sensing. Three different concentration of as prepared PVA-
NPA, likely 10%, 20% and 30% (V/V) were employed for the quenching and titration

study with increasing concentration of Ag-NPs. Although the fluorescence intensity
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(Fo/F) increased with the increase in Ag-NPs concentration but it was independent of
PVA-NPA concentration. So, it is obvious that the as prepared PVA-NPA
concentration will not affect the detection sensitivity significantly. Linear dependency
between the fluorescence intensity (Fo/F) and Ag-NPs concentration (below 1.13 x 10-
9 M) has also been observed (Figure 6.2¢, inset). So, the preferable concentrations for
sensing application should be equal or less than 1.13 x 10 M Ag-NPs at 20% (V/V) as
prepared PVA-NPA. The effects of pH on the sensing was then investigated. We
observed that the fluorescence intensity of as prepared sample with pH = 6.5 was
weaker at acidic or basic conditions. So as prepared sample (pH = 6.5) is chosen for
sensing application. Finally, the response time was studied. We observed that the
interaction of the Ag-NPs and Hg?" is very fast, which can reach a steady condition

within 2 minutes. This result indicates that the present method is time-saving,.

6.2.1.6. Selectivity Studies: The high selectivity is a matter of necessity for an
excellent sensor. It is proved that the synthesized PVA-NPA exhibits a strong emission
and quenched by Ag-NPs. After addition of Hg?" ions to the quenched solution (final
Hg concentration in the solution is 100 ppm), the emission of the solution dramatically
increased within a minute and exhibits the same emission as PVA-NPA (as shown in
inset of Figure 6.3c). Now to investigate the response of our sensor to others meta
ions, including Cu?*, Cd?*, Ca?*, Co?*, Mg?*, Na*, K*, Pb?*, Ni?*, Zn?* and Fe>* were
examined under same condition. First, the same concentration (final metal ions
concentration in the solution is 100 ppm) of the stock solutions of the as prepared
various metals ions were added into sample solution (PVA-NPA + Ag-NPs). These
results demonstrate that no significant change in fluorescence intensity in the presence
of other metal ions (as indicated in Figure 6.4). Second, all metal ions (including Hg?*
and excluding Hg?*) with same concentration were mixed together to form a mixture
solution and added into sample solution (PVA-NPA + Ag-NPs) for interference
testing. Inset of the Figure 6.4b reveals the dramatic change in fluorescence intensity
occurs only when Hg?*-mixed solution was added. The selectivity studies clearly

exhibited the high selectivity of our sensor (PVA-NPA + Ag-NPs) to Hg?* ions in
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Figure 6.4. (a) isual representation of PV A-NPA~+.Ag-INPs complexes upon interaction with metal ions
under UV light. (b) Relative fluorescence intensity of the quenched fluorophore (P1.A-NPA+.Ag-NPs) in
the presence of various metal ions (with same concentration) monitored at 433 nm. Inset shows the relative
fluorescence intensity of fluorgphore and the quenched fluorgphore with all metal (except Hg'*) ions in absent
and present of HZ'" ions.

comparison to the other metal ions. The observed result indicated the potential
applications of our method for the detection of Hg?* ions in aqueous medium without

any interference of other metal ions.

6.2.1.7. Sensitivity Studies: The sensing and optical properties of the sensor were
investigated by various measurements. In this subsection we are demonstrating the
qualitative as well as quantitative detection of mercury ions in aqueous medium by our
ultrasensitive sensor. Figure 6.5a reveals “turn on” fluorescence signal instantly upon
addition of Hg?" ions into the sensor (aqueous PVA-NPA with Ag-NPs) and intensity
increased as the concentration of Hg?* ions increased in a dynamic range that spanned
0-40 ppm. Meanwhile, the yellow solution rapidly became colotless and a blue shift
was observed in the spectra due to decreasing concentration and the aggregation of

the nanoparticles. Inset of Figure 6.5a shows that our highly efficient and ultrasensitive
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Figure 6.5. (a) Steady-state fluorescence spectra (A,. = 340 nm) of the quenched fluorgphore (P1/A-
NPA+Ag-NPs) upon addition of Hg'" ions (0-40 ppm). Inset shows the magnified fluorescence spectra for
some low concentration (0, 100, 200 and 500 ppt) of Hg' " ions. (b) The plot of normalized flnorescence
intensity vs [Hg' "], at 433 nm. Upper inset shows the linear response with [Hg" ] from 0 to 1 ppb and the
lower inset shows the nonlinear response with [Hg'" ] from 1 ppb to 40 ppm. (c) Response of the sensor without
and with contaminated real water samples and comparison of measured values (solid bars) with proposed values
(cross bars).
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sensor had a detection limit of 100 ppt (0.5 nM) for Hg?* ions, which was in the same
range or at a lower value compared to recently reported colorimetric as well as
fluorescence and energy transfer base sensor [26, 33, 58-65]. Upper inset of Figure 6.5b
exhibits the linear response (with slope = 0.086) of the sensor for very low
concentration (0-1 ppb) of Hg?" ions. For high concentration (1 ppb-40 ppm) of Hg?*
ions, the sensor follows nonlinearity by the equation Y = (0.916 — 0.004*X%4)-1, where
Y is the normalized fluorescence intensity and X (in ppb) is the Hg?" ions
concentration (shown in the lower inset of the Figure 6.5b). These results imply that
this highly selective, cost-effective and ultrasensitive novel sensor can be applied to the

direct detection of Hg?* ions in real world water samples as well as drinking water.

6.2.1.8. Determination of Hg?* Ions in Real World Samples: Application of our
proposed method has been evaluated for the determination of Hg?* in a real world
samples. We choose groundwater as a real sample. In such environmental samples, the
concentration of other metal ions and some unknown contamination are significantly
higher than that of Hg?* ions, so it is highly challenging to detect mercury in real world
samples. Figure 6.5¢ represents the comparative analysis between the value obtained
from calibration curve and instrumental data for different concentration of Hg?*
contaminated groundwater. It has been found that the real world sample was free from
Hg?* ions contaminations. Upon addition of the Hg?* ions contamination in the water
samples with various known concentrations, it has been observed that the value
obtained from the calibration curve and the values measured were within the 10%
error range. This result suggests that the proposed sensor has potential for sensing of

Hg?* ions in environmental real world samples.

6.2.2. Development of Highly Selective and Efficient Prototype Sensor for

Potential Application in Environmental Mercury Pollution Monitoring [66]:

6.2.2.1. Characterization of PVA-Ag-NPs Thin Film: The film was characterized by
the UV-Vis spectrophotometer. The SPR spectrum of the prepared PVA-Ag-NPs thin

film is shown in Figure 6.6a. The observed characteristic absorbance band peaking at
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Figure 6.6. (@) Normalized UV'—1is absorbance spectrum of PV A-Ag-INPs thin film. Inset shows the
image of the thin film on glass slide. (b) TEM images of PV.A-Ag-NPs thin film. Lower inset shows the sige
distribution of the Ag-INPs and upper inset shows the high-resolution TEM (HRTEM) image of Ag-INPs.
(¢c) SEM image of Ag-INPs impregnated PV"A thin filn (cross-sectional).
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around 405 nm is due to SPR band of the Ag-NPs. The absorbance band of the NPs
indicates the synthesized particle size is around 11 nm [32]. The photographic image of
the sensor film is shown in the inset of Figure 6.6a. For further confirmation on the
consistency of the sensor film, we have used electron microscopy (TEM, SEM) on the
PVA-Ag-NPs thin film. Figure 6.6b represents the TEM image of the as prepare citrate
capped Ag- NPs within the polymer matrix. The TEM images reveal that the particles
are spherical in shape with almost uniform size distribution. The average diameter of
the particles is found to be around 11 nm (lower inset of Figure 6.6b). The particle size
distribution is further reconfirmed by DLS study also (data not shown). The crystal
structure of the metal NPs is also confirmed from the fringe-distance in the HRTEM
image. Upper inset of Figure 6.6b shows continuous single directional lattice fringes.
The measured interplanar distance of the fringes (~0.23 nm) corresponds to Ag [111]
lattice planes [45]. Figure 6.6¢c presents the SEM image of the Ag-NPs impregnated

PVA thin film (cross-sectional) revealing average thickness of sensor film to be around

12-13 pum.

6.2.2.2. Sensing Mechanism and Sensitivity Studies for Hg?* Detection: In order
to understand how the SPR band of the nanoparticle is affected by the metal Hg?*
ions, a control study on the prepared thin film was performed. The absorbance
spectrum of the wet sensor film remains constant for more than 30 minutes (Figure
0.7a), demonstrating that even though the polymer swells in the aqueous medium,
there was absolutely no leaching of Ag-NPs into the wetting medium. Our observation
is consistent with the reported literature on the Ag-NPs impregnated PVA thin film
[14]. In order to measure the influence of aqueous mercury solutions on the sensor
films, the SPR spectra of the films were recorded before and after introducing Hg?*
aqueous solutions with known concentrations. The spectra for a selected set of
concentrations are shown in Figure 6.7. As shown in Figure 6.7b,c the spectra show
small but definite and reproducible decrease in absorbance within a few minutes, even
at the lowest Hg?* concentration of 10 ppb. However, for higher concentrations of

Hg?* ions like 500 ppb, 1 ppm and 2 ppm (shown in Figure 6.7d-f), the spectra show
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significant change within 3 minutes. In addition to the decrease in intensity, the SPR
peak undergoes a blue shift which becomes prominent at higher Hg?* concentrations
(Figure 6.7g-j). The relative change in absorbance with respect to zero-minute
spectrum with different time in presence of various concentrations of mercury ions is
shown in Figure 6.8a. Even at Hg?* concentrations below 100 ppb, a small but gradual
temporal change in the absorbance with respect to initial spectrum is evident.
Although the sensitivity of the sensor increased with incubation time, for sensitivity
calibration study 3 minutes of incubation time was chosen in our study as the changes
in absorbance in all mercury concentrations in the time window were found to be
reasonable. The effect of pH on the sensing was also investigated. We observed that
the SPR absorbance of as-prepared sensor film was weaker at acidic or basic
conditions compared to that in pH = 6.5. At acidic or basic conditions, the increased
H* and OH™ in the medium probably interact with the NPs and reduce stability of the
SPR of Ag-NPs, which plays significant role in the sensing mechanism. The advantage
of our sensor is that the as-prepared film exhibits the highest sensitivity at the ground
water’s natural pH level (pH = 6.5) revealing the possibility of potential use of the
sensor for testing ground water as it is. The overall sensing process is represented

schematically in scheme 6.2.

Scheme 6.2. The experimental procedure and the effect of mercury (Fg'") ions on the silver nanoparticles
(Ag-NPs) are shown schematically.
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Figure 6.8b demonstrates that for all over the concentration (10 ppb-20 ppm)
of Hg?" ions, as-prepared sensor film follows non-linearity by eq. Y = X /(10.63 +
1.4x X - 2.66xvVX) with 3 minutes incubation time, where Y is the differental
absorbance (Ip - I), X is the Hg?* ion concentration (in ppm) and Iy and I are the
absorbances at 405 nm of the sensor film at 0 and 3 minutes respectively. However,
the inset of Figure 6.8b exhibits that the differential absorbance (Io - I) and Hg?* ion

concentration is in excellent linear correlation (Y = 0.09xX + 0.014, with correlation
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concentrations of Hg'" ions in agueons medinm. (b) The plot of differential absorbance of the thin films at 405
nm with Hg'" ions concentration. Inset shows the linear response of the sensor with [Hg'" ] from 10 ppb to 5
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coefficient = 0.998) over the range 10 ppb to 5 ppm. Thus, the 3 minutes incubation
time can be considered as sufficient duration for Hg?* detection in aqueous media with
the lower detection limit of 10 ppb. We also observed that longer incubation time of
the sensor with the test sample increased the sensitivity where 10 and 100 ppb could be
distinguished confidently (Figure 6.7b and c). Therefore, for longer incubation time the
lower detection limit of the sensor can be reduced to lower than 10 ppb.

In order to get insights into the reaction mechanisms of Hg?* sensing, further
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Figure 6.9. (2) Normalized UV'—Vis absorbance spectrum of PV .A-Ag-INPs thin film, before and after
immersed in agueous solutions of Hg'* ions. Inset shows the EDAX spectra of the thin film before interaction
with Hg'" ions. (b) TEM image of the thin film after interaction with Hg' " ions. Inset shows the EDAX
spectra of the thin film after interaction with Hg'* ions.
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experimental results are presented in Figure 6.9. Figure 6.9a shows decrease in
absorbance at 405 nm as well as blue shift of SPR band in presence of Hg?" ions. The
blue shift of the SPR band might be due to the formation of amalgamation at the
surface of Ag-NPs (incomplete amalgamation) effectively reducing the size of the NPs.
It has to be noted that complete amalgamation would abolish the SPR of Ag-NPs and
subsequently induce agglomeration in order to form bigger-sized Ag-Hg alloy particles.
To understand the above phenomena, the TEM and EDAX spectra of the thin film
were studied before and after immerging in the aqueous mercury solution. As shown in
the EDAX study, before immerging in the aqueous mercury solution, the thin film was
completely free from the mercury (inset of the Figure 6.9a) and no aggregation was
found among the NPs (Figure 6.6b). However, after immerging the thin film in the
aqueous mercury ion solution, TEM studies (Figure 6.9b) confirmed increase of sizes
of the observed NPs. Inclusion of Hg in the NPs is evident from EDAX spectrum as
shown in the inset of the Figure 6.9b. Our observation is consistent with the reported
literature [44]. The amalgam formed at the surface of the silver nanoparticles within the
polymer matrix by reduction of Hg?" ions [14, 56, 57]. The amalgamation is
unavoidable only in the presence of Hg?" ions because the reduction of Hg?* (to Hg) is
most facile by Ag-NPs due to the equivalent redox potential of Hg?* (to Hg) (E° =
0.85 V) and Ag-NPs (to Ag*?) (E° = 0.80 V)[14, 67]. The amalgamated/aggregated Ag-
NPs lose SPR band (decrease in absorbance) and increase the particles size within the

sensor film.

6.2.2.3. Selectivity Studies: From our earlier studies, it is evident that the Ag-NPs
impregnated sensor thin film acts as an efficient mercury sensor through
amalgamation/aggregation of the NPs within the polymer matrix. Now, to investigate
the selectivity of the developed sensor, we have studied the interference of other metal
ions including Cu?*, Cd?*, Mg?*, Co?*, Na*t, Ca?*, K*, Zn?*, Ni?*, Pb2*, Fe3* and Ag*
in the detection ability of the sensor under the same experimental condition. The
changes in absorbance at 405 nm of the sensor films after the interaction (interaction

time 12 minute) with different metal ions and mixture of all metal ions (including Hg?*
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and excluding Hg?") are shown in the Figure 6.10a with a 5% error bar. The results
demonstrate that all of those relevant metal ions (except mercury ion) and mixture of
all metal ions (excluding Hg?*) have no significant effect on the sensor thin films’
optical response (Figure 6.10a). The selectivity studies clearly indicate that the
amalgamation/aggregation phenomenon is only evident in the presence of Hg2?* ions
because the reduction of Hg?* (to Hg) is most facile by Ag-NPs due to the equivalent
redox potential of Hg?* and Ag-NPs [14, 67]. Our observation indicates that the
sensor has potential in real life applications for monitoring environmental mercury

pollution in aqueous medium without any interference from other relevant metal ions.
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6.2.2.4. Determination of Hg?* Ions in Real Samples: Potential application of the
proposed technique was evaluated for determination of mercury ions in real samples.
Laboratory tap water sample was taken for this experiment. As the collected
environmental water sample was not fully purified, the metal ions are expected to be
present in significant amount. The test report of the tap water from a National
Accreditation Board for Testing and Calibration Laboratories test centre is as follows.
Escherichia coli, MPN /100 ml — Nil, total hardness (CaCOs) — 73.2 mg/L, sulphate —
26.2 mg/L, nitrate — 1.6 mg/L, iron — 0.04 mg/L, arsanic — 0.005 mg/L, fluoride —
0.194 mg/L, chlotine — 17.71 mg/L, lead — 0.002mg/L, calcium — 27.0 mg/L. So, it is
highly challenging to detect Hg?* in such environmental water sample. From the
experimental data, it is found that the tap water sample is free from Hg?* ions. Figure
0.10b shows that our developed sensor is capable of detecting mercury contamination
in real-world samples. The obtained concentration of Hg?" ions from the calibration
curve (calculated) and spiked values (expected) are within the 5% error range (for
details of the experimental procedure see experimental section). The results are
summarized in Table 6.3 and show good agreement with the expected values. It is also
observed from Table 6.3 that the recoveries of Hg?* at different concentration levels
(ratio between the measured and expected values) are in between 98.0 and 103.8%; the

RSDs are in between 0.91 and 2.45%. It is evident from our studies that the developed

Table 6.3: Determination of Hg'* ions in real water samples using the proposed method.

Samples Detection of | Spiked | Measured Recovery(%) | RSD(%)
Hg?* ions Hg?+ | Hg?* (ppm)
(ppm) | Mean | SD
Tap water 1 | Not detected 0.5 0.49 | 0.010 98.0 2.04
Tap water 2 | Not detected 1.0 1.03 | 0.025 103.0 2.45
Tap water 3 | Not detected 5.0 5.19 | 0.055 103.8 1.06
Tap water 4 | Not detected | 10.0 9.89 | 0.090 98.9 09.1

SD ~ Standard deviation, Recovery(%) = 100X (concentration found/ concentration added), RSD(%) =
Relative standard deviation of three determination = Coefficient of variationx100.

136



thin film sensor has extremely high potential for Hg?* ions monitoring in

environmental water samples.

6.2.2.5. Development of the Prototype Device: Our studies confirmed that the
developed technique has high potential application in environmental mercury pollution
monitoring in the real-world water samples. By using the technique, we have developed
a simple and inexpensive prototype device for monitoring in field environmental
mercury pollution. The basic block diagram of the designed prototype device is shown
in Scheme 6.3. Here, we have used commonly available two light-emitting diodes
(LEDs) with irradiance in the visible region of the electromagnetic spectrum as light
sources. The violet irradiance of the LED with wavelength of 405 nm is
complementary of the absorbance spectrum peak of the developed sensor thin film.
The red LED with wavelength of 600 nm is used for baseline correction (reference).
The lenses are used to focus the light on the sample and the LDR (light dependent
resistor). Finally, the programmable IC (integrated circuit) which is connected to a
digital display is used to convert the LDR signal to digital value. We will present the
detailed instrumentation and the validation of the designed portable device for a

statistically significant number of real-world water samples in our future work.

Scheme 6.3. The block diagram representation of the developed prototype device for potential application in
environmental mercury pollution monitoring is shown schematically.
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6.3. Conclusion

In summary, the quenching of dye fluorescence by Ag-NPs was studied using
fluorescence spectroscopy. The quenching process was characterized by well-known
Stern-Volmer plots which display a dynamic quenching for the quencher concentration
bellow 1.13x10-2 M. The calculated donor-acceptor distance (d = 5.66 nm) by NSET
model confirmed the energy transfer phenomenon between the fluorescent dye and
NPs. The present study demonstrates the unique potential of metal nanoparticle in
chemical sensing application followed by the nonradiative energy transfer process. We
have successfully developed a very low cost, highly selective and ultrasensitive “turn
on” fluorescence sensor based on NSET for direct detection of Hg?* in aqueous
medium with the detection limit 100 ppt (0.5 nM). The developed sensor is not only
insensitive to other metal ions but also highly selective toward Hg?* ions in the
presence of other metal ions. The developed sensor has potential applications in
monitoring trace Hg?>" ions in real world samples. As the scope for further
development of this concept is extensive, we extend our study for the development of
economical portable devices. To design a simple and inexpensive prototype mercury
sensor devices, we first prepared silver nanoparticles-impregnated poly(vinyle alcohol)
nanocomposite thin film. The thin film fabricated through a facile protocol is shown to
be a fast, efficient and selective sensor for Hg?* in aqueous medium. The study
demonstrates the unique potential of Ag-NPs in mercury ion sensing application
followed by the reduction and blue shift of the SPR spectrum upon interaction with
metcury, enhancing the selectivity of the detection, through amalgamation/aggregation
process. The developed sensor is highly selective toward Hg?* ion, even in the
presence of other metal ions generally present in water of natural sources. The sensor
response exhibits excellent linear correlation with Hg?* ions concentration over the
range 10 ppb to 5 ppm. The developed sensor has potential applications in monitoring
trace Hg?* ions in real-world water samples. Finally, we have also developed a simple,
inexpensive and feasible prototype device using the proposed technique for potential

application in environmental mercury pollution monitoring.
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Chapter 7

Development of a Carbon Nanomaterial-based Detection
Technique for the Potential Environmental Monitoring of

Toxic Metal and Non-metal Ions

7.1. Introduction

Fluorescent nanomaterials including semiconductor quantum dots, organic dyes/dye-
doped nanoparticles (NPs) and carbon nanomaterials such as carbon nanoclusters
(CNCs), carbon dots (CDs), or carbon nanodots (CNDs) have been a prime center of
attention for research and development throughout the past few decades for use in
field of sensing and bio-imaging. To date, a huge number of high luminescent
nanomaterials have been found. However, the applications of these nanomaterials is
under question because of their environmental hazards and potential toxicity [1].
Besides an outstanding quantum efficiency, semiconductor quantum dots are less
preferred in real life applications due to the involvement of heavy toxic metals and a
low chemical stability [2, 3]. On the other hand poor stability of organic dyes/dye-
doped NPs prevent their long-term analysis [1]. On account of these, highly
fluorescent carbon dots are the best way out of the grid given by the above described
dilemma [4]. Recently, CDs have attracted tremendous attention because of their
unique physical-chemical characteristics and numerous exceptional advantages such as
high chemical stability [5], low toxicity [6], high quantum yield [6], high-fluorescence
and excellent biocompatibility [7-9]. Due to these unique properties, CDs have been
applied widely in the fields of drug delivery [10], catalysis [11], chemical sensors [4, 12],
biomedical application [13, 14], biological sensors [15], nano-biotechnology [16], etc.
Although this nanomaterial holds great promise in a wide field of applications,
considerable work in the sensing field is still required to develop the advanced smart

SENSsofrs.
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Recently, various simple and environmentally friendly approaches, such as
ultrasonic method [17], chemical oxidation method [18], hydrothermal synthesis [19-
21], microwave method [22, 23], solvothermal method [24] and laser ablation [25], have
been reported to synthesize CDs. However, due to the requirement of high-energy
systems and costly starting materials limit the further development of their production.
On the other hand, pre-treatments or post-treatments are commonly essential because
of the complex and lavish elements of natural bio-resources and high volume strong
smoke are usually released after the carbonization [26]. Chemical oxidation of
carbohydrates is one of the eye-catching and alternative approaches to produce CDs.
However, passivation of carbon dots’ surfaces and strong acid or numerous synthesis
steps are required for maximum of these synthesis approaches. Moreover, the
fluorescence intensity of maximum cooked CDs is affected by the environment, such
as temperature, chemical ions, pH of the solution, etc. In this context, we have
developed a facile, cost-effective and environmentally friendly technique for one-step
hydrothermal synthesis of nontoxic highly fluorescent CDs with high environmental
stability, without using any strong acid, surface passivation and pre-treatments or post-
treatments.

Due to some unique properties, highly fluorescent CDs can be used as sensor
probes in the field of chemical sensing. The development of extremely sensitive and
selective fluorescent sensor probes for the selective as well as quantitative estimation
of heavy metal and non-metal ions in ground/drinking water has been inspiring the
scientific community in the past few decades for concern of human health and
environmental safety [27-30]. Among the heavy metal ions, iron is one of the most
essential trace elements in the human body and plays an important role in human
health clinically as well as environmentally. However, excess concentrations of iron
ions in ground/drinking water create health problems in humans. The maximum
permissible limit of Fe3* in drinking water is 5.4 uM by the U.S. Environmental
Protection Agency [31, 32]. Like heavy metal ions, among non-metal ions, small

quantities of fluoride (F) ions are also an essential component for normal
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mineralization of bones and formation of dental enamel in human body [33].
Although, According to WHO the maximum permissible level of fluoride
concentration in drinking water is 1.5 mg/L [34]. Because the excessive intake of
fluorine compounds may result in slow, progressive scourge known as fluorosis [35].
Two different kinds of fluorosis (skeletal and/or dental) generally observed within
human physiology. In skeletal fluorosis, the effect of fluoride can be seen within the
bones structure primarily and in dental fluorosis, the teeth enamel is affected mostly by
the excess fluoride. Around the world, more than 260 million people are suffering
from fluorosis [33]. In addition to these, excessive intake of fluoride can also create
neurological problems, thyroid imbalance and nutritional deficiencies in human body.

Such chronic F toxicity are endemic in over 25 countries, with contamination typically
leaching into drinking and irrigation water supplies through rocks rich in F' minerals,
or waste from such industrial processes as aluminum smelting and glass processing.
Therefore, research into new solutions for the estimation of low-level concentrations
of Fe>* and I ions in aqueous medium has become an essential need, aims to surpass
existing commercial devices in their accessibility to non-expert users who require
regular, laboratory-free sampling, such as remote populations in areas where chronic
Fe3* and F toxicity is endemic. To date the simultaneous detection of both Fe3* and
I ions in aqueous media is limited in the literature; however several methods have
been reported for detection of Fe3* and F ions separately [31, 36-38]. The recently

reported methods for the detection of I include molecular complexes exhibiting “turn
on”, “turn off”, or ratio-metric color changes. On the other hand few reports have
been found in the literature for the quantitative as well as selective estimating of both
Fe3* and F ions [4, 39]. However, most of the reported methods’ have several
limitations in real-world use, such as the detection procedures is highly time taking,
used sophisticated analytical methods, low sensitivity and in certain cases an instability

of the applications [31, 39-45]. Although, among these reported methods, the most

favorable method is fluorescence quenching and “turn on” fluorescence based due to
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its ease of operation, high sensitivity and selectivity. Therefore, the development of
fluorescent probes for detecting Fe?* and I ions has attracted increasing attentions.

The effective fluorescent probes for Fe3* and F ions detection is mainly limited to
organic fluorescent molecular, quantum dots, carbon dots and their complexes [46-49].
However, those have several drawbacks for practical applications due to their poor
stability, complicated synthesis route, complex sample preparation, relatively high cost
of starting materials and high toxicity towards biological system [49-51]. Therefore, the
development of a facile synthesis, photostable, highly -efficient, low-cost and
environmental friendly fluorescence probe sensor for rapid qualitative as well as
quantitative analysis of Fe3* and I ions in real world water samples is still worthwhile
and challenging.

In this work, we report a very simple, facile and cost-effective synthesis of
nontoxic highly fluorescent CDs through one step hydrothermal treatment of
Polyvinylpyrrolidone (PVP). The novel CDs are synthesis without using any strong
acid, base, organic solvent or other post-synthetic surface passivation because PVP
serves a dual role as both the source of CDs and as a passivation agent. Herein, we also
report a highly efficient, selective, extremely low-cost and sensitive “turn off” and

“turn on” dual fluorescence sensors for Fe3* and I ions in aqueous media. The

proposed sensors exhibit a high selectivity for Fe3* and I ions in the background of a
wide range of competing heavy metal ions and non-metal ions respectively. This report
is devoted to studying the steady-state fluorescence quenching (“turn off”
fluorescence) of the CDs by Fe3* ions and the interaction between them. Picosecond
time-resolved studies on CDs with various concentrations of Fe3* ions, confirm the
static fluorescence quenching. On the other hand, fluorescence “turn on” of the CDs-
Fe3* nanocomposite complex depends on the interaction between Fe3* and F ions in

the solution. The possible interaction between CDs and Fe3* ions and/or CDs-Fe3*

nanocomposite complex and I ions have been examined by TEM imaging studies.
Determination of fluoride contamination in the real life drinking water samples has

also been shown using developed sensor. To the best of our knowledge, this is an
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extremely simple “turn off” and “turn on” dual fluorescence sensor for Fe’* and F~

ions detection in an aqueous medium with very high sensitivity and selectivity.
7.2. Results and Discussion

7.2.1. Development of Highly Efficient Dual Sensor Based on Carbon Dots for

Direct Estimation of Iron and Fluoride Ions in Drinking Water [52]:

7.2.1.1. Characterization of Carbon Dots (CDs): The as-prepared CDs were
characterized by UV-Vis spectra, steady-state fluorescence spectra, HRTEM imaging,
DLS study as well as FTIR measurement. To confirm the formation of CDs, the
absorbance and the fluorescence emission of the as-prepared sample were collected.
The UV-Vis spectrum of as-prepared CDs is shown in Figure 7.1a. It is evident from
this spectrum that the characteristic absorbance of the CDs is in the UV region, with a
tail extending to the visible region. Figure 7.1a also represents the enormous blue
luminescence of the CDs under excitation 300 nm. The CDs are completely dissolved
into the distil water and show up transparent and a slightly deep-brown colour in
daylight, which changes to an enormous blue emission (inset of Figure 7.1a) under the
UV light excitation. As shown in Figure 7.1b, the CDs are able to fluoresce highly with
different excitation wavelengths (ranging from 300 to 380 nm) and the highest
fluorescence is found with 300 nm excitation wavelength. In addition to that the
fluorescence of the CDs becomes redshifted with increasing excitation wavelengths.
Here, this fluorescence is not only due to the different particle size of CDs but also
due to surface defects which act as a capturing centre for excitons [4, 53]. The DLS
and HRTEM measurements were performed to investigate the particle size distribution
and crystallographic structural information of the CDs. Figure 7.1c represents the
HRTEM image of the CDs. It is evident from the HRTEM image that the estimated
particles size is around 5-6 nm. The particle size distribution is further reconfirmed by
DLS study. The average particles size distribution is estimated to be 3.80 £ 0.11 nm
from the DLS study (Figure 7.1d), which exactly reflect the HRTEM result. The

detailed crystallographic structural information of CDs is demonstrated by HRTEM
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imaging. Inset of the Figure 7.1c shows the continuous single directional lattice fringes.
The measured inter-planar distance of the fringes is about 0.32 nm corresponds to
[002] lattice planes of graphite [54, 55]. Figure 7.le shows the FTIR spectrum

of the nanomaterials (CDs powder), produced after overnight lyophilization of the
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as- prepared CDs. The broad absorption band centered at 3434 cm™! is attributed to
the O-H stretching mode of H2O absorbed on the surface of the materials [56]. On the
other hand the absorption bands centered at 1660 cm~! and 1218 cm™! are due to the
C=0 stretching motion and C-N stretching motion of monomer for PVP, respectively
[19, 57]. These results of FTIR spectroscopy confirm that the CDs are produced after
hydrothermal carbonization of PVP. The dependence of fluorescence intensity on the
amount of PVP, reaction temperature and the reaction time during the hydrothermal
treatment for the synthesis of CDs were investigated and optimized to 30 mg/mlL., 200
‘C and 6 hours respectively (data not shown). The dependence of fluorescence
intensity of the as-prepared CDs on pH values is also investigated. As shown in Figure
7.1f, the fluorescence intensity of the CDs was not only highly stable but also the
emission peak did not shift over a wide range of pH from 3 to 11. Inset of the Figure
7.1f revealed that the maximum fluorescence intensity of the CDs was found at pH —
6.5. The observed result indicates that the fluorescence intensity of the as-prepared
CDs (pH = 6.5) is maximum. Therefore, the as-prepared high-quality CDs with a high
quantum yield (calculated using Harmine as a reference (45%) is about 24.26%),

excellent water solubility and good photostability were chosen for our further studies.

7.2.1.2. Interaction between CDs and Fe’* Ions: The fluorescence emission
spectrum of CDs in the presence of Fe3* ions was investigated to observe the effect of
Fe* ions on the CDs. As shown in Figure 7.2a, the overall fluorescence intensity of
the CDs is quenched dramatically in the presence of Fe3* ions without an obvious
change of the peak shape. The huge change in the fluorescence intensity suggests that
the quencher Fe3* ions affect the structure/size of the CDs. To gain more insight into
the origin of the fluorescence quenching behaviour of CDs in presence of Fe3* ions,
HRTEM, EDAX and DLS were performed. It is evident from the Figure 7.2b, the
structure/size of the CDs is enhanced after interaction with Fe3* ions and CDs-Fe3+
nanocomposite complexes are formed. The formation of CDs-Fe?>* nanocomposite
complexes is further confirmed by EDAX study, as shown in the inset of Figure 7.2b.

The huge presence of carbon and iron in the EDAX spectra relate to the complexation
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of CDs with Fe3* ions. From HRTEM it is resolved that the average diameter of CDs-
Fe3* nanocomposite complex is approximately 70 nm, while the average diameter of
fresh CDs is around 3.80 * 0.11 nm (Figure 7.1d). The formation of said structure
would be due to the metallophilic interaction of Fe3* containing CDs under electron
beam irradiation inside the TEM, lead to the self-assembly or aggregation of the
complexes. It has to be noted that the larger structural size of the CDs upon
impregnation of Fe3" is not found in aqueous solution (average diameter of complex in
aqueous solution is around 5.31 * 0.15 nm), as shown in the DLS measurement
(Figure 7.2c). These observations confirm that Fe3* ions actuate strong fluorescence
quenching and induce the formation of non-fluorescence complex between the surface
functional groups of CDs and Fe3* ions, which results in the strong “turn off”
fluorescence arising from the formation of CDs-Fe3* nanocomposite complexes. Here,
CDs itself act as a promising nano carrier for loading of Fe3* ions and to form the

nanocomposite complexes.

7.2.1.3. Response Time and Selectivity of CDs towards Fe3* Ions: Both short
response time and high selectivity are a matter of necessity for an excellent sensor.
Therefore, the response time and selectivity of CDs towards Fe3" ions were
investigated to find out the incubation time for the further study as well as the effect of
other metal ions. Figure 7.3a shows the relative change in fluorescence intensity of the
CDs with time with different concentrations of Fe3* ions (0, 5, 10, 20, 30, 50, 75 and
100 uM). The Figure 7.3a reveal that the interaction of the CDs with Fe?* ions is very
fast, which can reach a steady condition within 60 sec. Therefore, the fluorescent
probe can be appropriate for the rapid analysis of Fe3* ions in real samples. It has been
shown that the synthesized CDs exhibits a strong emission and quenched by Fe3* ions.

The selectivity of CDs for Fe3* (300 uM) was investigated by screening its
response to relevant other metal ions, including Ca?*, Cd?*, Co?*, Cu?*, Hg?*, Mg?*,
Fe2*, As’*, K¥, Na*t, Pb%*, Ag*, Mn?*, Ni** and MeHg" (all other metal ions ~ 10
mM), under the same conditions. As shown in Figure 7.3b, the higher concentrations

of other competing metal ions do not affect the fluorescence intensity of the sensor
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Figure 7.3. (a) Relative change in fluorescence intensity of the CDs as a function of time for different
concentrations of Fé'* ions (0-100 tM) in agueons media (b) Normalized fluorescence intensity of the CDs in
presence of Fé'" ions (300 M) and other competing heavy metal ions (10 mM).

probe significantly. The high fluorescence quenching effect of Fe3* may originate from
selective coordination and higher binding affinity of Fe3* towards functional group of
the CDs. Compared with other cations, the electron-deficient Fe3* is selectively
coordinated and has a higher binding affinity towards the electron-rich groups (such as
-OH, -C-N, -C=0) on the surface of the CDs [58, 59]. Due to such coordination
interaction and higher binding affinity towards functional group of the CDs, the strong
fluorescence quenching provoked only by Fe3* compared with that of other metal

cations. In addition to all some other metal cations can also react with electron-rich
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groups in the CDs but they have weak electrophilic ability compare to Fe3* ions, which
may lead to lower or no fluorescence quenching compare to Fe3*. The selectivity
studies clearly exhibit a high selectivity of sensor probe towards Fe’' ions in the
background of other metal ions. These results demonstrate the reliability of the sensor
probe for the detection of Fe3* ions in aqueous media without any interference by

other metal ions.

7.2.1.4. Quenching Mechanisms and Determination of Fe3* Ions: High sensitivity
is a matter of necessity for an excellent sensor. For the quantitative detection of Fe3*
ions and to know the quenching mechanism we record the steady-state fluorescence
emission of the CDs with increasing concentration Fe®* ions. Figure 7.4a presents the
fluorescence quenching of CDs under different concentration of Fe3* ions. The figure
also reveals the quenching effect of iron ions on the fluorescence of CDs upon
excitation at 300 nm. The strong fluorescence quenching of the nanomaterials by the
Fe3* ions might arise due to ground state complexation (static quenching), collisional
interaction/excited state reaction (dynamic quenching), through nonradioactive energy
transfer, molecular rearrangements and surface emissive group destruction [4, 60]. To
realize the specified quenching mechanism, lifetime measurements of the fluorescence
probe were also carried out with different concentration of Fe3* ions. Figure 7.4b
presents the fluorescence transients of CDs in the absence and presence of different
Fe3* ions concentrations, collected at 460 nm upon excitation 375 nm. The
fluorescence transients of CDs showed multi-exponential time constants with the
average lifetime (To) of 1.2 ns, which remained unchanged in the presence of various
concentrations of Fe3" ions. The results rule out any kind of exited state processes
including electron transfer and/or excited state reaction of the CDs and Fe3* ions in
the aqueous medium. In order to explain the exact quenching mechanism, the relative
change in fluorescence intensity and average lifetime of CDs has been plotted as a
function of the quencher (Fe3* ions) concentrations (Figure 7.4c). The relative change
in fluorescence intensity and average lifetime of the CDs is proportional to Fe3* ions

concentration that was well explained by considering the well-known Stern-Volmer
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(SV) equations.

F

FO =1+ kq70[Q] =1+ Ks/[Q] (7.1)
and To/T =1+ ka70[Q] = 1+ Kp[Q] (7.2)

where Fo and F are the fluorescence intensities of the probe sensor in the absence and
presence of quencher (Fe3* ions) respectively, £, is the bimolecular quenching
constant, Ky~ is the Stern-Volmer quenching constant, 7 and 7are the average lifetime
of the fluorophore in the absence and present of quencher respectively, Kp is the
dynamic quenching constant and [Q] is the quencher concentration. It is well reported
that in dynamic quenching, Fo/F = to/1, while for static quenching, Fo/F increases but
To/T remains unchanged with quencher concentration, i.e, To/t =1 [60, 61]. As shown
inset of the Figure 7.4c, the relative change in fluorescence intensity (Fo/F) increases
linearly with quencher concentration (upto 150 uM) and was well explained by SV

equations (Ksir = 1.39x10* M), But To/t remains unchanged even with very high
quencher concentration (Figure 7.4c). The observed results indicate that the
fluorescence quenching provoked by Fe?* was probably due to static quenching and
the strong quenching was arising due to the formation of CDs-Fe3* nanocomposite
complex in the solution. The nanocomposite complex was formed by the attachment
of Fe3* ions to the surface functional groups of the CDs, result in an obvious
fluorescence quenching.

A gradual quenching process in fluorescence intensity of CDs was observed
upon progressive addition of Fe3* ions. The plot of relative change in fluorescence
intensity (Fo/F) with different concentration of Fe3* ions shows a good linear
relationship in the range 0-150 uM with slope = 0.0139, intercept = 0.98 and r2 = 0.99

(inset of the Figure 7.4c). However, the linearity deviates after the quencher

X
concentration 150 uM and shows a nonlinearity followed by the equation Y = aet +

y (Figure 7.4c), Y relative fluorescence intensity and X is the Fe3* ions’ concentration

with the values a = 6.95,t =390.35and y = —6.37. Finally, it is evident from the
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Figure 7.4 that our highly efficient fluorescence sensor had a detection limit of 1 uM
for Fe¥* ions, which is comparable with other reported colorimetric as well as
fluorescence based sensor [8, 62, 63]. Hence, this is a highly promising, highly efficient,

extremely low-cost and sensitive “turn off” fluorescence sensor for Fe3* ions.

7.2.1.5. Interaction of CDs-Fe’* Nanocomposite Complex with F Ions:
Interaction of CDs-Fe3* nanocomposite complex with F ions was investigated under
the same condition as before. Figure 7.5a revealed the ballistic enhancement in
fluorescence intensity of CDs-Fe3* nanocomposite complex after interaction with F~
ions. Therefore in the progression we have used the CDs-Fe3* nanocomposite

complex as a novel sensor probe for the detection of I ions. The remarkable change

—
(==
L
~
&
-

o
)
R

CDs-Fe"' @F~

S
=)
A

=
N
L

CDs-Fe**

Normalized Fluorescence Int. (a.u.)

0.2 1
0.0 T T
320 400 480
- Wavelength (nm)
4 -~ -
(©) 4.20+0.10 nm 310{@& ,(d)
« g,
o 20 1 = )
= 0.8 1
: 5
S 15 2 & o - SN
é g06 QZ)Q%OV’&%“‘Q/“’ SV‘ . nggo;(;)oh’ N
2 %/ C.) ) (J CJ a7 % /
£ 10 204 M OFTOP Y 9O IFT @
=S8 S0.2 -
£
o
0 - “0.0

Diameter (nm) 10

Figure 7.5. (a) Fluorescence emission spectra of the CDs in presence and absence of Fe'" ions and
Sluorescence emission spectra of the CDs-Fé'* nanocomposite complex: in presence of F~ ions. (h) HRTEM
image of the CDs-F& @F  complex. (c) DLS measurement of the CDs-Fe @F  complex. (d)

Normalized fluorescence intensity of the CDs-Fe'" nanocomposite complex: in presence of F ions and other
competing anions (@anions ~ CDs-Fe'* @anions).
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in fluorescence intensity is a consequence of complexation between hard Fe®* with
hard and less polarisable I ions. Formation of thermodynamically highly stable
[FeFs]?> complex liberate most of the Fe?* ions from the surface emissive site of the
CDs which make the surface free from the quencher Fe3* ions, employing “turn on”

fluorescence. Fluorescence intensity spectra of CDs-Fe3*@F ™~ was lower in intensity as
compare to as-synthesised CDs because all the entire surface emissive site of the CDs

were not get free from Fe3* ions (Figure 7.52). As the complex CDs-Fe3* was
destroyed in presence of I ions and CDs were get almost free from Fe3* ions, it is
expected that the particles size of the complex in the solution will also reduce in
presence of I ions. As shown in Figure 7.5b, the size of the CDs-Fe?* nanocomposite
complex was decreased after interaction with F' ions and formed almost Fe3* ions free
bate CDs. The estimated particles size from the HRTEM image of CDs-Fe3*@F was

around 6-7 nm. The particle size reduction was further confirmed by DLS studies

igure /.0C). Fligure /.0C revealed that the average aiameter o S-Ir'e was reduce
(Figure 7.5¢). Figure 7.5 led that th ge di f CDs-Fe3* duced

from 5.31 £ 0.15 nm to 4.20 £ 0.10 nm in presence of F ions in the solution, while
the average diameter of fresh CDs was around 3.80 = 0.11 nm (Figure 7.1d). The

results clearly indicate that the “turn on” fluorescence occurs due to the formation of

bare CDs from CDs-Fe3* nanocomposite complexes in presence of F ions in the

solution.

7.2.1.6. Selectivity of CDs-Fe’* Nanocomposite Complex towards F Ions: It is
proven that the fluorescence intensity of the CDs-Fe3* nanocomposite complex
increases dramatically in presence of F ions. Now to investigate the selectivity of the
probe towards F ions over other anions, including HPO4?, Br, NOs, CO3?,
SO47, CI', CH3COO ", HoPO4, HCO3 ,NOz and I (all anions ~ 10 mM) were
examined under the same conditions. These results demonstrated that no significant

change in fluorescence intensity in the presence of other anions even under high

concentrations (Figure 7.5d). The observed results reveal the high selectivity of sensor
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probe towards I ions in the background of other competing anions. The results also

indicate that the sensor probe might be highly reliable for the detection of I ions in

real world water samples without any interference of other anions.

7.2.1.7. Determination of the Standard Solution of F Ions: In this subsection, we

are presenting the qualitative as well as quantitative detection of I ions in aqueous

medium by our developed sensor, which is extremely low-cost and selective. As shown
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Figure 7.6. (a) Steady-state fluorescence spectra (. = 300 nm) of the CDs-Fe'" nanocomposite complex
with increasing concentrations of F ions (0-500 puM). (b) The plot of relative change in fluorescence intensity
of CDs-Fé"@F~ complex: against F~ ions concentrations (0-500 uM). Upper inset shows the linear response
of the sensor with the concentrations of F ions from 0-40 pM. Lower inset shows the linear response of the
sensor with the concentrations of F ions from 40-500 pM.
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in Figure 7.6a, the fluorescence intensity of the CDs-Fe3* nanocomposite complex was
increase dramatically with increasing concentration of F ions (range ~ 0-500 pM).
The fluorescence intensity of the CDs-Fe3* nanocomposite complex was started “turn
on” when the concentration of I ions was 1 uM (Figure 7.6a). The result clearly
exhibited that the sensor had a detection limit as low as 1 uM for F ions, which is
much lower than the maximum permissible limit of fluoride and comparable with
recently reported colorimetric as well as fluorescence base sensor [4, 37, 39, 64, 65].
The relative change in fluorescence intensity (F/Fo ~ F and Fo are the fluorescence
intensities of the nanocomposite complex in the presence and absence of I ions) with
different concentration (0-500 pM) of F ions displays a nonlinear relationship
followed by the equation Y=(X + 23.08)*[9.86 + 0.56*(X + 23.08) — 2.99*10-+*(X +
23.08)?] 1 (Figure 7.6b), where Y is the relative fluorescence intensity and X is the
F ions’ concentration (in uM ). However, the above nonlinearity turned to very good
linearity for the two different concentration ranges with different slopes. Upper inset
of the Figure 7.6b exhibits the linear response of the sensor for lower concentration
range (0—40 uM) of I ions with slope = 11.08x10-3, intercept = 1.04 and 1> = 0.98.
For the higher concentration range (40-500 pM) of I ions, the sensor follows another

linearity with slope = 1.87x10-3, intercept = 1.43 and r2 = 0.98 (lower inset of the

Figure 7.6b). These linear responses increase the feasibility of the sensor for real life
applications. These results also imply that this highly selective, extremely cost-effective,
sensitive and highly efficient novel “turn on” fluorescence sensor can be applied to the

direct detection of I ions in real world water samples.

7.2.1.8. Determination of F~ Ions in Real World Drinking Water Samples:
Potential applications of the developed sensor are appraised for determination of
I ions in real world water samples. Real world drinking water samples were collected
from different drinking water tap in our institute for this experiment. As the collected

environmental real world drinking water samples were not fully purified, cations and
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anions are likely to be present in significant amounts. Due to the adequate presence of

different ions in the collected real world drinking water samples, the measurements of
F ions in such environmental samples were extremely challenging. However, the

proposed sensor can be able to detect I ions in such environmental real drinking

water samples due to its high sensitivity and selectivity. The measured concentration of

Table 7.1. Determination of F ions in real water samples using the proposed sensor.

Samples | Concentration Spiked Measured F~ Recovery | RSD
of F ions| F ions ions (uLM) (o) (o)
before spiked (LM) Mean SD
(tested by the
sensor)

Sample 1 Not found 10 7.33 1.07 73.30 14.60

Sample 2 Not found 50 41.75 2.36 83.50 5.65

Sample 3 Not found 150 136.75 5.38 91.17 3.93

Sample 4 Not found 300 273.25 7.89 91.08 2.89

Sample 5 Not found 450 427.25 5.97 94.94 1.40

SD ~ Standard deviation (n=4), Recovery(%) = 100X (concentration found/ concentration added),
RSD(%) = Relative standard deviation of four determination = Coefficient of variationx100.

Figure 7.7. Schematic representation of the overall sensor. “Lurn off” fluorescence arises in the presence of

Fé* ions and “twrn on” fluorescence occurs in presence of - ions due to the formation of bare CDs in the
solution.
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I ions in the collected and spiked real world drinking water samples by the proposed
sensor are summarized in Table 7.1. The summarized results display good agreement
with the expected values. Table 7.1 also reveals that the recoveries (the ratio of
measured value to expected value of F ions) and the RSDs in the measurement of real
water samples with different spiked concentration levels are in between 73.30 —
94.94% and 1.40 — 14.60%. It is clear from our studies that the developed highly
selective, sensitive and truly cost-effective “turn on” fluorescence sensor has extremely
high potential for the estimating of trace F ions in environmental real world drinking

water samples. The overall sensing procedure is shown schematically in the Figure 7.7.
7.3. Conclusion

In conclusion, we have demonstrated a simple and highly economical method for the
preparation of the extremely fluorescent CDs in aqueous media through the one step
hydrothermal carbonization of PVP. The as-prepared high-quality CDs were exhibit
good stability over a broad pH range. In addition, using the as-prepared CDs we have
successfully developed a simple, cost-effective, extremely selective and sensitive “turn
off” fluorescence sensor based on the formation of CDs-Fe3* nanocomposite complex
for direct estimation of Fe3* ions in water medium. The Stern—Volmer plots ensure
that the quenching mechanism is purely static quenching in nature. Further, in the
progression we have utilised the CDs-Fe?* nanocomposite complex as a novel sensor
probe for the detection of I ions in aqueous medium based on “turn on” fluorescence
mechanism. Fluorescence “turn on” occur due to the formation of bare CDs in the
solution from CDs-Fe3* nanocomposite complex in presence of F  ions. The
developed sensor has potential applications in estimating trace I ions in real world
drinking water samples. In addition to all, we have successfully developed a highly
efficient, selective, extremely low-cost and sensitive “turn off” and “turn on” dual
fluorescence sensors for Fe3* and F ions. The further augmentation of this concept is
considerable, which offers great potential for the buildout of economical and efficient
portable devices.
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