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CHAPTER 1

Introduction

1.1. BACKGROUND:

The optical spectroscopy has always been considered as a fascinating tool for
the researchers to study and reveal fundamental properties of materials by analyzing
the interaction of electromagnetic radiation with matter [1]. Multi-parameter
measurements like absorption, emission, scattering and rotation of light by atoms or
molecules provide important structural information and their chemical identification.
The interaction of light with matter has started attracting human attention 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 biomedical science is popularised
dramatically during early 20th 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 20th century using these sophisticated
spectroscopic tools and techniques [2]. 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. Besides diagnosis, medicinal problems had been a
major quest for all civilizations since prehistoric times. Even in the present era of
advanced bio-medical technologies, worldwide burden of an aged population, threats
of climate change, frequent incidence of new epidemic infections, the greater
occurrence of chronic diseases, irregular and sedentary lifestyle along with
shortcomings of conventional drugs, which include poor bioavailability, multi-drug
resistance and undesired adverse effects have forced the researchers to look for
alternative resources of medicines like nanomaterials (i.e., nanomedicines). The
enthusiasm surrounding nanomedicines emerges from the unique possibility of
precisely engineering their physicochemical properties such as size, shape, elasticity,
surface charge, and surface functionalization to achieve desired in vivo behaviors [3,
4]. The term ‘Nanomedicine’ can be traced back to the late 1990s, and first appeared
in scientific literature in the year 2000 (Institute for Scientific Information, Thompson,
Philadelphia, PA, USA)[5]. Since then, various nanoscale materials have turned out to
be useful for application in health and diseases. Some of the materials have already
been approved by the US Food and Drug Administration (US FDA) for human use [6-
8]. Despite having innovative functionality and versatility, the therapeutic use of
nanomaterials is still in its infancy. Poor aqueous solubility, problem in large scale
manufacturing, limited understanding about in vivo behaviour and concern over the

biocompatibility and safety has limited their use as medicine.

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 16t 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

2



the materials [9]. 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 [10]. Since the
16t 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 [11]. 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.

Besides biomedical and environmental applications, optical spectroscopy finds
an enormous applicability in food quality assessment since years. Adulteration of food
commodities with substandard low-cost contaminants for higher monetary profit
continues to be a long-standing global concern [12]. Spectroscopy is a quick, low cost,
rapid, non-destructive, and emerging approach for verifying authenticity and toxicity
of food products. However, instead of high-cost sophisticated lab grade instruments,

portable and field deployable devices for food testing are the need of this hour.

Optical spectroscopy holds promise not only as clinical tool for diagnosing at
the early stage of diseases or formulation of nanomedicine but also as sensing tool for
the determination of environmental pollution and food adulteration by combining

with available photonic technology and has been utilised throughout this thesis work.



1.2. SPECTROSCOPY IN BIOMEDICAL APPLICATIONS:

In view of recent scientific developments, photon-based detectors and optical
fiber based light probes have made significant advancement towards the quality of
measurements and diagnostic techniques, resulting in greater insight about the
macromolecular light interactions on biologicals and meteorological targets. Better
quality of receivers, spectroscopic advancements and novel electro-optical strategies
have seen significant advancements in recent times. In the following sections few
contemporary similar techniques with possible bio-medical applications have been

discussed.
1.2.1. Spectroscopy in Medical Diagnosis:

Application of spectroscopy in diagnosis covers broad field of application from
pulse oximetry to non-invasive optical biopsy. In this section we have represented the
state-of-the-art diagnostic strategies based on different spectroscopic techniques.
Ultraviolet/visible (UV/Vis) absorption spectroscopy has been used in the clinical
laboratory for many years. The technique has appeal, as it is almost universal in its
application. Absorption spectroscopy is usually performed with molecules dissolved
in a transparent solvent, such as aqueous buffers. The absorbance of a solute depends
linearly on its concentration and, therefore, absorption spectroscopy is ideally suited
for quantitative measurements. The wavelength of absorption and the strength of
absorbance of a molecule depend not only on the chemical nature but also on the
molecular environment of its chromophores. Absorption spectroscopy is therefore an
excellent technique for following ligand-binding reactions, enzyme catalysis, and
conformational transitions in proteins and nucleic acids [13]. In this category the most
popular diagnostic tool used in day to day basic for the measurement of oxygen
saturation (SpO») is pulse oximetry. A blood-oxygen monitor displays the percentage
of blood that is loaded with oxygen. More specifically, it measures what percentage
of haemoglobin, the protein in blood that carries oxygen, is loaded. Acceptable normal
ranges for patients without pulmonary pathology are from 95 to 99 percent. For a
patient breathing room air at or near sea level, an estimate of arterial pO2 can be made

from the blood-oxygen monitor "saturation of peripheral oxygen" (SpO.) reading.



Pulse oximeter works based on the Beer-Lambert law. It utilizes an electronic
processor and a pair of small light-emitting diodes (LEDs) facing a photodiode
through a translucent part of the patient's body, usually a fingertip or an earlobe. One
LED is red, with wavelength of 660 nm, and the other is infrared with a wavelength
of 940 nm. Absorption of light at these wavelengths differs significantly between
blood loaded with oxygen and blood lacking oxygen. Oxygenated haemoglobin
absorbs more infrared light and allows more red light to pass through. Deoxygenated
haemoglobin allows more infrared light to pass through and absorbs more red light.
The ratio of the red light measurement to the infrared light measurement is then
calculated by the processor (which represents the ratio of oxygenated haemoglobin to
deoxygenated haemoglobin), and this ratio is then converted to SpO: by the processor
via a lookup table [14]. 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
optical fiber-based instrument used for recording absorption spectra in the spectral
range 200-850 nm of glycated hemoglobin (HbAlc). The parameter “area under the
curve”” of each baseline corrected absorption spectrum was used for the estimation of
HbA1lc (%). The glycated hemoglobin values obtained by this spectroscopic method
were compared with the values reported by the standard ion exchange HPLC method.
It has been observed the aforementioned technique may be employed as a

supplementary technique to other techniques that already exist [13].

Fluorescence spectroscopy is a complementary technique of absorption
spectroscopy which analyzes fluorescence from a sample. It is primarily concerned
with electronic and vibrational states of the fluorophores. Fluorescence spectroscopy
is being used in many medical subspecialties as a diagnostic tool which extends from
diagnostic studies for the determination of skin cancers to atheromatic plaques
detection in coronary arteries. 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 [15, 16]. Endogenous fluorophores give rise to autofluorescence

phenomenon. Examples of endogenous fluorophores include collagen, elastin,
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nicotinamide adenine dinucleotide (NADH), tryptophan, porphyrins, and flavin
adenine dinucleotide (FAD) [17]. Collagen and elastin are mainly responsible for
spectral changes associated with structural changes within the tissues and cells [17].
Other fluorophores like FAD, NADH, tryptophan, and porphyrins are mainly
responsible for spectral changes associated with changes in cellular metabolism and
functional processes [16]. 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 [16-18]. Upon exiting the tissue samples at 300
nm using a lamp-based spectrometer the emission can be recorded from 320 nm to 550
nm. The ratios of fluorescence intensities at 340 nm to 440 nm for cancerous breast
tissues were found to be different from that of normal and benign tissues. In order to
obtain further information on the chromophores responsible for the emission and to
have a better physics picture of the heterogeneous nature of tissue fluorescence in
cancerous and normal tissue, the kinetics of the physical processes occurring in tissues
can be studied using time-resolved fluorescence. The key fluorescence relaxation
decay parameters can be determined from the time-resolved fluorescence
spectroscopic data of photo-excited tissues. The fluorescence kinetics from malignant
and non-malignant breast tissues upon excitation at 310 nm and 353 nm, exhibit
different double exponential decay profiles consisting of slow and fast components.
Typical time-resolved fluorescence profiles at 340 nm emission band from a benign
breast tissue, a benign tumor and a malignant tumor, photoexcited at 100 fs 310 nm
pulse contain one slow and one fast component of fluorescence decay. The profiles for
non-malignant (benign and normal) and malignant samples show a marked
difference. The fast component seems to be more dominant in non-malignant tissues
than in malignant tissues. The fluorescence decay curves for 440 nm band appear to
contain one slow and one fast component of fluorescence lifetime. Unlike the 340 nm
band, there is no marked dominance of either component for 440 nm [17]. Which
further shows that the time resolved fluorescence is 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 based on the amounts of naturally occurring



fluorophores present. With fluorescence spectroscopy, diagnostic algorithms can be
derived that allow reasonable sensitivity and specificity for the diagnosis of squamous
intraepithelial lesions (SILs) and work without a priori information about the
abnormalities of the cervix [18]. New medical technologies can be evaluated using
several measures, including sensitivity, specificity, positive and negative predictive
values, receiver operating characteristic (ROC) curves, and areas under ROC curves.
The ROC curve has the advantage of comparing test performance over several
thresholds and can be used both in diagnostic settings, in which the prevalence of
disease is high, and in screening settings, in which the prevalence of disease is low.
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 [19]. Conversely,
the use of different dyes for the detection of cellular reactive oxygen species by
fluorescence assay has also been reported [20].

Raman spectroscopy represents a molecular fingerprint of the sample and
provides quantitative information regarding its chemical makeup. It is a powerful
analytical technique that can measure the chemical composition of complex biological
samples, such as biofluids, cells and tissues. Biochemical changes in cells and tissues,
that may either be caused or are the cause of a disease, can lead to significant changes
in the Raman spectra. The potential of Raman spectroscopy arises from its ability to
detect such biochemical changes at a molecular level, and therefore, can be used for
diagnostics, prognostics or as a tool for evaluating new therapies. Raman
spectroscopy has several features that are advantageous for medical diagnostics. It has
high chemical specificity and molecular information that can be obtained without any
staining or labelling. Changes in the molecular composition of biological samples as
measured by Raman spectroscopy can be used to build multivariate calibration and
classification models, which allow quantitative and objective diagnosis for
independent patients. Raman spectroscopy relies on scattering of light by molecules
and information regarding the vibrational modes of the molecules can be obtained

using visible or near-infrared lasers. Thus, Raman spectroscopy can take advantage of



the advanced optical microscopy technologies, optical fibres, miniaturised lasers and
other photonic devices, to improve diagnostic performance and speed. Often the
measurements are carried out in backscattering geometry without requiring
transmission of light through the specimen. This feature is useful in particular for in
vivo diagnostic and for examination of thick tissue specimens (e.g. surgical resections),
without requiring micro-sectioning. The use of visible or near-infrared light for
excitation also reduces the absorption effects of water, allowing measurements of
body fluids or cells within water environments. Similar to other optical techniques,
Raman spectroscopy can provide real-time (or near real-time) molecular information
and high resolution imaging at relatively low cost compared to other well established
medical imaging techniques (e.g. ultrasound, magnetic resonance imaging, etc.). This
is an important feature as often the clinical implementation and translation of
technologies are limited by practical, logistical and financial factors [21]. The
application of Raman spectroscopy in medical diagnosis includes invasive detection
of cancer (brain, barest, lung, skin, prostate, Colorectal); minimally invasive bio fluid
analysis for the detection of asthma, inflammatory response, coagulant and anti-

coagulant factors in human blood, malaria etc.
1.2.2. Spectroscopy in Medical Therapy:

Application of spectroscopy in medical science in not limited to medical
diagnosis only. Along with diagnosis, the treatment or therapy has become a growing
concern for the modern civilization. Spectroscopy has significant role in therapeutic
applications including photodynamic therapy, atmospheric pressure plasma therapy
even evaluating the action of a targeted cancer drug through magnetic resonance

spectroscopy has also been reported.

Photo dynamic therapy (PDT) is a treatment that uses a drug, called a
photosensitizer or photosensitizing agent, and a particular type of light. When
photosensitizers are exposed to a specific wavelength of light, they produce a reactive
form of oxygen that kills nearby cells. Each photosensitizer is activated by light of a
specific wavelength. This wavelength determines how far the light can travel into the

body. Thus, doctors use specific photosensitizers and wavelengths of light to treat



different areas of the body with PDT. In the first step of PDT for cancer treatment, a
photosensitizing agent is injected into the bloodstream. The agent is absorbed by cells
all over the body but stays in cancer cells longer than it does in normal cells.
Approximately 24 to 72 hours after injection, when most of the agent has left normal
cells but remains in cancer cells, the tumor is exposed to light. The photosensitizer in
the tumor absorbs the light and produces an active form of oxygen that destroys
nearby cancer cells. In addition to direct killing of cancer cells, PDT appears to shrink
or destroy tumors in two other ways. Firstly, the photosensitizer can damage blood
vessels in the tumour, thereby preventing the cancer from receiving necessary
nutrients. Secondly, PDT also may activate the immune system to attack the tumour
cells. The light used for PDT can come from a laser or other sources. Laser light can be
directed through fiber optic cables (thin fibers that transmit light) to deliver light to
areas inside the body. For example, a fiber optic cable can be inserted through an
endoscope (a thin, lighted tube used to look at tissues inside the body) into the lungs
or esophagus to treat cancer in these organs. Other light sources include light-emitting
diodes (LEDs), which may be used for surface tumors, such as skin cancer. PDT is
usually performed as an outpatient procedure. PDT may also be repeated and may be
used with other therapies, such as surgery, radiation therapy, or chemotherapy.
Extracorporeal photopheresis (ECP) is a type of PDT in which a machine is used to
collect the patient’s blood cells, treat them outside the body with a photosensitizing
agent, expose them to light, and then return them to the patient. The U.S. Food and
Drug Administration (FDA) has approved ECP to help lessen the severity of skin
symptoms of cutaneous T-cell lymphoma that has not responded to other therapies.
Studies are under way to determine if ECP may have some application for other blood

cancers, and also to help reduce rejection after transplants.

Plasma medicine is an innovative and emerging field combining plasma
physics, life sciences and clinical medicine to use physical plasma for therapeutic
applications. Plasma, described as the fourth state of matter, comprises charged
species, active molecules and atoms and is also a source of UV-photons [22]. These
plasma-generated active species are useful for several bio-medical applications such

as sterilization of implants and surgical instruments as well as modifying biomaterial
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surface properties. Sensitive applications of plasma, like subjecting human body or
internal organs to plasma treatment for medical purposes, are also possible. Initial
experiments confirm that plasma can be effective in in vivo antiseptics without
affecting surrounding tissue and, moreover, stimulating tissue regeneration [22].
Based on sophisticated basic research on plasma-tissue interaction, first therapeutic

applications in wound healing, dermatology and dentistry will be opened [22].

Though nanoparticles are not directly related to the spectroscopic studies but
the working of the nanoparticles can be confirmed by means of spectroscopic methods
only. Hence, the application of the nanoparticles for drug delivery agent or as drug 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 [23]. Nanometer-sized
colloidal particles with small size and large surface area have many superior
properties when used as magnetic resonance imaging (MRI) contrast agents, such as
their ability to carry large payloads of active magnetic centers, easy penetration of
biological membranes, long blood circulation times, and efficient conjugation to
affinity molecules. Thus, they have the potential to allow us to visualize targets at low
imaging-agent concentration with high sensitivity and specificity [24]. Furthermore,
nanoparticles can be used in combination with therapeutic agents as bifunctional
medical systems that enable simultaneous MRI diagnosis and drug treatment [25]. For
example, superparamagnetic iron oxide nanoparticles have been developed as
efficient T2 contrast agents and employed to image tumors, stem cell migration, and
cancer metastases. Some colloidal nanoparticles containing gadolinium (III) or
manganese(II) have recently been reported as potent T1 MRI contrast agents [26]. Very
recently, reports on MnO nanoparticles as Tl contrast agents for MRI signal
enhancement of the anatomic brain structure can also be found [26]. Conversely,
manganese oxides have been widely exploited because of their promising applications
in many fields, such as catalysis [27], molecular adsorption [28] and others [29], ion
exchange [30], supercapacitors [31], magnetic applications [32], and secondary
batteries. Among the manganese oxides, the hausmannite Mn3Os is the most stable

oxide at high temperature relative to other manganese oxides, such as MnO, and
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Mn>0Os. The compound is known to be an active catalyst for the oxidation of methane
and carbon monoxide [33], decomposition of waste gases, the selective reduction of
nitrobenzene [34], and the combustion of organic compounds at temperatures of the
order of 373-773 K. These catalytic applications provide a powerful method of
controlling air pollution. Most recently, hollow MnsOs nanoparticles have been
utilized as positive MRI contrast agent (exploiting their room temperature
paramagnetism) with enhanced relaxivity attributed to an increased water-accessible

surface area and the flexibility of further functional surface modifications [35, 36].

Thus, spectroscopy can offer the necessary tools to investigate the relevant
structure and function, but the size and complexity of biological systems is beyond
that usually encountered in the physical and chemical sciences and therefore poses a
particular challenge. 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 or methodology. This challenge is met by
extraordinary efforts to extend the sensitivity, specificity, information content, and in
some cases spatial resolution of spectroscopic methods. Goal of this thesis is to exploit
modern instrumentation and spectroscopic tools for the betterment of human life by
developing novel diagnostic and therapeutic strategies which can further help to
shape our understanding of living systems. The thesis also aims to give an overview
about the spectroscopic and analytic tools, and to assess how novel developments may

promise unprecedented insight into biomedical procedures.
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

[37]. During the last quarter of the century, there has been a tremendous revolution in
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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 [38]. 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 [39]. Environmental scientists employed
this technique to develop long-range infrared sensors for the determination of certain
compound’s concentration in the air mass. In addition, UV 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
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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 [40]. 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
tuneable 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 not only novel disease diagnosis tools but also
environmental pollution monitoring techniques, which can further help to shape our

understanding of environmental systems.
1.4. SPECTROSCOPY IN FOOD QUALITY ASSESSMENT:

Exploration of newer optical methodologies for potential applications in food
quality assessment is experiencing phenomenal growth and attracting huge interest
over conventional techniques due to their versatility and inherent advantages
including high sensitivity, little or no sample preparation, real-time monitoring, ease

of use, requirement of less expertise, and non-invasive point-of-care diagnosis.

Adulteration of food commodities with substandard low-cost contaminants for
higher monetary profit continues to be a long-standing global concern [12]. In recent
times, adulteration of food in being done in sophisticated mode by substitution of
specific substances (i.e., already present in the food), which are conventionally used

as marker for food quality assessment, with low-grade chemical or biological
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adulterant to manoeuvre the contemporary detection techniques. Detection of such
health-hazardous adulterants demands cutting edge research and alternative
methodologies, where optical techniques can play a pivotal role [41]. For example, -
carotene and Vitamin-A is used as biomarkers to assess quality of buffalo milk using
easy spectroscopic techniques [42]. Likewise, the authenticity and origin of the floral

type honey could be identified using front-face Fluorescence spectroscopy [43].

1.5. SCOPE AND OBJECTIVE:

Importance of spectroscopy in the field of biomedical, food and environmental
applications is unanimous. Advent of nanotechnology further opens up the scope of
optical spectroscopic techniques for the medical diagnosis and cure, environmental
pollution monitoring and control along with food quality control 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, environmental and food applications are being demonstrated and

published.

Development of cost-effective design and realization of highly sensitive
spectroscopy-based instruments for potential applications in detecting and control
biomedical anomalies, environmental pollution monitoring and food quality
assessment to render a better quality of human life is the key objective of the works
under the thesis. Following are the representative examples of the proposed

achievements towards the said objective.

Spectroscopic investigation has taken an important role in diagnosis of
different diseases including hypoxia [44], anemia, jaundice [45] and even cancer [46].
Among these diseases, anemia and hyperbilirubinemia are the most common global
health problems affecting both developed and developing countries; it has far-
reaching and severe adverse effects on human health, especially neonates and strongly

affects socioeconomic development. Neonatal jaundice and anemia are the most
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common health issues encountered by newborns globally and constitute a major
percentage of infant mortality. The prevalence of neonatal jaundice and anemia is
quoted to be between 50% and 60% among healthy term neonates [47-49]. According
to the recent reports of World Health Organization, neonatal jaundice effects one in
every two infants globally. Therefore, detection and control activities of these diseases
should be an integral part of healthcare services, particularly because an early
diagnosis of anaemia and hyperbilirubinemia in the neonatal population is one of the
proven means of health promotion. Till date, the lack of a portable, easily operable,
inexpensive and accurate device has hindered the widespread adaption of anemia and
jaundice screening in neonatal health programs [50]. The contemporary method of
measurement of serum bilirubin concentrations (TSB) hemoglobin levels (Hb) and
arterial blood gas (for measurement of blood oxygen saturation) involves painful
blood sampling [51-54] which suffers from multiple long term consequences like
infection at the sampling site, osteomyelitis (though in rare cases), blood loss, etc.[52,
55, 56]. Although, some non-invasive methods (BiliCheck™ [57], JM-105™ [58], Rad
57™ [59] NBM-200, etc) [60] have been established as alternatives to repeated blood
samplings for TSB and Hb measurement [61, 62] however, they suffer from certain
inherent limitations that restrict their usage in widespread hospital settings [61, 63,
64]. Particularly, the accuracy of these non-invasive devices vary across races and have
been found to be less accurate in Asian, Hispanic and African populations (having
dark skin tone) because of the variation of melanin concentration in skin tissues [65].
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,
non-invasive device (i.e. SAMIRA, Spectrum Assisted Medical Inoffensive Radiation
Application) for simultaneous bilirubin and hemoglobin measurement at low-
resource point-of-care settings in human neonatal subjects, independent of their skin
color, age and sex, by measuring the optical spectrum of the blood flowing in the
vascular bed of the distal subungual arcade and the superficial arcade area discarding
the influence of melanin or skin colour. Incorporation of machine learning and

artificial intelligence has improved the data accuracy of the proposed device stronger.
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By virtue of the machine learning algorithm the developed device is capable of locking
a data which is 98% accurate. Studies on a huge number of neonatal populations
helped in exact incident light dosage determination, data acquisition time
optimization etc., making the device highly precise and accurate for point of care

settings.

On the other hand, World Health Organization (WHO) has declared
antimicrobial-resistant (AMR) infections as one of the top 10 global public health
threats [66]. It was reported that in 2019 alone, the AMR organisms were the primary
cause of 1.27 million deaths worldwide [67]. Amongst antimicrobial-resistant bacteria,
the emergence of multidrug-resistant (MDR) bacteria species is of great concern,
primarily because of their ability to mutate genes and to reduce drug action. Poor drug
binding capacity and low cell penetration [68] make multidrug-resistant bacteria
responsible for almost 65% infections spread from contaminated surfaces which are
linked with HealthCare-Associated disease [69]. Emerging MDR strains of MRSA are
clinically notorious because of their lack of response to conventional antimicrobial
therapy. Previously it was pointed out that the combination of two different drugs
linked through a selectively chosen drug carrier, improves the efficacy of the system
against AMR activities [70, 71].The present thesis work explores the co-localization of
an antituberculosis drug rifampicin (RF) with another drug benzothiazole (BT) in an
organized assembly of Cetyl Triethyl Ammonium Bromide (CTAB) micelles, and their

highly potential prospect as an antibacterial spray against MRSA.

In this thesis, antimicrobial activity of citrate-CuO NPs was examined on S.
Hominis bacteria strain. The citrate functionalized NPs were found to generate reactive
oxygen species (ROS) upon photo-excitation, which is responsible for their anti-
microbial action as ROS has the ability to destroy the active substances in the bacterial
inner and outer membrane [72-74]. This phenomenon establishes the credentials of
citrate CuO NPs for applications like antibacterial photo dynamic therapy (PDT) with
enhanced efficacy. We have also used computational biology strategy in order to
rationalize the antibiotic resistant bacterial remediation found in our experimental

studies. Immediately after the establishment of the CuO nano-hybrid to be a potential
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antibacterial agent, we have also explored the use of copper mine tailings as a source
of raw materials for the nano-hybrid synthesis in order to cater low-cost antibiotics to
wider population across the globe and to remediate the burden from the copper mines

simultaneously.

A good quality of drinkable water is essential for human health, socio-
economic development and ecosystems. Besides growing population and rapid
urbanization, the high use of harmful chemicals in manufacturing, construction and
other industries, fertilizers in farms and their direct disposal to nearby water bodies
have significantly worsened the water quality available to people [75]. A minimum of
2 billion people worldwide consumes water for drinking, contaminated with faecal
matter [76]. The root cause of many deadly diseases such as cholera, diarrhoea,
dysentery as well as typhoid is consumption of contaminated water and the
consumption results in more than half million deaths due to diarrhoea annually [77].
These statistics are indication of the urgent need for quantitative assessment of water
quality including lakes [78] and large water bodies with online determination of
results indicating the readiness of consumption of available drinking water. The
quality of water is primarily determined by its physical, chemical, and biological
content [79-81]. Traditional water drinkability assessments are generally performed
manually where water samples are sent for examination to the laboratories,
conventionally following chemical and other methods of analysis [82]. The processes
are complex and require trained personnel [83]. Moreover, they are time-consuming
and non-real time measurement techniques [84]. With the advent and development of
sensor-based systems, substantial research has been carried out to automate and real-
time monitor the water quality and Internet of Things (IoT) enabled devices are in
demand for immediate intimation of human remedial interventions needed anywhere
[85, 86]. But such sensor-based systems mainly focus on the total dissolved solvents
(TDS) and pH properties of water and few such sensors have been made commercially
available also. Some alternate experimental methods [87] were also tried by
researchers like using the bio-screen microbiological growth analyser [88] and
underwater imaging systems [89, 90]. While online sensors ensure immediate data

availability and trigger the need for urgent action, their calibration, reliability, and
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water-induced degradation or stains become an important concern [91]. Thus an all in
one real time water quality testing portable system is sparce in contemporary
literature that can identify presence of any kind of suspended scatterer, harmful
chemicals having emission and dissolved contaminants or bio-markers degrading the
water quality. In a study under this thesis work, we have developed a prototype for
the estimation of water quality using spectroscopic techniques. This proposed device
can simultaneously measure the absorbance of water sample to give the information
of dissolved colours, scattering parameters to estimate the suspended particulate
matter and fluorescence to quantify the harmful chemicals contaminating the water
and degradation of the water quality. Detection of benzopyrene, a harmful
carcinogenic common water pollutant [92], mainly contaminating water resources
from industry effluents is a global concern of immense importance. In this study, the
credentials of the developed proto-type have been established in identifying
benzopyrene contamination in water samples. The limit of detection (LOD) of the
device in terms of emission of benzopyrene contaminated water is found to be 0.503
ppb, much lower than the drinkable limit of 0.7 ppb [93] as per WHO guidelines which
proves the efficacy of the device. Similarly, Crystal Violet (CV) is another dangerous
and common mutagenic and teratogenic contaminant of water which enters into the
aquatic systems from the effluents of textile or paint industry and also from medical
and biotechnology industry and is well known for its mutagenic, teratogenic and
mitotic poisoning nature [94]. The developed system is also capable of detecting the
presence of such dissolved dyes in water by measuring absorbance. The designed
device is found to have LOD 23.9 ppb whereas the safe limit of CV in drinking water
is 100 ppb [95]. Simultaneously, the potential of the device in determining suspended
particulate matters (SPM) in water is established by detecting Titanium di-oxide
(TiO2) as a model scatterer pollutant in water. The instrument yielded an LOD of 23.25
ppb (0.291 pM) in this case. The bacterial growth indication performance of the device
in water was also studied using MRSA (Methicillin-resistant Staphylococcus Aureus)
bacteria. Thus, this instrument, has the potential to replace the existing instruments
for water quality measurement and has immense applications in the field of

environmental research.
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Arsenic is a naturally occurring toxic metalloid and is abundant in 'Earth's
crust. Importantly, this is classified as a group I carcinogen in humans [96, 97]. Primary
sources of ingested arsenic for humans are water and air, apart from some
contribution from food. Contaminated groundwater with geogenic arsenic is the
major source in various parts of the world, including a large part in the Ganga basin,
and pose a major health risk to a large population worldwide [98, 99]. AsOs* and
AsOg43 are two primary arsenic species that occur in aqueous environments and
contaminated water bodies with AsOs3 being more soluble than AsO43- [100].
Considering the acute and the high level of toxicity induced by iAsl contamination,
the World Health Organization (WHO) and U.S. Environmental Protection Agency
(EPA) have set the maximum allowed contaminant level for arsenic in drinking water
as <10 ppb [101, 102]. According to a survey, it is estimated that more than150 million
people around the globe are at risk because of arsenic contamination [102, 103]. To
date, various conventional analytical techniques are commonly used for the detection
of inorganic arsenic (iAs!l), those include inductively coupled plasma mass
spectrometry, atomic absorption spectroscopy, high-performance liquid
chromatography with optical spectrometric detection, atomic fluorescence
spectrometry and voltammetry [104-111]. Although these techniques allow sensitive
and accurate quantification of iAslll, these methods require cumbersome sample
processing, time, and highly trained personnel, which limit their applications for
routine on-sight measurements [111, 112]. Considering such limitations, there is a
conscious and focused effort for developing molecular sensors that could be
integrated into an inexpensive optical device for specific, sensitive and instantaneous
in-filed detection of the iAs! with an associated optical read-out signal. Notably, such
methodology with an associated switch ON optical response helps in achieving a
favorable signal-to-noise ratio and a trace level quantification. These criteria are
ideally suited for the real-time on-sight application. To the best of our knowledge,
examples of any molecular sensors that fulfil all these norms are scarce in
contemporary literature. To integrate all the requirements in the optical response of a
single fluorescence-based molecular receptor, a new Ir(Ill)-based luminescent

molecule is designed that shows specificity towards inorganic arsenic III (iAs'™). To
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further improve the solubility of the Ir(Ill)-based luminescent molecule in the aqueous
medium, as well as the improved membrane binding-efficacy with a cationic
biomimetic cetyltrimethylammonium bromide (CTAB) micelle and cell-membrane
permeability with mitochondrial specificity [113, 114]. The work has also utilized the
switch ON luminescence response at ~ 466 nm for developing a hand-held micro-
spectrometer-based prototype with an option for remote signal read-out using a smart
mobile phone. The proposed device could be used for quantifying iAs!l at the sub
10ppb level in drinking water. The delicate balance between the lability of the NO-
donor derivative (HPBT) in Ir(IlI)-based luminescent molecule and the demonstrated
affinity of As(Ill)-centre towards S-donor receptors is effectively utilized for
developing a ratiometric luminescence-based chemodosimetric receptor that is
specifically localized in mitochondria of the live breast cancer cell lines (MCEF-7). The
newly developed chemodosimetric receptor, its specificity towards iAsl for
generating a ratiometric luminescence response, and integration for developing a
hand-held device could be a solution for the population that is impacted with chronic

As3* toxicity.

The thesis also highlights scopes of application of optical spectroscopy in food
quality control. Tea (Camellia Sinensis), the most widely consumed aromatic, non-
alcoholic stimulating beverage in the world [115] is a native plant of southwestern
China and eastern India. Tea finds its importance not only for its medicinal values,
but also for its substantial export revenue generation. India being the home to world’s
premium tea, is responsible for 20% of global tea production and has earned INR 5500
crore or 700 million US Dollar through tea export per year [116]. Amongst all the tea
variants in India, Darjeeling tea, a special variety of tea grown and produced in the
defined area of the Darjeeling District of India, is famous for its distinct aroma and
premium quality. To implement and protect the Geographical Indications (GI) of the
Darjeeling Tea under Trade-Related Aspects of Intellectual Property Rights (TRIPS
Agreement, WTO) [117], a robust identification validity technique of this variety of
tea is highly sought after. Though the modern era has witnessed gigantic progress in
smart technologies and IoT enabled devices, the tea testing technique continues to be

a person specific subjective task. Despite GI validation, the quality assessment of
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Darjeeling tea has remained in the primitive stage, with no available automated
instrumental validation technique. The existing method for tea identification by tea
testers depends solely on a person’s sensory skill, and hence it is associated with a
higher risk of human errors. It also lacks evidence-based measurement techniques,
which could assure the accuracy of tea identification. Furthermore, the economically
motivated adulteration (EMA) [118] has become a growing concern all over the world,
not only for its economic impact, but primarily because of associated health hazards.
It has been predicted that the negative impact of global food-fraud would cost the
food industry about $10-$15 billion a year [118]. The tea industry, being no exception,
faces severe damage due to such types of fraudulent activities. Some point of care
remedies that are being available nowadays for tea quality testing lack in sensitivity,
accuracy and field deployability. In this thesis work, spectroscopic studies on a natural
biomarker ‘quercetin’ for the identification of origin and quality of tea extracts for the
development of a portable and field deployable prototype have been performed. The
performance of the developed device was found promising and reliable in identifying
geographical origin, adulteration (specifically mixing of high-quality Darjeeling tea
with low grade tea and other adulterants), different flushes and shelf life.
Incorporation of machine learning algorithms and statistical analysis methods have

increased the device efficacy manyfold.

Other than tea, a detailed interaction of Chlorophyll with the harmful dyes, viz,
copper sulphate, malachite green and sudan red III are also studied in the thesis using
absorption and emission spectroscopy along with Time-Correlated Single Photon
Counting (TCSPC) technique. Chlorophyll is an essential component of vegetables
and fruits which are vital dietary requirements to maintain a healthy lifestyle and
many of them have anticarcinogenic properties. However, they are frequently
adulterated by unscrupulous business practices with toxic illegal dyes for making
their appearance fresh and vibrant. The dyes may directly interact with the
chlorophyll of fruits and vegetables, either by unethical fraudulent practices of
adulteration to keep them fresh, or through intake of dye contaminated soils with
industrial or agricultural effluents through the root of plants. In plants, chlorophylls

are not freely available, they are encapsulated in granum. To create the similar
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restrictive nanoscopic environment in our study, Sodium Dodecyl Sulfate (SDS)
micelles was used, which, like granum, confine the chlorophyll. To establish the
harmful effects of these dangerous dyes at the molecular level, detailed computational

biology technique was also employed in the study for a vivid insight.
1.6. SUMMARY OF THE WORK DONE:

1.6.1. Studies on Interaction Optical Radiation with Human Tissue Using Optical
Diffuse Reflectance Spectroscopy for Potential Development of Healthcare Devices

and Development of Nano-medicine:

1.6.1.1. Non-invasive Estimation of Hemoglobin and Bilirubin of Neonates

Simultaneously Using Whole Optical Spectrum Analysis at Point of Care [119]:

The study was aimed to evaluate the performance of a newly developed
spectroscopy-based non-invasive and noncontact device (SAMIRA) for the
simultaneous measurement of hemoglobin and bilirubin as an alternative to the
invasive biochemical method of blood sampling. The accuracy of the device was
assessed in 4318 neonates having incidences of either anemia, jaundice, or hypoxia.
Transcutaneous bilirubin and hemoglobin values were obtained by the newly
developed instrument which was corroborated with the biochemical blood tests by
expert clinicians. The instrument is trained using Artificial Neural Network Analysis
to increase the acceptability of the data. The artificial intelligence incorporated within
the instrument determines the disease condition of the neonate. The Pearson’s
correlation coefficient, ‘r" was found to be 0.987 for hemoglobin estimation and 0.988
for bilirubin measurement respectively. The bias and the limits of agreement for the

measurement of all the three parameters were within the clinically acceptance limit.

1.6.1.2. Molecular Co-localization of Multiple Drugs in a Nanoscopic Delivery
Vehicle for Potential Synergistic Remediation of Multi-drug Resistant Bacteria

[120]:

Anti-microbial resistant infection is predicted to be alarming in upcoming
years. In the present study, we proposed co-localization of two model drugs viz.,

rifampicin and benzothiazole used in anti-tuberculosis and anti-fungal agents
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respectively in a nanoscopic cationic micelle CTAB (cetyl triethyl ammonium
bromide) with hydrodynamic diameter of 2.69 nm. Sterilization effect of the co-
localized micellar formulation against a model multi-drug resistant bacterial strain
viz., Methicillin resistant Staphylococcus aureus was also investigated. 99.88%
decrease of bacterial growth in terms of colony forming unit was observed using the
developed formulation. While Dynamic Light Scattering and Forster’s Resonance
Energy Transfer between benzothiazole and rifampicin show co-localization of the
drugs in the nanoscopic micellar environment, analysis of time-resolved fluorescence
decays by Infelta-Tachiya model and the probability distribution of the donor-
acceptor distance fluctuations for 5 pM, 10 pM and 15 pM acceptor concentrations
confirm efficacy of the co-localization. Energy transfer efficiency and the donor
acceptor distance are found to be 46% and 20.9 A respectively. We have also used a
detailed computational biology framework to rationalize the sterilization effect of our
indigenous formulation. It has to be noted that the drugs used in our studies are not
being used for their conventional indication. Rather the co-localization of the drugs in
the micellar environment shows a completely different indication of their use in the
remediation of multi-drug resistant bacteria revealing the re-purposing of the drugs

for potential use in hospital-born multi-drug resistant bacterial infection.

1.6.1.3. Development of Nanomedicine from Copper Mine Tailing Waste: A

Pavement towards Circular Economy with Advanced Redox Nanotechnology [121]:

Copper, the essential element required for the human body is well-known for
its profound antibacterial properties, yet salts and oxides of copper metals in the
copper mine tailings are reported to be a big burden in the modern era. Among other
copper oxides, CuQ, in particular, is known to have beneficial effects on humans,
while its slight nanoengineering viz., surface functionalization of the nanometer-sized
oxide is shown to make some paradigm shift using its inherent redox property. Here,
we have synthesized nanometer-sized CuO nanoparticles and functionalized it with
a citrate ligand for an enhanced redox property and better solubility in water. For
structural analysis of the nanohybrid, standard analytical tools, such as electron

microscopy, dynamic light scattering, and X-ray diffraction studies were conducted.
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Moreover, FTIR and UV-VIS spectroscopy studies were performed to confirm its
functionalization. The antibacterial study results, against a model bacteria (S. hominis),
show that CuO nanohybrids provide favourable outcomes on antibiotic-resistant
organisms. The suitability of the nanohybrid for use in photodynamic therapy was
also confirmed, as under light its activity increased substantially. The use of CuO
nanoparticles as antibiotics was further supported by the use of computational
biology, which reconfirmed the outcome of our experimental studies. We have also
extracted CuO nanogranules (top-down technique) from copper mine tailings of two
places, each with different geographical locations, and functionalized them with
citrate ligands in order to characterize similar structural and functional properties
obtained from synthesized CuO nanoparticles, using the bottom-up technique. We
have observed that the extracted functionalized CuO from copper tailings offers
similar properties compared to those of the synthesized CuO, which provides an
avenue for the circular economy for the utilization of copper waste into nanomedicine,

which is known to be best for mankind.

1.6.1.4. “Nano-Copper”: A Potential Remediation of Antibiotic-Resistant Infections

[122]:

Use of copper to cater various needs of human civilization started immediately
after the neolithic age. However, the nano-formulation of copper containing copper
or one of its compounds including oxides in order to combat some of the societal
challenges are quite recent. Here we have synthesized copper oxide nano particles and
functionalized with acetate ligands to form a nano-hybrid which is shown to have
medicinal properties. We have used electron microscopy, X-ray diffraction and
dynamic light scattering tools for the structural characterization of the nano-hybrid.
Functionalization of the copper oxide nanoparticles has been confirmed by FTIR and
UV-Vis spectroscopy studies. A detailed study on the functionality of the nano-hybrid
is shown to be very promising for antibiotic resistant bacterial infection remediation
which is the need of the hour. Light activation enhances the antibacterial efficacy
manifold making the nano-hybrid suitable for applications like photo-dynamic

therapy. We have also used computational biology strategy in order to rationalize the
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antibiotic resistant bacterial remediation (particularly MRSA strains) found in our

experimental studies.
1.6.2. Studies on Optical Multi-parameter for Environmental Pollution Monitoring:

1.6.2.1. A Portable Spectroscopic Instrument for Multiplexed Monitoring of Acute
Water Toxicity: Design, Testing, and Evaluation [123]:

The deteriorating water environment worldwide, mainly due to population
explosion and uncontrolled direct disposal of harmful industrial and farming wastes,
earnestly demands new approaches and accurate technologies to monitor water
quality before consumption overcoming the shortcomings of the current
methodologies. A spectroscopic water quality monitoring and early-warning
instrument for evaluating acute water toxicity are the need of the hour. In this study,
we have developed a prototype capable of the quantification of dissolved organic
matter, dissolved chemicals, and suspended particulate matter in trace amounts
dissolved in the water. The prototype estimates the water quality of the samples by
measuring the absorbance, fluorescence, and scattering of the impurities
simultaneously. The performance of the instrument was evaluated by detecting
common water pollutants such as Benzopyrene, Crystal Violet, and Titanium di-
oxide. The limit of detection values was found to be 0.50, 23.9, and 23.2 ppb (0.29 pM),

respectively.

1.6.2.2. Ultrasensitive Reagent for Ratiometric Detection and Detoxification of iAs!

in Water and Mitochondria [124]:

Toxicity induced by inorganic arsenic as AsO3*>~ (1As!) is of global concern.
Reliable detection of the maximum allowed contaminant level for arsenic in drinking
water and in the cellular system remains a challenge for the water quality
management and assessment of toxicity in the cellular milieu, respectively. A new
Ir(I1I)-based phosphorescent molecule (AS-I; Aext = 415 nm and Agms = 600 nm, @ = 0.3)
is synthesized for the selective detection of iAs!l in an aqueous solution with a
ratiometric luminescence response even in the presence of iAsV and all other common

inorganic cations and anions. The relatively higher affinity of the thioimidazole ligand
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(HPBT) toward iAs!!! led to the formation of a fluorescent molecule iAsV-HPBT (Agxt
= 415 nm and Aems = 466 nm, ® = 0.28) for the reaction of iAs!ll and the Ir(IlI)-based
luminescent molecule. An improved limit of quantitation (LOQ) down to 0.2 ppb is
achieved when the Ir(Ill)-based luminescent molecule is used in the CTAB micellar
system. Presumably, the cationic surfactants favor the localization of Ir(Ill)-based
luminescent molecule in mitochondria of MCF7 cells, and this is confirmed from the
images of the confocal laser fluorescence scanning microscopic studies. Importantly,
cell viability assay studies confirm that Ir(IlI)-based luminescent molecule in CTAB
micelles induces dose-dependent detoxification of iAs™ in live cells. Further,
luminescence responses at 466 nm could be utilized for developing a hand-held device
for the in-field application. Such a reagent that allows for ratiometric detection of iAs!!!
with LOQ of 2.6 nM (0.5 ppb) in water, as well as helps in visualizing its distribution

in mitochondria with a detoxifying effect, is rather unique in contemporary literature.

1.6.3. Development of Optical Spectroscopy-based techniques for the detection of

Food-quality assessment:

1.6.3.1. Spectroscopic Studies on a Natural Biomarker for the Identification of
Origin and Quality of Tea Extracts for the Development of a Portable and Field
Deployable Prototype [125]:

Even in the era of smart technologies and IoT enabled devices, tea testing
technique continues to be a person specific subjective task. In this study, we have
employed optical spectroscopy-based detection technique for the quantitative
validation of tea quality. In this regard, we have employed the external quantum yield
of quercetin at 450 nm (Aex = 360 nm), which is an enzymatic product generated by
the activity of B-glucosidase on rutin, a naturally occurring metabolite responsible for
tea-flavour (quality). We have found that a specific point in a graph representing
Optical Density and external Quantum Yield as independent and dependent variables
respectively of an aqueous tea extract objectively indicates a specific variety of the tea.
A variety of tea samples from various geographical origin have been analysed with
the developed technique and found to be useful for the tea quality assessment. The

principal component analysis distinctly showed the tea samples originated from
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Nepal and Darjeeling having similar external quantum yield, while the tea samples
from Assam region had a lower external quantum yield. Furthermore, we have
employed experimental and computational biology techniques for the detection of
adulteration and health benefit of the tea extracts. In order to assure the portability/
field use, we have also developed a prototype which confirms the results obtained in
the laboratory. We are of the opinion that the simple user interface and almost zero
maintenance cost of the device will make it useful and attractive with minimally

trained manpower at low resource setting.

1.6.3.2. Interaction of Chlorophyll with Artificial Colorants in Restricted
Nanoscopic Environment: Key Insights on the Toxicity from Electronic

Spectroscopy [126]:

Chlorophyll is a vital component of vegetables and fruits which are essential
dietary requirements to maintain a healthy lifestyle and many of them have anticancer
properties. However, they are frequently adulterated by unscrupulous business
practices with toxic illegal dyes for making their appearance fresh and vibrant. On the
other hand, chlorophyll may interact with harmful dyes and heavy metals by virtue
of its strong tendency of complex formation by the porphyrin ring when root of plants
starts consumption from dye contaminated soils with industry or agricultural
effluents. Our experimental findings vividly reveal the interaction of chlorophyll with
three commonly used illegal dyes, namely copper sulfate, malachite green, and sudan
red in a restricted nanoscopic environment of an anionic micelle (SDS). The
hypsochromic shift of around 10 nm in the chlorophyll absorbance band supports the
copper metal binding and fluorescence quenching and Time Correlated Single Photon
Counting (TCSPC) investigations confirmed the nature of dynamic quenching of the
chlorophyll emission. The increase of the absorbance peak in the presence of the dye
malachite green indicates that dimers of the dye are likely to develop. The absorption
peak at the blue end is most pronounced at the maximum concentration of the
malachite green dye, at the expense of a weakening of the absorption band at 470 nm.
The static quenching mechanism is supported by further considerable fluorescence

quenching of chlorophyll after inner filter effect correction and picosecond time
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resolved analysis with malachite green addition. The likelihood of Forster Resonance
Energy Transfer (FRET) between chlorophyll-SDS and sudan red dye due to their
overlapping emission and absorption spectral signatures was investigated and an
energy transfer efficiency of roughly 15% was obtained between the doner and
acceptor, establishing a modest interaction. The hazardous effects of the dyes on
human are also thoroughly investigated using predictive computational biology

technique.
1.7. PLAN OF THE THESIS:

Chapter 1: This chapter gives a brief introduction to the different types of
spectroscopic methods used in various kinds of biomedical applications,
environmental pollution monitoring and food quality 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 bilirubin and hemoglobin estimation in neonates 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
is equipped with machine learning algorithms and can also generate and
instantaneously transmit the report to a medical expert through e-mail, text
messaging, or mobile apps. The chapter also discusses of a nano-formulation prepared
by molecular co-localization of multiple drugs in a nanoscopic delivery vehicle for
potential synergistic remediation of multi drug resistant bacteria. Development of
nanomedicine from copper mine tailing waste as a pavement towards circular
economy with advanced redox nanotechnology is another topic of discussion of this

chapter.
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Chapter 5: In this chapter, studies on optical multi-parameter for environmental
pollution monitoring have been highlighted. An efficient and portable spectroscopic
instrument for multiplexed monitoring of acute water toxicity has been developed.
The Design, testing, and evaluation are discussed in details. Arsenic is listed as one of
the most harmful pollutants in drinking water. In this chapter, An ultrasensitive
reagent for ratiometric detection and detoxification of iAsfii in water and mitochondria

has been formulated and its promising performance has been evaluated.

Chapter 6: Spectroscopic studies on a natural biomarker for the identification of origin
and quality of tea extracts for the development of a portable and field deployable
prototype is discussed in this chapter. Simultaneously, interaction of chlorophyll with
artificial colorants like malachite green, copper sulphate and sudan red in restricted
nanoscopic environment is elaborately studied in this chapter to explore the key

insights on the toxicity from electronic spectroscopy.
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CHAPTER 2

Overview of Experimental Techniques and Systems

The use of various optical spectroscopy-based methods to extract underlying
information from biological, food and environmental samples is well known. In this
chapter, a few spectroscopic techniques and experimental tools are discussed briefly
that can help to gain a better understanding of various molecular level interactions

enriching knowledge in the fields mentioned above.
2.1. MEASUREMENT AND ANALYSIS TOOLS:

2.1.1. Absorption Spectroscopy:

The absorbance spectroscopy is the measurement of relative change of
transmittance of light while passing through a solution. The total amount of light
passed through the sample is well expressed by Lambert Beer’s law [1, 2] in terms of

the light intensity as described in the following Equation 2.1.
A= loglO(ITO) = ¢lc (2.1)

Where the term ‘A’ is the absorbance, Io and I are the initial and final intensities of
light, ‘¢’ is the molar extinction coefficient of the solution with unit M-lcm'! when the
optical path length is ‘I’ and “c” is the concentration of the solution expressed in cm
and molarity(M) respectively. Recent advances in spectrometer technologies
including CCD and CMOS array have made the detection easy, accurate and cost
effective [3]. Such progress in detector domain has made spectroscopy much popular
than colour and image analysis. RGB analysis is one of the examples of image analysis
which also has found many applications in real world [4]. Often air/ water quality has

been determined using airborne cameras and subsequent image analysis [5].
2.1.2. Diffuse Reflectance Spectroscopy:

Light incidence on biological targets and interacts with the skin and other

targets and the retro reflected beam carries meaningful information back to the
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receiver. The Ultra Violet (UV) and visible spectrum contributes in exciting electrons
to valence band and the spectrum receiver analyses the contribution of each
wavelength. Optical scattering in biological targets in random trajectory, or diffusion,
of incident photons experiences multiple elastic scattering from cells, extracellular
matrix, blood vessels, and other tissue components [6]. Optically scattered signals
from skin, brain tissues, and vessel walls have helped development of new

technologies and hence have attracted the attention of scientist all over the world [7].

Surface

Figure 2.1. Schematic representation of the diffuse reflection from a solid sample. The diffuse light can
be collected for spectroscopic studies.

Similarly, optical scattering method finds interesting applications in meteorological
field. Optical propagation in aerosols may mathematically be predicted with
acceptable precision by single-scattering methods. Nevertheless, multiple scattering
effect needs to be considered for denser targets like clouds [8]. Several optical
instruments have been designed based on this principle. Lidar is a classic example of

such instrument.

The difference between specular spectroscopy and diffuse reflection
spectroscopy [9] is, the former measures the direct change in the light intensity,
whereas the later measures the relative change in the amount of reflected light from a
surface. Light scattering spectroscopy [10] is another form of reflectance spectroscopy.
It determines the tissue structures by observing the intrinsic elastic scattering
properties. The rate of the electrons jumping from the valence band to the conduction
band due to optical excitation depends upon the absorbance of the light at given
bandgap (Eg) independent of the transmittance. In the diffuse reflectance

spectroscopy, the Kubelka-Munk theory [11] determines from the diffused reflectance
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spectra. For an object under test, with a particle diameter which is comparable to the
wavelength of incident light then diffuse reflectance no longer permits the secondary
contributions of reflection, refraction, and diffraction, the absorption coefficient can

be given by equation 2.2.

K 1-Rg)? _
K= URd = p(Rry) (2.2)

2Rg

%)

R, is the diffuse reflectance and F (R, ) is called the Kubelka-Munk function. K and S

are the absorption coefficient and scattering coefficient respectively. The absorption
coefficient becomes equal to twice of absorption coefficient when the incident light
scatters in a perfectly diffuse manner. In this case, considering the scattering
coefficient as constant with respect to wavelength, Kubelka-Munk equation [12, 13] is

used to determine the Eg as in equation 2.3,
[F(R)hv]? = C(hv — E,) (2.3)

where « is linear absorption coefficient, v is light frequency, his the Plank’s constant

and C is the proportionality constant.
2.1.3. Fluorescence Spectroscopy:

Fluorescence detection is a powerful and effective tool for the sensitive and
selective monitoring of the physical and chemical performance of compounds under
study. The Jablonski diagram [14] offers a convenient representation of electrons in
ground state with the relevant transitions. The excitation procedure to the excited state
(S1) from the ground state (So) is very fast. After excitation, the fluorophore quickly
relaxed from the singlet electronic state to an allowable vibrational level in the
electronic ground state and fluorescence emission occurs. With increasing absorption,
the fluorescence intensity of fluorophores decreases owing to increased internal
conversion. In this regard, both fluorescence quantum yield is one among the most
important selection criteria for fluorophores in single-molecule fluorescence

spectroscopy. The fluorescence quantum yield(¢;) gives the efficiency of the
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fluorescence process and given by the ratio of photons emitted to photons absorbed

as given in the equation 2.4

ky

¢r = (2.4)

T kptknr

the quantum yield can be described by two rate constants, the radiative rate constant,

k,, and the nonradiative rate constant, K,, comprising all possible competing
deactivation pathways, such as phosphorescence, intersystem crossing, internal

conversion etc. The fluorescence intensity, I, is given by he amount of light absorbed

and the fluorescence quantum yield, ¢ as expressed in equation 2.5.
Ir = klyp[1 — 1072¢] (2.5)
By simplifying the equation 2.5 can be rewritten as,
I = kly¢p[ebc] (2.6)

k is a proportionality constant attributed to the instrument, |, is the incident light

intensity ¢ is the molar absorptivity, b is the path length, and ¢ is the concentration of
the substrate. This simplified relationship shows that fluorescence intensity is

proportional to concentration.
2.1.4. Forster Resonance Energy Transfer (FRET):

Forster Resonance Energy Transfer [15] 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” [16]. 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.
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Each donor-acceptor (D-A) pair participating in FRET is characterized by a
distance known as Forster distance (Ro) i.e., the D-A separation at which energy
transfer is 50% efficient. The Ro value ranges from 20 to 60 A. The rate of resonance

energy transfer (kr) from donor to an acceptor is given by [17],

1

ke == (%)’ 27)

Tp r

where, Tp is the lifetime of the donor in the absence of acceptor, Ro 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(1)), the quantum yield of the donor (Qp),
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
estimate FRET efficiency of the donor and hence to determine distances of donor-
acceptor pairs, the methodology described below is followed [17]. The Forster distance
(Ro) is given by,

Ry = 0.211[x?>n~*QpJ(M)]Y® (in A) (2.8)

where, n is the refractive index of the medium, Qp is the quantum yield of the donor

and J(A) is the overlap integral. k2 is defined as,

k? = (cos 07 — 3 cos 0y cos 0,)* = (sinfpsinb,cosp — 2cos0pc056,)%(2.9)

where, Or is the angle between the emission transition dipole of the donor and the
absorption transition dipole of the acceptor, Op and 04 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). k2 value can vary from 0 to 4. For
collinear and parallel transition dipoles, k? = 4; for parallel dipoles, k2 = 1; and for
perpendicularly oriented dipoles, k> = 0. For donor and acceptors that randomize by
rotational diffusion prior to energy transfer, the magnitude of 2 is assumed to be 2/3.
J(A), the overlap integral, which expresses the degree of spectral overlap between the

donor emission and the acceptor absorption, is given by,
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Figure 2.2. (1) Schematic illustration of the Forster Resonance Energy Transfer (FRET) process. (b)
Dependence of the orientation factor k2 on the directions of the emission and absorption dipoles of the
donor and acceptor, respectively.

[P Fp(D)ea(M)A*da
A =2—=
J(A) Jy Fp(A)da

(2.10)

where, Fp()) is the fluorescence intensity of the donor in the wavelength range of A to
A +d N and is dimensionless. ea(\) is the extinction coefficient (in M-lcm1) of the

acceptor at A. If A is in nm, then J(A) is in units of M1 cm nm*.

Once the value of Ro 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,

kr(r)
= —151+kT(r) (2.11)
R6
E = 0 2.12
r* +R§ (2.12)

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

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

E=1-"24 (2.13)
Fp
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For D-A systems decaying with multiexponential lifetimes, E is calculated from the

amplitude weighted lifetimes (t)=) a1, [17] of the donor in absence (Tp) and

presence (Tpa) of the acceptor as,

E=1- T;’—DA (2.14).
The D-A distances can be measured using equations (2.12), (2.13) and (2.14). The
distances measured using equation 2.13 and 2.14 are revealed as RS (steady state
measurement) and R™R (time-resolved measurement), respectively. In one of recent
studies from our group [18], we have reported the potential danger of using equation
2.13 to conclude the nature of energy transfer as Forster type. The study shows that
the energy transfer efficiency E, calculated from steady state experiment (equation

2.13) might be due to re-absorption of donor emission, but not due to dipole-dipole

interaction (FRET).

2.1.4.1. Distance Distribution between Donor and Acceptor:

Distance distribution between donor and acceptor was estimated according to
the procedure described in the literature [19, 20]. The observed fluorescence transients
of the donor molecules in absence of acceptor were fitted using a nonlinear least-

squares fitting procedure (software SCIENTIST) to the following function;

Ip(t) = [ E(t")p(t' — t)dt’ (2.15)

which comprises the convolution of the instrument response function (IRF) ((E(t))
with exponential (p(t) = X;ap;exp(—t/tp;)). The convolution of the distance
distribution function P(r) in the fluorescence transients of donor in presence of
acceptor in the system under studies is estimated using the same software

(SCIENTIST) in the following way.
The intensity decay of D-A pair, spaced at a distance 1, is given by;

t

Ipa(r,t) = Xiap; exp [— TLDL, - (ﬁ)j (2.16)

Tpi \T
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and the intensity decay of the sample considering distance distribution probability

function, P(r) is given by;

Ipa(t) = [~ P(X)Ipa(r, )dr (2.17)

where P(r) consist of the following terms;

g

P(r) = ——exp [— ! (fi)z] (2.18)

In this equation T is the mean of the Gaussian with a standard deviation of 0. Usually
distance distributions are described by the full width at half maxima (hw). This half

width is given by hw = 2.354 o.
2.1.5. Data Analysis of Time-resolved Fluorescence Transients:

Curve fitting of the time-resolved fluorescence transients was carried out using
anonlinear least square fitting procedure to a function (2.19) comprised of convolution

of the IRF,

X(t) = [, E(t"R(t — t)dt’ (2.19)
(E(t)) with a sum of exponentials (2.20) with pre-exponential factors (Bi),

R(t) = A+ XN, Biexp(— Til_) (2.20)

characteristic lifetimes (7;) and a background (A). Relative concentration in a

multiexponential decay is expressed as equation (2.21),

_ _Bn
— vN
2i=1 B;

Cn X 100 (2.21)

Average lifetime (amplitude-weighted) of a multiexponential decay is expressed as,
Tav = Z?’:l CiTy (2.22)

2.1.6. ‘Infelta-Tachiya’ Model (Kinetic Model):

In some of our studies [21, 22] we have employed a kinetic model developed

by Infelta and Tachiya for better understanding of the distribution of energy acceptors
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(quenchers) around the micelles. The decay of excited probes in a micelle may be

described by the following kinetic model [21]:

p:Sp (2.23)
k
prp (2.24)

where P,* and P, stand for a micelle containing n quencher molecules with and
without an excited probe, respectively. ko is the total decay constant of the excited state
in absence of a quencher. k; is the rate constant for quenching of an excited probe in a
micelle containing one quencher molecule. In this kinetic model, it is assumed that the
distribution of the number of quenchers attached to one micelle follows a Poisson

distribution, [23] namely,

p(n) = % X exp(—m) (2.25)
where m is the mean number of quenchers in a micelle. Mathematically m can be
expressed as,

m = = (2.26)

where k+ is the rate constant for entry of a quencher molecule into a micelle, while k-

is the rate constant for exit of a quencher molecule from a micelle containing one
quencher molecule. “A” stands for a quencher molecule in the aqueous phase. Based
upon the above model, the equation for the total concentration P*(t) of excited probes

at time ¢ is given by [21]:

2
Po(0) = PO = (g + ) I

k_thg e L el + k) x 1]} 2.27)

For the case k_<<k,, the above equation reduces to,
P*(t) = P*(0)exp {—kot —m X [1 — exp (—kqt)] (2.28)

The observed fluorescence transients can be fitted using a nonlinear least square
fitting procedure (software SCIENTIST™) to a function X(t) = fOtE (t") x P(t —
t')dt’) comprising of the convolution of the instrument response function (IRF) (E(t))

with exponential P*(t) = P*(0)exp {—kot —m x [1 — exp (—k4t)]}. The purpose of
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this fitting is to obtain the decays in an analytic form suitable for further data analysis.
In case of quantum dots (QDs), along with the quencher/acceptor (in case of energy
transfer process), there exist some unidentified traps that further cause quenching of
the lifetime of excited QD probe, which are also taken into account. If the distribution
of the number of unidentified traps around the donor QDs follows a Poisson
distribution with the average number (1), the decay curves of the excited state of QDs

in solvent in absence and presence of acceptor are described by [24]:
P*(t,0) = P*(0)exp {—kot — m; X [1 — exp (—kqtt)]} (2.29)
P*(t,m) = P*(0)exp {—kot —m; X [1 — exp (—kqt)] — m[1 — exp (kg t)]} (2.30)

where the quenching rate constant (k;¢) by unidentified traps may be different from
that (k;) by acceptor. The extended Infelta-Tachiya kinetic model can be described by

the following equation [25],
P”(t) = P*(0) exp [yt + p(exp " -1) (2.31)

Where y, 1, and f are functions of the rate constants of probe migration (k), quenching
(kq), and quencher exchange either by micelle collision (k) or via the aqueous phase

(k-) and are explicitly defined as,

v =Ko+ K +mayk, / B (2.32)
n=mk2 B2 (2.33)
B =k, +a, (2.34)
a,=k,[M]+k (2.35)

In the expressions (2.32) to (2.35), ko, m and [M] stand for the deactivation rate constant

of the excited probe in absence of quencher, the average number of quenchers per

micelle, and the micelle concentration, respectively.
2.1.7. 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
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reflection. The fiber consists of a core surrounded by a cladding layer, both of which
are made of dielectric materials. 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 (dp) of the evanescent field ina “

non-absorbing” medium can be illustrated in the following way [26]. 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 n is incident on the clad with refractive
index n2, where n1>n,. As a result the light is internally reflected totally, depending
upon the incident angle 6i, where 6i >6. (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 (d,,) is defined as [26],

= A (2.36)

P 2m./(n,2sin% 6-n,2 )

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,
and is the key of all the waveguide-based sensors [26]. The scenario would change in
the case of an environment, which offers strong optical absorption to the light
responsible for the evanescent field.[27, 28] This can be conveniently taken into

account by defining a complex refractive index [27],

n=n+iK (2.37)
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where, the real part of the refractive index n 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 functions 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 (& abs) [27, 28] in the following way,

[(z) = lyexp(—aaps2) (2.38)
where, 1(z) is the intensity of the evanescent field at a distance of z from the interface
having field intensity of Io. aabs denotes absorption coefficient of the medium and equal
to twice the magnitude of the imaginary component of the refractive index (2xx) [27].
In this formulation the penetration depth, dp, would be just inverse of the absorption
coefficient (1/aaps) [27]. 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
wave g .
\Reﬁ‘acte d Evanescent
n|n, WAL Reflected 5 |7,
Distance > wave Distance =
nyn, 040, myn, 00,

Figure 2.3. Schematic representation of light refraction from medium with higher to lower refractive
index and the evanescent wave in the medium with lower refractive index when 0i >0 (right).

2.2. SYSTEMS:

2.2.1. Molecular Probes:
In this section, we have discussed about the different molecular probes that

have been used in the course of study.

2.2.1.1. Crystal Violet (CV):

CV has a positively charged ammonium ion and three aromatic rings (Figure

2.4.a), used as a staining material. It can bind to the negatively charged phosphate
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backbone of DNA and negatively charged amino acids of proteins. It is highly soluble
in water and other polar solvents. Its concentration is determined using extinction
coefficient, 1,12,000 M-1 cm at 509 nm [29]. The interaction of CV probe molecules on
SDS micelle has been investigated previously and concluded to reside at the surface

of the micelle [30].

(a) CHs CHs (b)

N N®
H3;C © 7 CHs
Cl
~

(C) N Benzo[a]pyrene
N
Hac’N‘CH3 S>

Crystal Violet
¢ Benzothiazole

Quercetin ‘O Rifampicin

Figure 2.4. Schematic representation of the molecular probes used in the course of study.
2.2.1.2. Benzo[a]pyrene (BP):

It is a potent environmental carcinogen which can bind to DNA, extremely
hydrophobic and belongs to the class of polyaromatic hydrocarbons (PAHs) [31].
Being a pyrene derivative (Figure 2.4.b), it is characterized by a high quantum yield
near unity in micellar solutions [22] along with multiple vibronic bands in its emission

spectrum [31].
2.2.1.3. Benzothiazole (BT):

Benzothiazole is a colourless, slightly viscous aromatic heterocyclic compound
consisting of a 5-membered 1,3-thiazole ring fused to a benzene ring as shown in

Figure 2.4.c. The heterocyclic core of the molecule is readily substituted at the unique
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methyne centre in the thiazole ring. It is a thermally stable electron-withdrawing
moiety with numerous applications in dyes such as thioflavin [32] and as antifungal

agents [33].
2.2.1.4. Quercetin:

Quercetin (Figure 2.4.d) is a well-known plant pigment, a potent antioxidant
flavonoid and more specifically a flavonol, found mostly in tea leaves, onions, grapes,
and citrus fruits. It is a versatile antioxidant known to possess protective abilities
against tissue injury induced by various drug toxicities. its anti-inflammatory,
antihypertensive, vasodilator effects, antiobesity, antihypercholesterolemic and
antiatherosclerotic activities [34, 35]. It is a naturally occurring polar auxin transport

inhibitor [36].
2.2.1.5. Rifampicin (RF):

Rifampicin (also known as rifampin) is an antibiotic medication that belongs to
a class of drugs known as rifamycins as shown in Figure 2.4.e. It is primarily used in
the treatment of bacterial infections caused by organisms susceptible to rifampin.
Rifampin is a key component of standard TB treatment regimens. RF is a first line anti-
tuberculosis drug which is highly active against Mycobacterium tuberculosis as well as

few other Mycobacterial species [37].

Rifampicin is also used to treat infections caused by other mycobacterial
species, such as Mycobacterium leprae (the causative agent of leprosy) and certain
nontuberculous mycobacteria. It can be used alone or in combination with other drugs
like, isoniazid and pyrazinamide for the treatment of tuberculosis. It is a potent
inhibitor of DNA dependent RNA synthesis from bacteria [38]. It is sometimes used
in combination with other antibiotics to treat serious infections caused by MRSA,
particularly in cases where the bacteria are resistant to other antibiotics. Rifampicin
works by inhibiting the activity of an enzyme called RNA polymerase, which is
essential for bacterial RNA synthesis. By blocking this enzyme, rifampin effectively
stops the bacteria from producing essential proteins, ultimately leading to their death.
RF absorbs light at 228 nm, 333 nm and 473 nm. Its solubility in water is 1.3 mg/ml at
pH 4.3. The molar extinction coefficient of RF at 473 nm is 15,286 M1 cm-1.
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2.2.1.6. Micelles:

Micelles are spherical or nearly spherical aggregates of amphiphilic surfactant
molecules formed in aqueous solution above a concentration known as critical
micellar concentration (CMC). Micelles are formed above a critical temperature called
“Kraft point” which is different for different surfactants. Micellar aggregates have
diameter varying within 10 nm and the aggregation number, i.e., the number of
surfactant molecules per micelle, ranges from 20 to 200. Israelachvili et al. [39] have
proposed that surfactant molecular packing considerations are determinant in the
formation of large surfactant aggregates. In particular, it is considered that the
surfactant packing parameter 6 (6=v/cl, where v is the surfactant molecular volume,
o is the area per polar head, and 1 is the length of hydrophobic part) gives a good idea
of the shape of aggregates which will form spontaneously [39]. It is considered that
normal or direct rod-like micelles are formed when 2<6<3 [40]. Micelles can be both
neutral (triton X-100) and ionic (sodium dodecyl sulfate, SDS (anionic) and
hexadecyltrimethylammonium bromide, CTAB (cationic)). The structure of a typical
micelle is schematically shown in Figure 2.5. The core of a micelle is essentially “dry”
and consists of the hydrocarbon chains with the polar and charged head groups
projecting outward toward the bulk water. The stern layer, surrounding the core,
comprises of the ionic or polar head groups, bound counter ions and water molecules.
Between the stern layer and the bulk water there is a diffused Guoy-Chapman (GC)
layer, which contains the free counter ions and water molecules. In non-ionic
polyoxyethylated surfactants e.g. triton X-100 (TX-100), the hydrocarbon core is
surrounded by a palisade layer, which consists of the polyoxyethylene groups
hydrogen-bonded to water molecules [41]. Small angle X-ray and neutron scattering
have provided detailed information on the structure of the CTAB micelles [42, 43].
According to these studies, CMC and aggregation number of CTAB micelle are 0.8
mM and 52 respectively and the thickness of the stern layer is 6-9 A [42-45]. The overall
radius of CTAB micelle is about 50 A. For TX-100 micelle, the CMC, thickness of the
palisade layer and overall radius of the hydrophobic core are reported to be 0.1 mM,
51 A and 25-27 A, respectively and that of SDS micelles are 8.6 mM [46], 33 A [47] and
54, respectively [48].
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2.2.1.7. Dichlorofluorescein (DCFH):

Dichlorofluorescin (DCFH) is a probe (Figure 2.6.) that is trapped within cells
[49].

and is easily oxidized to fluorescent dichlorofluorescein (DCF)
Dichlorofluorescin (DCFH) is non-fluorescent and converts to fluorescent DCF upon

xidation through reacting with reactive oxygen species (ROS). This quantifies the

amount of ROS as well as cellular oxidative stress

Dichlorofluorescein

C® 0O
Figure 2.6: Chemical structure of dichlorofluorescein (DCFH)

2.2.1.8. 2,2-Diphenyl-1-picrylhydrazyl (DPPH):
DPPH (Figure 2.7.) is a well-known radical and a trap ("scavenger") for other

radicals. Therefore, the reduction rate of a chemical reaction upon the addition of

DPPH is used as an indicator of the radical nature of that reaction [50]
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Figure 2.7. The chemical structure of 2,2-Diphenyl-1-picrylhydrazyl (DPPH).

Because of a strong absorption band centered at about 520 nm, the DPPH radical has
a deep violet color in the solution, and it becomes colorless or pale yellow when
neutralized. This property allows visual monitoring of the reaction, and the number

of initial radicals can be counted from the change in the optical absorption at 520 nm.
2.2.1.9. 4',6-Diamidino-2-phenylindole (DAPI):

The dye DAPI (Figure 2.8.) is a commercially available fluorescent cytological
stain for DNA [51]. Studies on the DAPI-DNA complexes show that the probe exhibits
a wide variety of interactions of different strength and specificity with DNA [52]. The
dye exhibits intramolecular proton transfer as an important mode of excited state
relaxation at physiological pH [53], which takes place from the amidino to the indole
moiety.

&

Cd N@

Figure 2.8. Chemical structure of the molecule DAPI.
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CHAPTER 3

Instrumentation and Sample Preparation

This chapter focusses on the instrumental setup and sample preparation
techniques used in the thesis work in comprehensive details. The testing, calibration
and validation of various biological, food and environmental samples were performed
using developed instruments which were designed at certain times particularly for
the development. However, calibration and validation were performed using
conventional equipment available in various laboratories. The details of the sample
preparation mechanism and sensor development have also been discussed in this

chapter.
3.1. INSTRUMENTAL SET-UP:
3.1.1. Steady-state UV-Vis Absorption and Fluorescence Spectroscopy:

Steady-state UV-Vis absorption and emission spectra of samples were recorded

using Shimadzu Model UV-2600 spectrophotometer (Shimadzu Corporation, Kyoto,

| Monochromator

‘W1 Lamp |
M
(S5 1) '

S
A/D Converter Reference Cell
Beam
HV/Amp PMT Splitter

Circuit

Sample Cell

Figure 3.1. Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen (W1) and
deuterium lamps (D2) are used as light sources in the visible and UV regions, respectively. M, G, L, S,

PMT designate mirror, 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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Japan) and Jobin Yvon Fluoromax-3® spectrofluorometer (Horiba, Kyoto, Japan),

respectively. Schematic ray diagrams of these two instruments are shown in Figures

3.1 and 3.2.
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Figure 3.2. Schematic ray diagram of an emission spectrofluorometer. M, G, L, S, PMT and PD
represent mirror, grating, lens, shutter, and photomultiplier tube and reference photodiode,
respectively.

3.1.2. Dynamic Light Scattering (DLS):

Dynamic light scattering (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 particles.
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Figure 3.3. Schematic ray diagram of dynamic light scattering (DLS) instrument. The avalanche
photodiode (APD) is connected to the preamplifier/amplifier assembly and finally to the correlator. It
has to be noted that lens and translational assembly, laser power monitor, size attenuator and laser are
controlled by the computer.

DLS measurements were performed on a Zetasizer Nano S from Malvern Panalytical,
United Kingdom, employing a 4 mW He-Ne laser (A= 632.8 nm) and equipped with a
thermostatic sample chamber. The Zetasizer Nano S provides the highest sensitivity
for size diameter measurement ranging from 0.3nm to 10 microns. The instrument
allows DLS measurements in which all the scattered photons are collected at 173°
scattering angle. The instrument measures the time-dependent fluctuation in intensity
of light scattered from the particles in solution at a fixed scattering angle. The ray
diagram of the DLS setup is shown in Figure 3.3. It has been seen that particles in
dispersion are in a 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(t) of the scattered intensity,
G(t) =)t + 1)) 3.1)

where 7 is 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 decay function of the correlator time delay T,
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G(t) = A[1+ B exp(—2I'T)] (3.2)

where A is the baseline of the correlation function, and B is the intercept of the
correlation function. I is the first cumulant which is related to the translational
diffusion coefficient as, I'= Dq?, where q is the scattering vector and its magnitude is

defined as,
1= () -

where n is the refractive index of dispersion, Ao is the wavelength of the laser, and 6 is

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

6(0) = A|1+BlgV @] (3.4)

where the correlation function g()(t) is no longer a single exponential decay and can

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

gV @) = [ G exp(~I't)dr (3.5)

The scattering intensity data in DLS are processed using instrumental software to
obtain the hydrodynamic diameter (dn) 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 diffusion coefficient (D) can be calculated using the du of

the particle from the Stoke-Einstein relation,

__ kT
3nndy

(3.6)

where kg, T, dn, 77 are Boltzmann constant, the temperature in Kelvin, hydrodynamic

diameter and viscosity, respectively.
3.1.3. X-ray Diffraction (XRD) Measurement:

XRD is a popular and powerful technique for determining the crystal structure
of crystalline materials. By examining the diffraction pattern, one can identify the
crystalline phase of the material. Small-angle scattering is useful for evaluating the

average interparticle distance while wide-angle diffraction is useful for refining the

67



atomic structure of nanoclusters. The widths of the diffraction lines are closely related
to strain and defect size and distribution in nanocrystals. As the size of the
nanocrystals decreases, the line width is broadened due to the loss of long-range order
relative to the bulk. This XRD line widths can be used to estimate the size of the
particle by using the Debye-Scherrer formula 3.7. XRD measurements were performed
on a PANalytical XPERT-PRO diffractometer (Figure 3.4) equipped with CuKa
radiation (A = 1.5418 A at 40 mA, 40 kV). XRD patterns were obtained by employing a

scanning rate of 0.02° s in the 260 range from 10° to 80°.

091
a [ cosB

(3.7)

where, D is the nanocrystal diameter, A is the wavelength of light, § is the full-width

half-maximum (FWHM) of the peak in radians, and 0 is the Bragg angle.

Diffracted X-rays

Figure 3.4: Schematic diagram of an X-ray diffraction (XRD) instrument. By varying the angle 0, the
Bragg's law conditions, 2dsin = n) are satisfied by different d-spacings in polycrystalline materials.
Plotting the angular positions and intensities of the resultant diffracted peaks of radiation produces a
pattern, which is characteristic of the sample.
3.1.4. Fourier Transform Infrared (FTIR) Spectroscopy:

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
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material is a unique combination of atoms, no two compounds produce the same
infrared spectrum. Therefore, infrared spectroscopy can result in an identification
(qualitative analysis) of different kinds of material. Also, the size of the peaks in the

spectrum is a direct indication of the amount of material present.
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Figure 3.5: Schematic representation of fourier transform infrared (FTIR) spectrometer. It is 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 BS1 represent the
mirror, focusing mirror and beam splitter, respectively. Mb is a moving mirror.

The two-beam Michelson interferometer is at the heart of the FTIR spectrometer. It
consists of a fixed mirror (M4), a moving mirror (M5), and a beam-splitter (BS1), as
illustrated in Figure 3.5. 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 mirrors and partially reflected in the fixed mirror by the
beam-splitter. The two IR beams are then reflected in the beam-splitter by the mirrors.
The detector then detects the transmitted beam from the fixed mirror and the 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

each data point (a function of the moving mirror position) which makes up the signal
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that 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
frequency) to make an identification, the measured interferogram signal cannot be
interpreted directly.

A means of “decoding” the individual frequencies is required, which can be
accomplished via a well-known mathematical technique called the Fourier
transformation. This transformation is 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, powdered samples were mixed with KBr powder
and pelletized. The background correction was made using a reference blank KBr
pellet. Sometime Fourier transform infrared spectroscopy (FTIR) of the powder
samples are also performed with the attenuated total reflectance (ATR) method using
a Vertex 70 V instrument (Bruker, Germany). Each spectrum consists of 100 scans

(0-4000 cm™) acquired at 0.5 cm™! resolution.
3.1.5. Transmission Electron Microscope (TEM):

A FEI TecnaiTF-20 field-emission high-resolution TEM (Figure 3.6) equipped with an

Power cable

WA\
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— i-, - Projecuion lens

Figure 3.6. Schematic diagram of a typical transmission electron microscope (TEM). 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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energy dispersive X-ray (EDAX) spectrometer was used to characterize the
microscopic structures of samples and to analyze their elemental composition. The
sizes of the nanoparticles were determined from the TEM images obtained at 200 kV
acceleration voltage of the microscope. Samples for TEM were prepared by placing a
drop of the nanoparticle solution on a 300-mesh carbon-coated copper grid and

allowing the film to evaporate overnight at room-temperature.
3.1.6. Scanning Electron Microscope (SEM):

Characterization of mice red blood corpuscles (RBC) after treatment with
nanoparticles were performed by field emission scanning electron microscopy
(FESEM, QuantaTM 250 FEG, FEI Company, Oregon, USA). An electron-gun is
attached to SEM and the electrons from filament triggered by 0 KV to 30 KV voltages.
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 3.7.
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Figure 3.7. Schematic diagram of typical scanning electron microscope (SEM).
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3.1.7. Fluorescence Microscope:

Commercially available fluorescence microscope (BX-51, Olympus America,
Inc.) was used in our study. The light source is usually a mercury-vapor lamp. For
bright field, Tungsten-halogen lamp was used. In particular, an inverted setup with a
mercury-vapor lamp as light source is shown. The dichroic mirror, excitation and
emission filter are joined together within the filter cube (Figure 3.8). Since mercury-
vapor lamps emit light over the whole optical spectrum as well as in the ultraviolet
range, an optical excitation filter is used to isolate one specific wavelength. Due to the
Stokes shift, it is possible to separate excitation and emission light in the same light
path optically via a dichroic mirror. This way, only the emission light is collected by

the objective. An emission filter helps to suppress unwanted background light.
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Figure 3.8. Schematic presentation of the fluorescence microscope.

3.1.8. Time-correlated Single Photon Counting (TCSPC) Technique:

Time-correlated single photon counting (TCSPC) is a powerful technique used

to measure the arrival times of individual photons with high precision. It enables the
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investigation of fluorescence lifetimes, fluorescence decay kinetics, and photon
emission dynamics. TCSPC is widely employed in fields such as biophysics,
chemistry, and materials science for studying dynamic processes at the molecular
level. The principle behind TCSPC involves the measurement of the time interval
between the excitation of a sample and the detection of a single photon emitted from
the sample. It relies on the use of ultrafast detectors and timing electronics to achieve
accurate time resolution in the picosecond or even sub-picosecond range. A pulsed
laser is used as the excitation source. It generates short-duration pulses of light to
excite the sample. The sample under investigation contains fluorescent molecules or
materials that emit photons upon excitation. These fluorophores may have different
fluorescence lifetimes or decay characteristics. A single-photon detector, such as a
photomultiplier tube (PMT) or an avalanche photodiode (APD), is used to detect the
emitted photons. These detectors can measure the arrival time of individual photons
with high sensitivity. The timing electronics provide precise timing signals to measure
the time intervals between the excitation pulse and the detected photon. They include
a time-to-amplitude converter (TAC), a time-to-digital converter (TDC), and a clock
source. The TAC converts the time interval into an analog voltage, while the TDC
converts it into a digital time value. The data acquisition system collects the time-
stamped detection events from the TDC and stores them for further analysis. It records
the arrival times of the photons and constructs a fluorescence decay curve or
histogram. All the picosecond-resolved fluorescence decays were collected using the
TCSPC technique. The schematic block diagram of a TCSPC system is shown in Figure
3.9.

A commercial 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 90 ps.
The fluorescence from the sample was detected by a photomultiplier after dispersion
through a grating monochromator [1]. For all excited state lifetime measurement
experiments, the polarizer in the emission side was adjusted to be at 54.7° (magic

angle) to the polarization axis of the excitation beam.
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Figure 3.9: Schematic ray diagram of time-correlated single photon counting (ICSPC). A signal from
a microchannel plate photomultiplier tube (MCP-PMT) is amplified (Amp) and connected to the start
channel of time to amplitude converter (TAC) via constant fraction discriminator (CFD) and delay.
The stop channel of the TAC is connected to the laser driver via a delay line. L, M, G and HV represent
lens, mirror, grating and a high voltage source, respectively.

3.1.9. Nuclear Magnetic Resonance (NMR) Spectroscopy:

NMR spectra were recorded by using a Bruker AX 500 spectrometer (500 MHz) NMR

spectroscope.
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Figure 3.10. Schematic diagram of a Nuclear Magnetic Resonance (NMR) spectrometer is shown.
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NMR spectroscopy is a powerful tool to study the chemical bonding of a molecule.
The basic arrangement of an NMR spectrometer is displayed in Figure 3.10. A sample
(in a small glass tube) is placed between the poles of a strong magnetic. A radio
frequency generator pulses the sample and excites the nuclei causing a spin flip. The
spin flip is detected by the detector and the signal sent to a computer where it is

processed.
3.1.10. Light Sources and Optical Components:

Light sources are the most important component for the development of an
optical device. In the present work, light-emitting diodes (LED) of different
wavelengths and LASER sources have been used. For the studies on development of
a non-invasive estimation of hemoglobin, and bilirubin of neonates simultaneously
using whole optical spectrum analysis at point of care [2] we have used a white light
source (3 W,400-700nm, 700LUX, 4.78 mW optical power). Whereas, for the projects
on water and food quality assessment [3], in addition to the previous light source, an
additional 375 nm 3W UV LED was used. 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 and optical stands are from Thorlabs. A lab grade 6:1 diffuse reflectance fiber
optic probe manufactured by Ocean Optics, Florida was used to transmit the light
from source to subject nail by the 6 peripheral excitation fibers of the probe and receive
the response signal by the central collection fiber by holding the probe tip at

perpendicular position with the nail.

For the development of a non-invasive and non-contact device used in
detection of neonatal jaundice and anemia, STS-VIS Spectrometers (Figure 3.11) from
Ocean Optics, USA was used with wavelength resolution of 0.47 nm. For multiplexed
monitoring of water quality and spectroscopic investigation of the origin and quality
of tea extracts for the development of a portable and field deployable prototype, a
microspectrometer (Model: C12880MA) manufactured by Hamamatsu, Japan has
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been used and the results have been validated with conventional spectrophotometer

discussed in section 3.1.1.

Image Sensor

Figure 3.11: Basic internal ray diagram of CCD array detector-based STS-VIS spectrographs.

3.1.11. Calculation of Accuracy, Limit of Detection (LOD) and Limit of
Quantification (LOQ) of the Device:

The accuracy of a developed device for this thesis work is defined by the
following equation (3.8),
Accuracy =100% - Error Rate (3.8)
Where, Error Rate = (| Observed Value - Actual Value | / Actual Value x 100).
The formulae used for the calculations of Limit of Detection (LOD), Limit of
Quantification (LOQ) [4] in this study are as follows:
LOD = (3.3 XS.D./S) (3.9)
LOQ = (10X S.D./S) (3.10)

Where ‘S.D’ and ‘S’ are standard deviation and slope of calibration curve respectively.

3.1.12. Bacterial Strain and Culture Conditions:

The antibacterial action of the nano-formulation using colocalized rifampicin
and benzothiazole in CTAB micelles has been studied against a strain of MRSA
bacteria. Methicillin-resistant Staphylococcus aureus (MRSA) strain (ATCC 25923)
was procured from ATCC. For antibacterial assay, fresh MRSA bacteria have been
cultured using Luria-Bertani (LB) medium in a shaker incubator at a temperature of

37 °C for 24 hrs. The freshly grown MRSA culture was further diluted 10 times and

76



samples were added. The treatment of bacteria was performed on LB agar plates by
the colony-forming unit (CFU) assays method under dark condition. The cells were
incubated with 1 mM of CTAB, RF (80 uM), BT (80 uM), RF-BT in 1 mM CTAB (The
concentration of BT and RF is 80 uM), RF (80 uM) in 1 mM of CTAB and BT (80 uM)
in 1 mM of CTAB separately for 3 h without any photo-activation. Then the cultures
were uniformly spread on LB agar plates and the plates were incubated at 37°C for 24
h to get the CFUs. To quantify the antibacterial activity, the CFU numbers were
manually counted and presented as a bar diagram.

The antibacterial activity of the synthesized and extracted citrate functionalized
CuO samples have been investigated against a strain of Staphylococcus hominis
bacteria. The gram-positive S. hominis strain was procured from ATCC. For
antibacterial assay, fresh S. hominis bacteria have been cultured using sterilized Luria-
Bertani (LB) medium in a shaker incubator at a temperature of 37 °C for 24 hrs. All
used glass wares, suction nozzle and culture medium were sterilized in an autoclave
at a high pressure of 0.1 MPa and a temperature of 120°C for 30 minutes prior to
experiments. The treatment of bacteria was performed on LB agar plates by the
colony-forming unit (CFU) assay method under dark and light illumination
conditions. The freshly grown original S. hominis bacterial suspension was firstly
washed twice with phosphate-buffered saline (PBS; pH 7.4) solution. and further
diluted 10¢ times and test samples were added. Then, they were incubated with
respective nanoparticles for 1 hour. The resulting bacterial PBS suspensions (200 pL)
were uniformly spread over gelatinous LB agar plates, culturing at 37°C for 24 hours
to obtain the CFUs. To quantify the antibacterial activity, the number of survival
colonies was manually counted and presented as a bar diagram.

Detection of microbial growth was also performed in cuvette system for
different citrate CuO NPs under various conditions. For this bacterial mortality study,
bacterial solution of 108 CFU/ml was considered and incubated with test solutions of
1 mM concentration initially for 3 hrs with photo-activation. For the cuvette-based
detection of microbial growth, the cells were cultured in a Luria Broth (LB) medium
under an incubator shaker at 37°C for 24 h. The optical density of freshly grown

overnight culture was fixed to 0.1 in LB medium initially. The culture was then put in
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a cuvette, mixed with test samples and incubated at 37°C with shaking for 9 hours
under dark and illumination condition. The absorbance is taken at every hour interval
and plotted against time with baseline correction for studying the growth curves.

For microscopic studies, the bacteria cells after proper incubation with the
nanoparticles were stained with DAPI and PI. The DAPI stains all cells while PI only
stains the membrane disrupted cells. The (1-Red/Blue) ratio was obtained to assess
the viability of S. hominis. The tests were repeated three times. The samples (15 pL)
were observed under a fluorescence microscope (Leica digital inverted microscopes
DMIS).

The antibacterial action of the synthesized actetate CuO samples has been
studied against a strain of Methicillin-resistant Staphylococcus aureus (MRSA)
bacteria. The MRSA strain (ATCC 25923) was procured from ATCC. For antibacterial
assay, fresh MRSA bacteria have been cultured using Luria-Bertani (LB) medium in a
shaker incubator at a temperature of 37 °C for 28 hrs. The freshly grown MRSA culture
was further diluted 106 times and test samples were added. The treatment of bacteria
was performed on LB agar plates by the colony-forming unit (CFU) assay method
under dark and white light illumination conditions. The cells were incubated with 1
mM of acetate CuO NP solution for 3 hrs with photo-activation. Then the cultures
were uniformly spread on LB agar plates and the plates were incubated at 37°C for 24
hrs to get the CFUs. To quantify the antibacterial activity, the CFU numbers were

manually counted and presented as a bar diagram.
3.2. CHEMICALS USED:

The chemicals and spectroscopic probes for the thesis work were procured
from the different sources as discussed below. Analytical-grade chemicals were used
for synthesis without further purification. Deionized (DI) water of resistivity value >
18 MQ cm, from the Milli-Q system (Millipore GmbH, Germany), was used to prepare
all aqueous solutions. Different solvents including Methanol, Ethanol, Acetonitrile
(ACN) and Dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St.
Louis, MO, USA, California). 2-(2-Hydroxyphenyl) benzothiazole (BT), rifampicin
(RF), Cetyltrimethylammonium bromide (CTAB), Ethanol, were purchased from
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Sigma Aldrich, California. Luria broth (LB) and LB top agar medium for bacterial
studies were bought from HIMEDIA. Copper acetate, citric acid, glacial acetic acid,
sodium hydroxide and sodium citrate were also purchased from Sigma Aldrich (St.
Louis, MO, USA), California. 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)
was bought from Calbiochem to estimate the production of reactive oxygen species
(ROS). 2,2-diphenyl-1-picrylhydrazyl (DPPH) was also obtained from Sigma (St.
Louis, MO, USA) for monitoring antioxidant activity of samples. The Gram-positive
bacteria Staphylococcus hominis (S. hominis) strain and Gram-negative bacteria
Methicillin-resistant Staphylococcus aureus (MRSA) strain (ATCC 25923) were
procured from ATCC. For the drinkability study Benzo[a]pyrene (Cz0Hziz), Crystal
violet (C25N3H30Ci) and Titanium di-Oxide (TiO2) were purchased from Sigma-
Aldrich. Salicylaldehyde, 2-aminothiophenol, iridium (I11) chloride,
benzo(h)quinolone, SDS(Sodium dodecyl sulfate) and Triton X-100 were purchased
from TCI, Japan. The sodium arsenite was procured from Merck. Analytical thin-layer
chromatography (TLC) was performed on glass-backed silica-coated plates (Merck
TLC Silicagel 60 F254, 250 pm). Milk used in the DPPH assay was bought from Mother
Dairy Kolkata and diluted with double distilled water before use. Sugars used were
purchased from local super-markets of Kolkata, India. ZnO NPs (30 nm) was
purchased from Sigma Aldrich. Malachite Green (MG), Copper Sulphate
pentahydrate (CuSO4,5H20) and Sudan Red (SR) were purchased from Sigma
Aldrich, California and used with no further purification. All other chemicals were

obtained from Merck (NJ, USA) unless otherwise stated.
3.3. SAMPLE PREPARATION & DATA COLLECTION:

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

discussed.
3.3.1. Synthesis of Functionalized CuO Nanoparticles:

3.3.1.1. Synthesis of Citrate Capped CuO:
In this study, the CuO NPs were synthesized following the reported procedure
of precipitation method by Zhu et al. [5]. The citrate ligands generated in the process

79



provided satisfactory passivation against aggregation and sufficient stability to the
NPs in colloidal suspension. Briefly, 150 ml of deionized water were used to dissolve
0.54 g of copper acetate. Next, 0.52g of citric acid was added, and the mixture was
vigorously stirred while being heated to boiling at 100°C. Once the mixture's pH
attained the value 6-7, 0.7 gm or 0.015 mol of sodium hydroxide (NaOH) was added
quickly, causing a significant amount of dark brown precipitate to form at the same
time. The blue colour solution was converted to brown right away, indicating the
production of CuO NPs. The liquid was cooled to room temperature while being
stirred after 5 additional minutes of reflux. The CuO-NPs were subsequently
separated by centrifugation (4000 rpm, 10 minutes), and washed two times with water
and next two times with ethanol. The supernatant which contains citrate capped CuO

NPs then separated.

Using the citric acid grafting procedure, the CuO NPs were further
functionalized. In a water to ethanol ratio of 8:2, suspensions of 200 mM acetic acid
and 65 mM CuO were made. The produced citric acid solution was combined with
the CuO suspension, and the pH of the resulting combination was raised to 12 by the
addition of 6 M NaOH. Next, the mixture was refluxed for three hours. The product
was then centrifuged and properly cleaned three times to get rid of extra citric acid.
For obtaining citrate capped CuO (C-CuO) from the two copper tailings from the
mines of Peru and Bhopal (India), exactly similar procedure was followed. Only
160mg of each stone dust was mixed initially with 150ml of de-ionized water before

addition of citric acid and boiling.
3.3.1.2. Synthesis of Acetate Capped CuO:

The synthesis was carried out following previously described methodology in
Zhu et. Al (2004) [5] The acetate ligands generated during the synthesis process,
provided satisfactory passivation against aggregation yielding high colloidal stability.
In brief, 0.54 gm copper acetate was dissolved in 150 ml of deionized water. 0.52 gm
glacial acetic acid was then added and the mixture was brought to boiling at 100°C

under vigorous stirring. Subsequently, 0.7 gm sodium hydroxide (0.015 mol) was
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quickly added until the pH value of the mixture reached 6-7, where a large amount
of dark brown precipitate was simultaneously produced (Figure 1a inset). The blue-
coloured mixture was observed to turn brown immediately indicating the formation
of CuO NPs. After 5 more minutes of reflux, the mixture was cooled to room
temperature under stirring. The CuO-NPs were then isolated by centrifugation
(4000rpm, 10 minutes) and washed twice with water and twice with ethanol,
respectively. The supernatant containing acetate capped CuO NPs was separated.
Precipitated CuO-NPs were redispersed in deionized water for further use.

For further functionalization of the CuO NPs, acetic acid grafting method was
followed. 65 mM CuO and 200 mM acetic acid suspensions were prepared ina 8:2v/v
ratio of water to ethanol. The CuO suspension was mixed with the prepared acetic
acid solution and the pH of the mixture was adjusted to pH 12 by adding 6 M NaOH.
The mixture was then refluxed for 3 hrs. Afterward, the product was centrifuged and

washed thoroughly three times to remove excess acetic acid.

3.3.2. Data Collection for Noninvasive Hemoglobin and Bilirubin Measurement of
Neonatal Subjects:
3.3.2.1. Experimental Protocol:

The experimental protocol consisted of the data collection using the in-house
device (SAMIRA), parameters were calculated from the data. The measurements
using the device was recorded at the same time blood was collected from neonate. The
blood was sent for analysis to estimate the TSB and Hb, which was corroborated by a
statistician blinded to the entire study. A single measurement was taken from the

neonate’s thumb nail bed to estimate two blood parameters simultaneously.

3.3.2.2. Study Settings:

This was a prospective observational study conducted over 25 months starting
from January 2017 at the Department of Pediatric Medicine, Nil Ratan Sircar Medical
College and Hospitals (NRSMH, a Govt. aided tertiary hospital), Kolkata, India.

3.3.2.3. Sample Size Estimation:
The sample size was estimated using the Everald’s equation for power

calculation in diagnostics tests [6]. Assuming the expected lowest sensitivity (SN) to
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be 95%, lowest expected specificity (SP) to be 80%, confidence interval (W) for both
sensitivity and specificity to be 5% and prevalence of neonatal jaundice, anemia and
hypoxia to be 15% [7-9] the minimal sample size required to achieve the targeted
sensitivity and specificity were found to be 487 and 290 each respectively. Hence, the
effective population size is 2331. However, we decided to include a much higher
number (N = 4318) of subjects in our study to reach a more robust statistical outcome.
Out of this, 3427 subjects were analyzed using our developed algorithm. The
remaining 891 subjects were excluded on the basis of our proposed algorithm.
3.3.2.4. Study Design and Subjects:

The study included 4668 neonates with gestational age from 28 to 40 weeks.
Among them, 70 subjects failed the recruitment criteria, of which 47 subjects had
cannula on either of the hands and 9 patients had other complications (e.g.,
inaccessible thumbnail, uneven nail bed, or other physical problems with the thumb),
and were thus excluded. Based on deteriorated blood samples (hemolysed blood
samples, delayed blood processing, inadequate blood volume, and ambiguous blood
information), 223 patients were further ruled out from the analysis. Hence, the
effective population size of 4319 neonates was considered for the study.
Comprehensive details of the subjects are provided in Table 3.1. Out of this, 3689
subjects were analyzed using our developed algorithm. The remaining 630 subjects
were excluded on the basis of our proposed algorithm. Particulars about inclusion and
exclusion criteria are described in Table 3.2. Out of the 3689 neonates, measurements
from 1784 subjects were used for the training or calibration of the device. The rest of

the 1935 neonatal subjects were selected for the validation of the instrument.

Table 3.1. Demographic details of the neonates participated in the study

Description Number of Subjects
Neonates (N) 4318
Trans cutaneous measurement 4318
(n)
Mode of delivery Spontaneous vaginal 1295
Assistive vaginal 1727
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Elective C-section 864
Emergency C-section 432
Gestational Age (wk) <35 950
35-37 1252
38-39 1080
40 172
Unknown 864
Birth Weight Low birthweight 600
(LBW)
Very low birthweight 384
(VLBW)
Extremely low 179
birthweight (ELBW)
Gender Male 2706
Female 1929
Ambiguous 32
Race Asian 3475
Feeding Breast (%) 3022
Formula (%) 431
Both (%) 863
Unknown (%) 2
Post-natal age <24 hrs 472
24-47.9 hrs 579
48-71.9 hrs 836
>72 hrs 3105
Disorders Congenital heart 278
disease
Respiratory Distress 398
Syndrome
Pneumonia 123
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Rh incompatibility 143

Birth asphyxia 509
ABO Incompatibility 362
Others* 2505

*Other disorders include hypoglycemia, sepsis, infant of diabetic mother, jitteriness,
premature rupture of the membranes (PROM), apnoea of prematurity, maternal
varicella, intra uterine growth retarded (IUGR), hepatosplenomegaly, torch (+ve,
HSV, CMV), congenital rubella (IgM +ve), hypothyroid, osteogenesis imperfect,

meningitis, Pierre Robin Syndrome and chrorioamnionitis.

Table 3.2. Inclusion and exclusion criteria for the study

Inclusion criteria comprised of all the neonates irrespective
of the gestational age admitted to the Department of
Paediatric Medicine, NRSMH with or without jaundice or
Inclusion criteria
anaemia or hypoxia and whose parents were willing to

provide written informed consent after getting detailed

information about the study.

A. Neonates having cannula in either of the hands.

B. Neonates who are extremely sick and from whom
Exclusion criteria blood samples cannot be drawn.

C. Babies having major congenital malformation.

D. Neonates having lower peripheral circulation, etc.

Neonates having bilirubin level above the Bhutani
Jaundiced Subjects
nomogram and is undergoing phototherapy.

Anemic Subjects Neonates with hemoglobin level less than 11 gm/dL

It is worth mentioning that the recruitment of neonates was not consecutive as not all
physicians practicing in the department were involved in the study. The neonates
getting treatment under the physicians associated with the study were inducted. The
appearance of possible selection bias was avoided following the approach described

by Hammer et al [10]. Random assignment of doctors (a general policy for the public
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hospitals in India), large time frame of the study (15 months), sufficiently large sample
size, collection of data throughout 24 hours window, and enough number of subjects
in each subcategory (i.e., stratification of samples) helped in avoidance of the sampling
bias.

3.3.2.5. Quality Assurance in Data Collection:

Care was taken that a similar clinical protocol i.e., study, reference, and sample
collection methods, and patient enrolment strategies were prospectively maintained
throughout the experimental period. To avoid bias in measurements, particular care
was taken to keep the technicians, clinicians, investigators, and data analysts at data
collection sites blinded to the SAMIRA and the hematological data. Data of each
neonate on pre-defined variables like the date, identification number, sex, gestational
age, maternal history, whether having any risk factors, treatment details, etc. was
collected from clinical charts on a tablet having required database with the in-built
proforma by one laboratory technician hired for the study purpose. Blood collection,
serum isolation, and measurements by SAMIRA were performed by trained nurses of
the Department of Pediatric Medicine, NRSMH. They were responsible for uploading
the SAMIRA readings to the database. The hematological parameters were measured
by expert clinical biochemists at Central Laboratory, NRSMH who were completely
unaware of the study. The TSB and Hb readings with proper identification numbers
of the selected subjects were uploaded by another laboratory technician hired for the
study purpose. The readings of both the methods (SAMIRA and the conventional)
were matched based on the identification number by one research staff, to ensure
complete blindness of the study. Complete blinding was maintained to keep the two

sets of readings separate.

3.3.2.6. Hematological Measurement:

For simultaneous measurement, about 2 mL of blood was collected for the
conventional TSB and Hb measurement test within 30 minutes of the data collected
from SAMIRA. The TSB of the subjects was quantitatively determined by the 2,5-
dichlorophenyldiazonium tetrafuoroborate (DPD) diazo method described by
Jendrassik & Groff [11], using the commercially available test kit (Autospan Liquid
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Gold, Span Diagnostics, India) within 1 h of blood collection in the Central Laboratory,
NRSMH. For the test, serum was first isolated from the collected blood and then
examined with the test kit. To prevent the photoreduction of bilirubin the serum
samples were carefully kept in the dark at 4°C before analysis. For hemoglobin and
arterial blood gas measurement the collected blood samples were subjected to an
automated hematology analyzer (Sysmex KX-21) [12] for complete blood count (CBC)
analysis and GEM premier 3000 system [13] (Instrumentation Laboratory. Bedford,
MA), respectively. All the guidelines provided by the National Accreditation Board
for Testing and Calibration Laboratories (NABL) [14] were followed to maintain the
accuracy and precision of the techniques. The coefficient of variation for the hospital
laboratory was targeted for < 6%. During the study period, each of the actual variance

values, assessed every 3 months, ranged from 3 to 5%.

3.3.2.7. Statistical Analysis:

Analysis of the data was done using descriptive statistical analysis, simple
linear regression analysis, and the Bland & Altman method [15-18]. For the correlation
between the values obtained from the device and the gold standard, linear regression
and Bland Altman was used. The mean (n) of the measurements was calculate

according to the formula:

__ Sumof the data points

(3.11)

Number of data points

The Standard deviation between the successive measurements was measured using

the formula

E?’:o(xi_#)
N

SD = (3.12)

Where, ‘N’ refers to the number of experimental outcomes, ‘n” is the mean of the
individual outcomes and “x;" is each outcome of the experiment. GraphPad Prism 5.0
(GraphPad Sofware, USA) and SigmaPlot 12.5 (Systat Sofware, USA) were utilized for

the analysis of the data.

3.3.2.8. Ethical Considerations:
For the present work, all necessary ethical permissions were taken from the

Institutional Medical Ethics Committee, NRSMH, Kolkata (Ref. No. - No/NMC/439,
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dated January 27, 2020). All studies involving human subjects were performed
following the Declaration of Helsinki [19] and guidelines provided by the Indian
Council for Medical Research (ICMR), Govt. of India. Written informed consent was
obtained from parents or legal guardians who agreed to participate in the study after
understanding the details of the study and its consequences. All data and information

about the subjects were anonymized kept confidential and used only for this study.
3.3.3. DPPH Assay for In Vitro Antioxidant Activity Study:

UV-vis assisted DPPH assay was performed to study the antioxidant activity
of the samples using the reported methodology [20]. The degradation kinetics of 1,1-
Diphenyl-2-picrylhydrazyl (DPPH) was observed and monitored by measuring the
decrease in this characteristic absorption peak of DPPH at 535 nm as a function of
time. The free-radical scavenging capability of the samples of interest was determined
using the DPPH assay method. 0.15 mM DPPH solution was prepared in methanol
and 0.5 ml citrate CuO nanoparticles of various concentrations were added in 2.5ml
of the freshly prepared DPPH solution. The characteristic absorption maxima of
DPPH at 535 nm was selected to monitor the degradation process with DPPH in the
presence and absence of light at room temperature. In the interval of 2 seconds for an
hour, the absorption spectra of DPPH were recorded using SPECTRA SUITE software
provided by Ocean Optics. For the tea quality evaluation, a 2ml sample solution of
appropriate concentration was mixed with 40 mM DPPH in ethanol and kinetics was
performed for 30 mins by measuring absorbance at 535 nm at 1 min interval and the
DPPH free radical scavenging activity was measured with the following equation
(3.13):

Radical scavenging activity = (A1-Az) / A1 (3.13)
where A1 is the absorbance of the sample at time zero immediately after mixing DPPH
to the reaction mixture and Az is the absorbance after 30 minutes.

Along with the DPPH assay of tea extracts, the assay was also done with freshly
brewed Nepal and Darjeeling tea extract with additives such as milk, sugar, milk and
sugar both and with zinc oxide to see the effect of antioxidant activity with addition

of different additives to tea samples.
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3.3.4. Quantification and Characterization of ROS:

For the purpose of quantification of the generated ROS we used 2',7'-
Dichlorofluorescein (DCFH) which is a well-known reagent. The DCFH was prepared
via a de-esterification reaction from DCFH-DA at room temperature following a
standardized protocol described in the previous studies [21, 22]. The oxidation of
DCFH, in the presence of light leads to the production of DCF giving fluorescence [23,
24]. In this study, the ROS generated in the aquous citrate functionalized CuO NPs
convert DCFH in DCF which has a characteristic emission maximum at 522 nm upon
excitation at 488 nm. The DCF emissions were recorded in the Fluorolog Model LFI-
3751 (Horiba-Jobin Yvon, Edison, NJ) spectrofluorometer. The ROS experiments were
performed in the dark as well as in light for 30 mins. The ROS experiments for the
acetate capped CuO samples were performed in the dark for 10 mins followed by

under irradiation of a white light of 400—700 nm wavelength for 30 mins.
3.3.5. General Synthesis of Ir(III)-based Luminescent Molecule (AS-1):

A flame-dried flask was charged with IrCl3.3H>O and benzo(h)quinoline (1: 2.5
equivalent), sealed with a septum, and evacuated and backfilled with N> three times.
Anhydrous ethanol was added via syringe and the reaction was refluxed for 24h. After
24 hours a yellow precipitation of Chloro-bridge iridium complex formed. This
complex is filtered by using G3 sintered crucible and washed with water and cold
methanol three times. To this freshly prepared Chloro-bridge iridium complex (1
equiv.), HPBT (2.1 equiv.) and aqueous sodium carbonate (3 equiv.) added and
refluxed for 1 hour. A red precipitation of AS-1 was formed. AS-1 was further purified

by recrystallization in ethanol.
3.3.5.1. Method of preparation of the solution of AS-1 for As!l sensing:

50 mL of 10 mM stock solution of CTAB in water, 2mL of a 1000 ppm of AS-1
in PBS buffer. 5 mL glass tubes were taken and labelled as Blank, Na*, K*, Ag*, Zn?*,
Fe?*, Pb2*, Cd?*, Co?*, Cu?*, Ni?*, Hg?*, Mn?*, Ca2*, Mg?*, Fe3*, Cr3*, Al3*, As3*, As®*, F-

, Cl-, Br-, I, NOs-, PO43, OAc, SO42-, Cr2072-, OH-, ClO4 and CO32-. 100 microliters of
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stock solution of AS-1 and 2mL of the CTAB solution and 10 equivalents of the
corresponding metal salt (10-3M) were then added to each labeled glass tube. The

concentration of phosphate buffer saline used was 0.1 M.
3.3.6. Statistical Analysis:

All quantitative data are expressed as Mean * Standard Deviation (SD), unless
otherwise stated. One-way analysis of variance (ANOVA) followed by Tukey’s post
hoc multiple comparison test was performed for comparison. GraphPad Prism v8.0
(GraphPad Software), and Sigmaplot v14.0 (Systat Software, Inc.) were used for
statistical analysis. Unpaired 2-tailed T-Test was used to calculate differences between

groups. For all comparisons, a P value <0.05 was considered statistically significant.
3.3.7. Computational Study:
3.3.7.1. Density Functional Theory (DFT):

The first principles density functional theoretical calculations have been
performed to investigate the electronic structure of Chl and Chl-Cu(Il) using Vienna
ab initio simulation package (VASP). The spin-polarised plane-wave methods were
employed within Generalized Gradient Approximation and Perdew-Burke-Ernzerhof
exchange correlation functional and projector augmented wave pseudopotentials. The
ionic relaxations were achieved with a conjugate gradient algorithm till the
Hellmann-Feynmann force are lower than 0.001 eV/A on each ion. The k-meshes are
prepared by using Monkhorst-Pack grid, plane-wave cut-off energy was chosen to be
500 eV and convergence was set to 10-¢ eV. The ionically relaxed structures were used

to calculate the electronic density of states by using Gaussian smearing.

3.3.7.1. Computational Biology Study of Compound Protein Interaction:

To predict Chemical-Protein (CP) Interaction Networks of the drugs on
bacteria, the web-resource STITCH (version 5.0) provided by STITCH
Consortium2016 ( http:/ /stitch.embl.de/ ) was used. STITCH database can predict
about 430,000 chemicals and 960,0000 proteins curated from 2031 eukaryotic and

prokaryotic genome [25, 26]. The association for a chemical-protein interaction can be
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predicted by the confidence score, where higher score corresponds to a stronger
interaction. In this database, the predictive value of a particular chemical-protein
interaction can be controlled by the confidence score and for the present study the
value was kept at 0.4. Eight different sources, i.e. experiments, text mining,
neighborhood, gene fusion, databases, co-expression, co-occurrence and predictions

are used to populate the active interactions.
3.3.8. Chemometric Analysis:

In the current study, principal component analysis (PCA) is performed using
the ‘Orange’ tool (https://orangedatamining.com/) [27]. Different geographical
indices were ascertained as a variable and analyzed statistically as ‘D’, ‘N” and “A’
quadrants. The integration of feed-forward artificial neural network (ANN) were
created using Anaconda distribution [28]. The confusion matrix and the area under
the receiver operating characteristic (ROC) curve (AUC) were used as performance

metrics for the development of machine learning algorithms.
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CHAPTER 4

Studies on Interaction of Optical Radiation and
Indigenous Nanomaterials with Biomedical Subjects
using Electronic Spectroscopy for Potential Application

in Healthcare

4.1. INTRODUCTION:

Neonatal jaundice and anemia are the most common health issues encountered
by newborns globally and constitute a major percentage of infant mortality. The
prevalence of neonatal jaundice and anemia is quoted to be between 50% and 60%
among healthy term neonates [1-3]. According to the recent reports of World Health
Organization, neonatal jaundice effects one in every two infants globally. One of the
major reasons for pathologic hyperbilirubinemia is the excessive production of
bilirubin, a byproduct of hemoglobin breakdown, and the impaired ability of the
newborn to excrete it [4]. Among the reported cases of neonatal hyperbilirubinemia,
about 15% of the neonates suffer from persistent jaundice that lasts for about 14 to 21
days [5]. All these infants suffering from persistent jaundice have significantly
decreased hemoglobin levels [6] and elevated bilirubin concentration in blood due to
the increased bilirubin production from hemolysis resulting in a simultaneous
pathologic condition of jaundice and anemia among neonates [4, 6]. According to the
American Academy of Pediatrics (AAP), the incidence of neonatal hyperbilirubinemia
is increased among infants having risk factors like, ABO incompatibility, Rh
incompatibility, birth asphyxia, etc [7]. It has been reported that the occurrence of
neonatal jaundice is more likely among neonates suffering from birth asphyxia, than
neonates without birth asphyxia [8-11] due to the lack of oxygen supply to the liver
which results in hypoxic damage followed by the bilirubin conjugation ability of the
liver, which ultimately results into jaundice [8]. Additionally, perinatal asphyxia and

hypoxic-ischemic encephalopathy can lead to the disruption of the blood-brain
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barrier, allowing the free entry of unconjugated bilirubin to the neurons resulting in
acute bilirubin encephalopathy [8]. In addition to this, dysregulation of blood flow to
the lungs due to hemolysis can also cause an imbalance in the ventilation and
perfusion ratio thereby, resulting in a hypoxic condition [12] in the neonates [13].
Thus, simultaneous monitoring of bilirubin, and hemoglobin levels in newborns is
essential to ensure appropriate management. The contemporary method of
measurement of serum bilirubin concentrations (TSB) and hemoglobin levels (Hb)
involves painful blood sampling [14-17] which suffers from multiple long term
consequences like infection at the sampling site, osteomyelitis (though in rare cases),
blood loss, etc.[15, 18, 19]. Although, non-invasive methods (BiliCheck™ [20], JM-
105™ [21], Rad 57™ [22] NBM-200, etc) [23] have been established as alternatives to
repeated blood samplings for TSB and Hb measurement [24, 25] however, they suffer
from certain inherent limitations that restrict their usage in widespread hospital
settings [24, 26, 27]. Particularly, the accuracy of these non-invasive devices vary
across races and have been found to be less accurate in Asian, Hispanic and African
populations (having dark skin tone) [28]. Therefore, monitoring of bilirubin and
hemoglobin values is needed at the bedside of the neonate suffering from either
jaundice, anemia or hypoxia for the proper management. In a study under this thesis
work, we aim to develop a non-invasive point of care device (i.e. SAMIRA, Spectrum
Assisted Medical Inoffensive Radiation Application) for the simultaneous
determination of hemoglobin and bilirubin in neonates. The newly developed
instrument utilizes an algorithm to quantify two blood parameters from a single
discrete measurement. The simultaneous measurement of bilirubin and hemoglobin
from neonates in a non-invasive manner from a single measurement for their proper
management is the current motivation of the current work. As the device collects data
from the blood vessels of the distal subungual arcade and the superficial arcade area
discarding the influence of melanin or skin colour, it is hypothesized to give accurate
transcutaneous measurement values of TSB and Hb. Additional incorporation of
machine learning and artificial intelligence has improved the data accuracy of the
proposed device stronger. By virtue of the machine learning algorithm the developed

device is capable of locking a data which is 98% accurate. Studies on a huge number
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of neonatal populations helped in exact incident light dosage determination, data
acquisition time optimization etc., making the device highly precise and accurate for
point of care settings. Till date, to the best of our knowledge no device has been
developed that can monitor these two blood parameters at the same time in a non-
invasive way.

In another study, molecular co-localization of multiple drugs in a nanoscopic
delivery vehicle for potential synergistic remediation of multi-drug resistant bacteria
has been explored. World Health Organization (WHO) has declared antimicrobial-
resistant (AMR) infections as one of the top 10 global public health threats [29]. It was
reported that in 2019 alone, the AMR organisms were the primary cause of 1.27 million
deaths worldwide [30]. If corrective mechanisms are not put into place, it is likely to
skyrocket. In an alarming report, commissioned by the UK government, it was
predicted that antimicrobial resistance may cause up to 10 million deaths annually by
2050 [31]. Amongst antimicrobial-resistant bacteria, the emergence of multidrug-
resistant (MDR) bacteria species is of great concern, primarily because of their ability
to mutate genes and to reduce drug action. Poor drug binding capacity and low cell
penetration [32] make multidrug-resistant bacteria responsible for almost 65%
infections which are linked with HealthCare-Associated disease [33]. The
inappropriate use of antibiotics is responsible for rise in bacterial resistance, which
makes the clinical management of infections hard to manage with conventional
antibiotics [34]. Numerous bacteria, especially MDR, can grow and survive on the
contaminated damp surfaces [35], for a longer time, mainly in healthcare facility. The
dirt and organic element from human or animal origin can work as substrates for the
growth of the bacteria and facilitates the spread of micro-organism induced infection
from individual to the community. Hence, the rapid and effective disinfection of
surfaces and environmental cleanliness is one of the primary measures to control the
spread of MDR bacteria. Amongst all multidrug-resistant bacteria, Methicillin-
resistant Staphylococcus aureus (MRSA) has been categorized as a high priority
multidrug-resistant pathogen by WHO [36]. It can cause a mild skin infections to fatal
infections [34]. MRSA and is resistant to penicillin, methicillin, oxacillin and

amoxicillin [37]. MRSA, being one of the most critical human organism and colonizing
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bacteria, is responsible for one of the leading causes of infections worldwide [38].
Infections induced by MRSA carry significant clinical load for the patient and medical
practitioner [39]. Prolonged hospital stay, increased hospital cost as well as higher
hospital mortality [40] also impart a huge economic burden to the patient-family,
healthcare systems and to the society [41, 42]. Emerging MDR strains of MRSA are
clinically notorious because of their lack of response to conventional antimicrobial
therapy. It is known that biofilm formation is one of the main causes behind antibiotic
resistance. Biofilm, an organized colony of microorganisms, forms an extracellular
polymeric matrix of substance and shows adhesion with the neighbouring living and
non-living surfaces [43]. It facilitates microorganism interaction and protect tolerant
cells from the change in living environment for a long period of time [44]. The biofilm
matrix strengthen the tolerance to disinfectants by wrapping the underlying cells [45]
[46] and by restricting diffusion of disinfectants into the biofilm matrix [47]. Hence,
regulating biofilm formation has become an alternative approach to limit persistent
infections [48]. Regular use of disinfectants on potential-contaminated surfaces have
become an important routine practice for sterilization [49, 50] as it reduces biofilm
formation and reduces transmission of infectious pathogens, in turn. Currently, bleach
(sodium hypochlorite) - derivative solutions are used in healthcare facilities [51] as
disinfectant spray. Although, it has significant adverse effect on bacterial
contaminants, due to its oxidizing capacity and toxicity, the bleach-derivative
products are not suitable for long-term use [52]. Despite the presence of significant
environmental threat, chlorine (Clz) and its derivative sodium hypochlorite (NaOCI)
are still the most widely used disinfectants. Organic chloride compounds released by
these chloride-based sterilising agents in the wastewater are toxic for aquatic
organisms and possess a significant threat as environmental contaminants [53].
Hence, new avenues are required to be examined to control the huge adverse impact
of the MRSA infections [54]. Previously it was pointed out that the combination of two
different drugs linked through a selectively chosen drug carrier, improves the efficacy
of the system against AMR activities [55, 56]. The present study explores the co-
localization of an antituberculosis drug rifampicin (RF) with another drug

benzothiazole (BT) in an organized assembly of Cetyl Triethyl Ammonium Bromide
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(CTAB) micelles, and their prospect as an antibacterial spray against MRSA. RF is a
popular drug with a proven safety profile for treatment of tuberculosis for its
sterilizing activity and ability to shorten treatment [57, 58]. BT is an important class of
medicine possessing antibacterial [59], antiviral [60], anticancer [61], antifungal [62]
and antitumor [63] properties. On the other hand, CTAB solution which works as a
nanoscopic vehicle by bringing BT and RF together, too is safe and familiar for their
antimicrobial properties [64]. In this context it is worth mentioning that some studies
already investigated the development and design of novel drug delivery systems
using density functional theory calculations and molecular dynamics simulations [65],
[66]. For our study, to obtain precise location of the drugs RF and BT in the organized
assembly of CTAB, FRET between BT (energy donor) and RF (energy acceptor) was
employed because the fluorescence spectrum of BT overlaps reasonably well with the
absorption spectrum of RF. Time-resolved studies on FRET [67-69] were employed to
obtain precise information on localization of the drugs (RF and BT) in CTAB micelles.
In addition, dynamic light scattering (DLS) technique was used to investigate the
integrity of the nanoscopic organized assembly of CTAB micelles. Furthermore, we
have applied a kinetic model developed by Tachiya to analyze the fluorescence decay
of BT in presence of RF in CTAB micelles [70, 71] and compared them with the
experimental data. These findings are finally extended to MRSA bacteria and the
promising potential of the RF-BT encapsulated in CTAB micelles as a strong
antibacterial spraying agent has been established. It was observed that separately
these compounds, i.e., RF, BT and CTAB show low to moderate level effectivity
against the MRSA colonies. Whereas their combined effect has shown impressive
results by successfully eliminating almost all the colonies of MRSA. Singular and
doublet combinations of these chemicals were also studied to comprehensively
explore sterilising possibilities. Computational biology study on the formulation
shows that the drugs rifampicin and benzothiazole, although conventionally used as
tuberculosis and antifungal agents, can be repurposed for remediation of the MDR
micro-bacteria including MRSA.

In another work, development of a nanomedicine was attempted from copper

mine tailing wastes as a pavement towards circular economy using advanced redox
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nanotechnology. Copper was the first metal discovered in the history of human
civilization during the chalcolithic or copper age, around 6000 years ago. This marvel
metal was well known in ancient times, not only for its ability to enhance the strengths
of the tools, but also for its impressive healing capacity. The ancient Indians, Greeks
and Egyptians used copper containers for water purification, treatment of wounds
and lung ailments. Copper cooking utensils were employed throughout the Roman
empire to stop the spread of disease [72]. In recent times, the US Environmental
Protection agency (EPA) has classified copper and its derivatives as antibacterial
materials [73]. On the other hand, the essentiality of copper in human body for healthy
development, cardiovascular and lung functionality, neovascularization,
neuroendocrine function and iron metabolism is well reported in the literature [74].

Metallic copper, cupric oxide (CuO) and cuprous oxide (Cu20) nanoparticles are
attracting considerable research interests nowadays due to their widespread
applications in catalysts and therapeutic domains [75-81] compared to their bulk
counterparts by virtue of their nano-dimensional higher surface area to volume ratio.
Specifically, copper oxide nanoparticles (CuO NPs) display broad-spectrum
antibacterial and photocatalytic properties [82] and have the potential to be used as
the alternative to antibiotics. The design and development of new compounds as
antibiotics possess an emergent need, as the overuse and misuse of the existing
antibiotics is responsible for the growing episodes of antibiotic resistance infections
and deaths globally [83]. The antibacterial activity of CuO NPs against Gram-positive
bacteria, such as S. aureus and B. subtilis as well as Gram-negative bacteria such as E.
coli and P. aeruginosa are reported in various studies [84-88]. Metallic Cu and CuO NPs
are also found to exhibit multi-toxicity on multi-drug resistant bacterial species such
as the methicillin-resistant S. aureus (MRSA) [89]. In case of CuO NPs, it is suggested
that its antibacterial effect might be associated with the cell membrane dissociation
and reactive oxygen species (ROS) production [90]. Various simultaneous
mechanisms of action of CuO nanoparticles against bacteria make it almost impossible
for the microbes to develop resistance, as the bacterial cell would be required to
generate multiple simultaneous gene mutations to develop this resistance [91]. The

copper oxide nanoparticles are obtaining growing attention for their cheaper price and
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abundance in comparison with other noble and expensive metals like silver or gold
and their competent potential application as microbial agents [86, 92, 93]. The size,
morphology and solubility play a significant role on the antibacterial activities of Cu,
CuO and Cu20 [94-96]. However, the major limitation of metallic CuO NPs in the
nano-size range is the lack of significant stability in dispersions due to their strong
tendencies of aggregation and formation of larger clusters to reduce the energy
associated with their high surface area [97-99]. The formation of clusters results in
sedimentation leading to loss of reactivity and antimicrobial performance in which a
nanometric size is essential [99]. Further surface modifications of CuO NPs by post-
functionalization approach not only enhances their colloidal stability but also
introduces unique physical and chemical properties including possible enhancement
of their antimicrobial activities. Functionalization or capping of an inorganic
nanoparticle with an organic ligand like citrate or folate are evidenced to produce
nanohybrids that have unique therapeutic potentials [100]. In the current study, we
have explored the effect of citrate capped CuO NPs on a Gram-positive Staphylococcus
hominis (SH) bacterial strain. S. hominis is one of the commensal bacteria that reside on
human skin [101]. Although it is apparently harmless, it has been reported that one of
its subspecies novobiosepticus, is multidrug resistant and causes nosocomial
infections, like sepsis and bloodstream infections in neonates and
immunocompromised patients [102] and various opportunistic infections of humans
[103]. S. Hominis is also well known for its ability to generate pungent body odour in
human [104]. In the present study, we have reported the synthesis or extraction,
characterization and antimicrobial activity of citrate functionalized CuO NPs on
Staphylococcus hominis bacterial strain. CuO NPs were synthesized and capped by
precipitation technique [105] and grafting method [106] respectively in a bottom-up
approach. Similarly in a top-down way, CuO NPs were extracted and citrate
functionalized from two types of copper containing stones from copper mines.
Structural properties of both synthesized and extracted CuO NPs were examined by
X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM)
equipped with energy dispersive X-ray spectroscopy (EDS) and found to be similar.
Dynamic Light Scattering (DLS) and zeta potential studies were also employed for
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estimating the hydrodynamic diameter and solubility assessment of the synthesized
nano hybrid. The surface functionalization of CuO NPs by citrate ligands were
confirmed by FTIR and UV-Vis spectroscopy. Antimicrobial activity of citrate-CuO
NPs was examined on S. Hominis bacteria strain. The citrate functionalized NPs were
found to generate reactive oxygen species (ROS) upon photo-excitation, which is
responsible for their anti-microbial action as ROS has the ability to destroy the active
substances in the bacterial inner and outer membrane [107-109]. This phenomenon
establishes the credentials of citrate CuO NPs for applications like antibacterial photo
dynamic therapy (PDT) with enhanced efficacy. We have also used computational
biology strategy in order to rationalize the antibiotic resistant bacterial remediation
found in our experimental studies. Immediately after the establishment of the CuO
nano-hybrid to be a potential antibacterial agent, we have also explored the use of
copper mine tailings as a source of raw materials for the nano-hybrid synthesis in
order to cater low-cost antibiotics to wider population across the globe and to
remediate the burden from the copper mines simultaneously. We have also developed
a prototype FMCG product (talcum powder) for remediation of bacteria S. Hominis
which are responsible for generation of several human disorders.

Simultaneously, as an extension of the above work, acetate functionalized CuO
nanoparticles were studied for a potential remediation of antibiotic-resistant
infections. As already discussed, copper oxide nanoparticles (CuO NPs) have
attracted high degree of research interests over other metallic nanoparticles by virtue
of their tremendous potential applications in diverse fields like chemo and biosensing,
medicinal therapeutics, particularly as anti-microbial, anti-bacterial and
anticarcinogenic agents, drug delivery systems, energy saving devices, optics and
optoelectronics, electrochemistry and catalysis [110-118]. However, CuO, the
semiconducting compound with a monoclinic structure is mainly considered most for
its well reported antimicrobial properties [119]. It is used widely as an antifungal,
antibiotic and antimicrobial agent when introduced into textiles and coatings [120] but
limited information on the antimicrobial activity of surface functionalized CuO is
available. Further surface modifications of CuO NPs by post-functionalization

approach introduces unique physical and chemical properties [121, 122] including
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possible enhancement of their antimicrobial activities. Antimicrobial-resistant (AMR)
infections are declared as one of the top ten global public health threats by World
Health Organization (WHO) and it was reported that in the year 2019 only, the AMR
organisms were the primary cause of 1.27 million deaths worldwide [123]. Amongst
AMR bacteria, multi drug resistant (MDR) species are of greater concern because of
their capability to mutate genes and developing resistance towards antibiotics.
Methicillin-resistant Staphylococcus aureus (MRSA) is such a notorious MDR bacteria
that has been categorized as a high priority multidrug-resistant pathogen by WHO
[123]. Improper and uncontrolled use of antibiotics is the root cause of rise in bacterial
resistance, making the clinical management of infections harder to manage using
conventional antibiotics. MRSA is resistant to many antibiotics like penicillin,
methicillin, oxacillin and amoxicillin [124]. The sustained emergence and rapid spread
of MRSA infections along with the scarcity of new antibiotics provoke urgent interest
in alternative and novel antimicrobial agents such as small antibiotics, metal NPs,
cationic polymers and antimicrobial peptides [96, 125-128]. In the current study, we
reported synthesis, characterization and antimicrobial activity of acetate
functionalized CuO NPs on MRSA bacterial strain. CuO NPs were synthesized and
capped by precipitation technique [105] and grafting method respectively [106].
Structural properties of CuO NPs were examined by X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM) equipped with energy dispersive X-
ray spectroscopy (EDS). Dynamic Light Scattering (DLS) and zeta potential studies
were also employed for estimating the hydrodynamic diameter and solubility
assessment of the synthesized nano hybrid. Functionalization of CuO NPs by acetate
ligands were confirmed by FTIR and UV-Vis spectroscopy. Antimicrobial activity of
acetate-CuO NPs was examined on MRSA bacteria strain. The acetate functionalized
NPs were found to produce reactive oxygen species (ROS) upon photo-excitation,
which is responsible for their anti-microbial action as ROS has the ability to destroy
the active substances in the bacterial inner and outer membrane [107, 108, 129]. This
phenomenon establishes the credentials of acetate CuO NPs for applications like

antibacterial photo dynamic therapy (PDT) with enhanced efficacy. We have also used
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computational biology strategy in order to rationalize the antibiotic resistant bacterial

remediation found in our experimental studies.

4.2. RESULTS AND DISCUSSIONS:

4.2.1. Non-invasive Estimation of Hemoglobin and Bilirubin of Neonates

Simultaneously Using Whole Optical Spectrum Analysis at Point of Care [130]:

4.2.1.1. Development of the Hardware:

The instrumental set up as shown in Figure 4.1.a has been designed based on
the principle of diffused reflectance spectroscopy. The proposed device utilizes the
principles of diffused reflectance spectroscopy (DRS) for the quantification of the
blood parameters. The DRS technique is based on the amount of light collected from
the tissue layers after penetration of the incident light [131-133]. The retro-reflected
light thus contains information about the tissue microstructure and the biomolecular
content. The thumb nail plate of neonatal subjects is illuminated with light from a
white Light Emitting Diode (LED) source (3 W,400-700nm, 700LUX, 4.78 mW optical
power) and the diffused optical signal in the visible range was collected in a CCD
based spectrograph (STS-VIS, manufactured by Ocean Optics, Florida) with
wavelength resolution of 0.47 nm. A lab grade 6:1 diffuse reflectance fiber optic probe
manufactured by Ocean Optics, Florida was used to transmit the light from source to
subject nail by the 6 peripheral excitation fibers of the probe and receive the response
signal by the central collection fiber by holding the probe tip at perpendicular position
with the nail. The obtained spectral response in the spectrometer is then transferred
to a computer through USB connection for processing in our developed graphical user
interface in LabVIEW (National Instruments) platform. Subsequent data acquisition,
analysis and result generation are taken care of by the custom-made software. Proper
cooling arrangements (5V DC fans, 0.2 Amp) for dissipation of excess heat generated
by components have also been incorporated in the instrument by virtue of which the
device performance remain unaltered under varying temperature conditions. In the
customized power supply module driven device, artificial intelligence is also

implemented by the software automatically to filter out reliable spectrum after data
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acquisition by guiding the user to take more data unless appropriate accuracy level is

achieved.
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Figure 4.1. Design of the developed prototype with the acquired data and the de-convoluted spectrum
(a) The instrument consists of a LED source, a 6:1 optical fibre, a CCD based spectrophotometer and
an integrated electronic module (See text for details). (b) The acquired spectra from two subjects. Subject
1 is diseased with TSB value 29.8 mg/dL and Hb value 10.2 gm/dL. Subject 2 is from a normal infant
with TSB value 2.4 mg/dL and Hb value 19.1 gm/dL. (c) Work flow of the instrument (d) De-convoluted
peaks from subject 1 along with the cumulative fit (e) De-convoluted peaks from subject 2 along with

the cumulative fit (see text).
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Figure 4.1.b reveals the distinct difference in the spectral signature of blood for a
control neonate (TSB of 2.4 mg/dL and Hb of 19.1 gm/dL) in comparison to a sick
neonate (TSB of 29.8 mg/dL and Hb of 10.2 gm/dL). A graphic user interface was
developed using LABVIEW software (National Instruments) for data acquisition, data
analysis and generation of subsequent results [134, 135]. The algorithm for the work
flow of the device is shown in Figure 4.1.c. The whole blood spectrum obtained from
the neonate’s nail bed was de-convoluted to obtain five independent signals at five
wavelengths (462.92 nm, 539.34 nm, 568.09 nm, 577.2 nm and 620 nm). A comparative
spectral response between a jaundiced and anemic infant (Subject 1) and a normal

(Subject 2) and their de-convoluted spectra is shown in Figure 4.1.d and 4.1.e.
4.2.1.2. Development of the Machine Learning Algorithm:

The present study uses a sophisticated machine learning (ML) algorithm
known as Artificial Neural Networks (ANN) to analyze the vast amount of data-set
collected during the study. The main objective is to introduce artificial intelligence
(Al) framework through machine learning (ML) techniques, which are dedicated
algorithms to train the software to learn from data [136].

The ANN algorithm tries to imitate the network of a human brain by learning
tasks and solving problems [137]. The input layers and output layers of the network
are connected by single or multiple hidden layers and interconnecting nodes with
variable ‘weight factor’ [138]. Utmost care was taken for spectrum data acquisition
through the developed prototype. Figure 4.1.c illustrates the simple sequential
program flow diagram of the software for accurate assessment of blood hemoglobin
and bilirubin levels in neonates. After getting powered up, health check-up and
initialization of the instrument takes place. If there is any discrepancy, the device auto-
corrects different conditions and restarts automatically, followed by a pop-up window
asking for patient details including name, age, sex, medical conditions etc. to be saved
along with data in individual folders. The software next guides to store ‘reference” and
‘dark’ spectra one time for a particular ambient condition. The dark spectrum was
acquired in the presence of ambient light by turning off the source LED. The effect of

light scattering from the nail bed was taken into account by recording the reference
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spectrum. The reference spectrum was collected using a standard scatterer (WS-1
Reflectance Standards, Ocean Optics) with a spot size of 0.7 cm in diameter. The
distance between the probe tip and the scatterer was maintained perpendicularly at a
distance of ~1.5 cm, such that the maximum light was scattered. The pre-acquired dark
spectrum and reference spectrum, (which were acquired each day before starting the
data collection) were read from the preloaded file location for spectrum processing. It
is to be noted that the dark and reference spectra were acquired each day before
starting the data collection to avoid the potential effects of variation in ambient light.
In case of a change in the measurement location both spectra were re-acquired. The
integration time of the spectrometer was kept fixed at 3000 milliseconds and the
boxcar width (Smoothening factor/running average) at 2 in this entire study for
maintaining a proper signal to noise ratio (S5/N) of the spectra. The average time to
acquire reliable data using the device is approximately 30 seconds, whereas the time
required to communicate the acquired data to the cloud is nearly 1 minute.

For data processing mechanism, the following structure describes the various layers

of ANN used for the present study (Figure 4.2.).
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to estimate the blood parameters in reqular time intervals (see text).

4.21.2.1. Input Layer: The dark, reference and sample spectra containing the
absorbance values from 450nm to 650nm are the primary elements used by the input

layer.
4.2.1.2.1.1. Hidden Layer L1:

This layer generates the processed spectrum data using the following equation
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Sample Spectrum—Dark Spectrum )

Processed spectrum = —log;,( (4.1)

Reference Spectrum—Dark Spectrum

The recording of the dark and reference spectrum and the processing of the acquired
signal in accordance to equation (4.1), compensates the impact of light scattering from
the neonate’s nail bed. A training statement was also introduced in this layer which
limits the amplitude of the absorbance range within 0.5 and 0.6 at 620 nm. This was
maintained by the following instruction: 0.5< Abs 620nm >0.6. This condition was given
in order to maintain the spot size to be 0.7 cm and the distance between the probe tip

and nail bed to be 0.6 cm.

4.2.1.2.1.2. Hidden Layer L2:

Layer for de-convolution of the processed spectrum (raw signals) and assessing
the residuals (amount of scattered data from the fitted line) of the fit parameters to be
acceptable by the system. The whole blood spectrum collected from the neonates’ nail
bed was de-convoluted into five Gaussian functions (Figure 4.1.d and Figure 4.1.e).
The equation for each Gaussian function (y) is as follows:

y=1yo+ Aexp (-0.5 ((x-x;)/w)?) (4.2)
where yo is the offset, A is the amplitude of the Gaussian curve, w is the full width by
half maxima (FWHM) and x. is the peak wavelength of the Gaussian curve. Each of
the five Gaussian curves has a fixed peak wavelengths at 462.92 nm, 539.34 nm, 568.09
nm, 577.2 nm and 620 nm. The peak wavelengths were chosen on the basis of the
pattern of absorption of oxygenated hemoglobin, de-oxygenated hemoglobin and of
bilirubin. This layer is also responsible for generation of membership functions, where
the peak wavelength of 462.92 nm corresponds to the absorption of bilirubin, 539.34
nm and 577.2 nm corresponds to the Q bands of oxy-hemoglobin and that of 568.09
nm corresponds to the de-oxygenated peak of hemoglobin. The additional peak at 620
nm has been considered to correct the baseline and scattering contributions from the

acquired spectrum.

4.2.1.2.1.3. Hidden Layer L3:
In this layer a cumulative fit of the data was procured by adding each of the

independent five Gaussian curves as follows.
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y=yo+ A1 exp (-0.5 ((x-xc1)/w1)?) + Az exp (-0.5 ((x-x2)/w2)?) + As exp (-0.5 ((x-xc3)/w3)?)
+ Agexp (-0.5 ((x-xca)/ws)?) + As exp (-0.5 ((x-xc5)/ws5)?) (4.3)
where A1 Az, As, A4 and As is the amplitude of the Gaussian curves with peak
wavelengths at 462.92 nm, 539.34 nm, 577.2 nm, 568.09 nm, and 620 nm respectively,
as mentioned earlier. In this layer, the area under each of the Gaussian curves is
calculated using the Trapezoidal Rule, using the cumulative fitted equation.
Assuming f(x) to be continuous over [a,b], the area under each of the Gaussian curve

has been calculated using,

lim T, = [ f(x) dx (44)

4.2.1.2.1.4. Hidden Layer L4:

The instrumentation indices for the parameters were identified in this layer
using the area under the five Gaussian curves and appropriate weightage was given
to each one of them. It was noted that, summation of the area under the curves (AUC)
corresponding to the wavelength of 539.34 nm and 577.2 nm (AUCs39.34+AUCs772)
provide an estimation of haemoglobin as the absorption band at 539 nm and 577 nm
of the blood spectrum corresponds to the absorption of oxygenated hemoglobin and
the trough at 568 nm corresponds to the de-oxygenated hemoglobin [139, 140].
Similarly, bilirubin level was calculated by measuring the AUCu62.92 (as 462nm is the
characteristic peak of bilirubin [141]). The amplitude of the Gaussians changed in
relation to the amount of the biomolecule (bilirubin and hemoglobin) present. The
change in the AUCs was mapped with the gold standard to obtain the calibration

curve.

4.2.1.2.1.5. Hidden Layer L5:

In this layer the residual number of points of the fitted data from the acquired
spectrum was analysed. The amount of the scattered data from the acquired signal
with respect to the pre specified parameters given in hidden layer L3 is analysed in
this layer. For the acceptability of the data, 98% of the residual data points necessarily
must be within the range of + 0.02% from the cumulative fitted curve. On the contrary,
the scattered data points beyond + 0.02% will be rejected. A comparison between the

accepted data and the rejected data is shown in Figure 4.3.a to 4.3.d.
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Figure 4.3. Training sets of the device using the self-devised algorithm (a), (c): Raw and fitted data
with the scattered residual points between +0.02% from the cumulative fitted data, used for the
estimation of TSB (19.8mg/dL) and Hb (11.2 gm/dL). (b), (d): Raw and fitted data with the scattered
residual points beyond +0.02% from the cumulative fitted data, discarded by the algorithm for the
estimation of TSB (19.8mg/dL) and Hb (11.2 gm/dL). (g), (h), (i) The calibration curve between the
instrument index values acquired from the device with the obtained TSB values from blood test at the
three partitions (see text) in 229 neonates respectively. The calibration curve shows a polynomial nature
with the TSB values and the instrument index function. (j), (k), () The calibration curve between the
instrument index values acquired from the device with the obtained Hb values from blood test at the
three partitions (see text) in 1072 neonates respectively. The calibration curve shows a linear
dependency with the Hb values and the instrument index function.

Initially, the machine was trained to accept the spectra, when 90% of the residual data
points of the fitted data were within the range of + 0.02%. The Adjusted r? for
quantification of hemoglobin and bilirubin (Table 4.1) was found to be 0.77, 0.96 and
0.95 respectively for this training data set (Figure 4.3.g). Thus, a library containing the
hemoglobin and bilirubin values of neonates were prepared. The prototype-specific
instrument indices were clinically validated using a regression analysis (Figure 4.3.)

[142, 143]. The minimization problem was utilized to minimize the error between the

predicted value and the actual value using the following equations
o1 )
Minimize - Z?zo(predli — ;) (4.5)
1 )
J=7 Z?zo(PTedli - y)? (4.6)
where, ] is the minimization function. The difference between the predicted values
and the acquired values measures the error difference. The Mean Squared Error (MSE)

function over all the data points, has been computed by squaring the error difference

and summed over all data points and divided that value by the total number of data
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points. To reduce the error the machine was trained to accept the spectra, when 95%
of the residual data points of the fitted data were within the range of + 0.02%. The
Adjusted r? for quantification of hemoglobin and bilirubin was found to be 0.96 and
0.97 respectively for this training data set (Figure 4.3.). However, the standard
deviation was +5.4 for the estimation of the two blood parameters. Finally, the
machine was trained to accept the spectra, when 98% of the residual data points of the
titted data were within the range of + 0.02%. The Adjusted r? for quantification of
hemoglobin, and bilirubin was found to be 0.96 and 0.97 respectively for this training
data set (Figure 4.3.). The hidden layer L5 basically identifies good data and bad data,
through the error calculation. Figure 4.3.a-4.3.d shows clearly, how the good data is
remarkably different from bad data in terms of the amount of scattered data from the
cumulative fitted line. The processed data in a data library and deposited locally as
well as in the cloud-storage. Provision of a dynamic calibration library strengthens the
overall algorithm of the device by iterative method. This layer is responsible for
decision making protocol as well. Identification of a good data leads to output layer,
where blood report would be generated, whereas, for bad data, back-propagation

technique would be adopted.
4.2.1.2.2. Output Layer:

Output layer estimated the hemoglobin and bilirubin of the neonates and
displayed them. Consequently, it also displayed whether the neonate is suffering
from, either anemia or jaundice. The IOT enabled device enables its user to send blood
reports via email and SMS. If anemia is detected, the online report may be dispatched
to the doctor or patient party to expedite the treatment procedure. Finally, a dialog
box appears to ensure that whether the job is to be terminated or repeated. The easy
and user- friendly operating software interface makes the device to be handled by any
layman without any prior medical or instrumentation knowledge.

The developed prototype can detect the blood parameters in equal time intervals and

is suitable for time series monitoring governed by the following equation:

y () = Fy(t-1)......y(t-d)) 4.7)
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For the neonates undergoing phototherapy, the equal interval time series analysis
would be compared with the Bhutani nomogram [7], to detect the risk level associated
with infant's hours of age and serum bilirubin concentration. For haemolytic anaemic
patients, time dependent data monitoring of haemoglobin will be crucial for treatment

management and to determine the future courses of therapeutic action.
4.2.1.3. Calibration, Validation and Repeatability of the Instrument:

In order to, acquire the optimum condition for data acquisition, we performed
data analysis using the self-devised algorithm in 3 different partitions on the
calibration dataset. The dataset was divided into 3 partitions depending on the
amount of scattered data points from the cumulative fitted curve. The three partitions
are 90% (when 90% of the data points are within the range of +0.02); 95% (when 95%
of the data points are within the range of +0.02) and 98% (when 98% of the data points
are within the range of +0.02).

The correlation plot of the instrument at the three partitions with the two blood
parameters calculated from the standard biochemical test on 1784 neonatal subjects
shows three patterns of dependency on the blood parameters (Figure 4.3.g-4.3.1).
Figure 4.3.g-4.3.i shows the second order polynomial dependency of the instrument
index values with serum TSB levels for all the three partitions. The Adjusted r? was
found to be as follows: when 90% of the data points are within the range of +0.02, 0.77.
When 95% of the data points are within the range of +0.02, the adjusted r2is 0.96 and
when 98% of the data points are within the range of +0.02, the adjusted r2is 0.97. The
instrument index values maintain a linear relationship with the Hb values obtained
from blood tests for all the partitions (Figure 4.3.j-4.3.1). The Pearson’s correlation
coefficient, r was found to be 0.969 (slope=1.7622; intercept=2.862) when 90% of the
data points are within the range of +0.02. When 95% of the data points are within the
range of +0.02, correlation coefficient, r was found to be 0.972 (slope=1.911;
intercept=1.75) and when 98% of the data points are within the range of +0.02, the
correlation coefficient, r was 0.9745 (slope=1.8; intercept=2.91). The Adjusted r? was

found to be as follows: when 90% of the data points are within the range of +0.1. 0.953;
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When 95% of the data points are within the range of +0.05, the adjusted r?is 0.974 and
when 98% of the data points are within the range of +0.02, the adjusted r?is 0.989.

A total number of 1935 neonates were selected for validation of the instrument (Figure
4.4.). The instrument was validated in 409 subjects suffering from neonatal jaundice.
65 anemic subjects, and 223 subjects suffering from hypoxia. The remaining 1238
subjects were taken as control population for the purpose of validation of the device.
All the datasets were divided into three partitions and the analyzed using the
developed algorithm. Linear regression and Bland-Altman analysis was performed to
evaluate the correlation between the obtained data produced by the instrument with

the gold standard clinical laboratory tests.

[
920% ~ 959 98%
@ ° ) : ®
Slope =0.852
Intercept = 2.564 g
r=0.894 . .©

@
@

w
=3

B
o
i

Slope =0.94
254 Intercept=0.844
r=0.975

Slope = 1.006
1 Intercept =0.372
J r=0.988

w

o

n
[ )
S o

20

Bilirubin

#7 emmLinear regression
95% Confidence intervals

v
@ Oty » “—Linear regression
v == =95% Prediction intervals

04 Gb, 95% Confidence intervals

Pie = = 95% Prediction intervals

% * = Linear regression
95% Confidence intervals
- = =95% Prediction intervals

TSB from instrument (mg/dL)
]
1

TSB from instrument (mg/dL)
o

TSB from instrument (mg/dL)
&

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

TSB from blood test (mg/dL) B TSB from blood test (mg/dL) TSB from blood test (mg/dL)
1® e ) -
Slope = 0.9117 c[b& Slope = 0.9548

304 Intercept = 1.1749 Intercept = 0.8686
r=09783

Py
&

P!

lope = 0.917 o
Intercept = 1.211 © 9
r=0.96934

g

PN
-]

)
&

N

S o

o
@

Hemoglobin

5
S

©——Linear regression
95% Confidence intervalg

—— Linear regression
95% Confidence intervals
” = =95% Prediction intervals

@

"—— Linear regression
— =—95% Confidence intervals
+ + = + 95%, Prediction intervals

> o

«+ 95% Prediction intervals

Hemoglobin from instrument (gm/dL)
n .
5 5

o
Hemoglobin from |r|Nsln.|menl {gm/dL.

8

(=]

Hemoglobin from instrument (gm/dL)

é 1‘\) 1-5 2'Il _2‘5_'_3'0_'_35 5 10 15 20 25 30 35 5 0 1 20
Hemoglobin from blood test (gm/dL) Hemoglobin from blood test (gm/dL) Hemoglobin from blood test (gm/dL)

Figure 4.4. Validation of the instrument in different partitions of the dataset. Linear regression plot of
the developed device verses TSB on 230 neonates, when (a) 90% of the acquired data points are scattered
within + 0.02% from the cumulative fitted curve in the residual plot. (d) 95% of the acquired data
points are scattered within + 0.02% from the cumulative fitted curve in the residual plot. (g) 98% of
the acquired data points are scattered within + 0.02% from the cumulative fitted curve in the residual
plot. Linear regression plot of the developed device verses Hb on 1073 neonates, when (b) 90% of the
acquired data points are scattered within + 0.02% from the cumulative fitted curve in the residual plot.
(e) 95% of the acquired data points are scattered within + 0.02% from the cumulative fitted curve in
the residual plot. (h) 98% of the acquired data points are scattered within + 0.02% from the cumulative
fitted curve in the residual plot.

Linear regression analysis between the values obtained from the instrument at the
three partitions with the blood tests show a more correlation when 98% of the data

points are within the range of +0.02 (for TSB estimation, r =0.988; slope=1.006;
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intercept=0.372; for Hb estimation, r = 0.987; slope=0.954; intercept=0.668, Figure
4.4.g-4.4.h) in comparison when 95% of the data points are within the range of +0.02
(for TSB estimation, r =0.975; slope=0.94; intercept=0.844; for Hb estimation, r =0.969
slope=0.917; intercept=1.211, Figure 4.4.d-4.4.e). On the contrary, when 90% of the
data points are within the range of +0.02 the correlation was reduced (for TSB
estimation, r =0.894; slope=0.852; intercept=2.564; for Hb estimation, r = 0.9783;
slope=0.911; intercept=1.1749, Figure 4.4.a- 4.4.b). Bland-Altman analysis (Figure 4.5.)
also corroborated the highest correlation between the when 98% of the data points are
within the range of +0.02 and the obtained blood parameter values of TSB and Hb for
both normal and diseased neonatal subjects in comparison to the other two partitions.
The statistical parameters when 98% of the data points are scattered within a range of
+0.02 are as follows: with the TSB values obtained from the biochemical test, (bias for
normal=-0.491 mg/dL, jaundiced subjects=0.099 mg/dL ; 95% limits of agreement for
normal=-2.37 mg/dL to 1.3 mg/dL and jaundiced subjects=-1.98 mg/dL to 1.71
mg/dL, Figure 4.5.c and 4.5.1) and with Hb values obtained from the blood tests (bias
for normal; -0.08 gm/dL, anemic; 0.19 gm/dL; 95% limits of agreement for normal; -
3.43 gm/dL to 3.10 gm/dL, anemic; -2.04 gm/dL to 2.07 gm/dL and -0.93 gm/dL to
1.23 gm/dL, Figure 4.5.f and 4.5.0). The statistical parameters when 95% of the data
points are within the range of +0.02 are as follows: with the TSB values obtained from
the biochemical test, (bias for normal=0.25 mg/dL, jaundiced subjects=-0.11 mg/dL;
95% limits of agreement for Normal=-2.56 mg/d to 3.13 mg/dL, Jaundice subjects= -
2.7 mg/dL to 2.62 mg/dL Figure 4.5.b and 4.5.k) and with Hb values obtained from
the blood tests (bias for normal=-0.3104 gm/dL anemic=0.4952 gm/dL; 95% limits of
agreement for Normal=-5.17 gm/dL to 4.55 gm/dL, Anemic= -2.36 gm/dL to 3.35
gm/dL Figure 4.5.e and 4.5.n). However, when the 90% of the data points are within
the range of +0.02 , the statistical parameters are as follows: with the TSB values
obtained from the biochemical test, (bias for normal=0.37 mg/dL, jaundiced
subjects=0.153 mg/dL; 95% limits of agreement for normal= -2.85 mg/dL to 4.2
mg/dL and jaundiced subjects=-6.39 mg/dL to 6.56 mg/dL, Figure 4.5.a and 4.5.j) and
with Hb values obtained from the blood tests (bias for Normal=-0.43 gm/dL, Anemic=
091 gm/dL; 95% limits of agreement for Normal=-8.14 gm/dL to 7.26 gm/dL,
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Anemic=-3.71 gm/dL to 5.54 gm/dL, Figure 4.5.d and 4.5.m). 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. Bias refers to the difference between the expected value obtained from
the device and the true value of the parameter being estimated obtained from the

haematological tests. Detailed results of comprehensive statistical analysis are

presented in Table 4.2.
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Figure 4.5. Relationship between the developed device and the blood parameters obtained from blood
sampling in normal neonates (Control population) and diseased neonates. Bland-Altman plots (mean
and 95% limits of agreement) between the developed device and TSB values in control and jaundiced
subjects respectively when, (a),(j) 90% of the acquired data points are scattered within + 0.02% from
the cumulative fitted curve in the residual plot. (b), (k) 95% of the acquired data points are scattered
within + 0.02% from the cumulative fitted curve in the residual plot. (c), (1) 98% of the acquired data
points are scattered within + 0.02% from the cumulative fitted curve in the residual plot. Bland-Altman
plots (mean and 95% limits of agreement) between the developed device and Hb values in control and
anemic subjects respectively when, (d),(m) 90% of the acquired data points are scattered within +
0.02% from the cumulative fitted curve in the residual plot. (e), (n) 95% of the acquired data points are
scattered within + 0.02% from the cumulative fitted curve in the residual plot. (f), (o) 98% of the
acquired data points are scattered within + 0.02% from the cumulative fitted curve in the residual plot.
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In order to check the repeatability of the device, measurement was taken from the
neonate’s nail bed 5 times by the same observer. The repeatability of the device to

parameterize the hemoglobin and bilirubin values was performed in 135 neonates

(Figure 4.6).
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Figure 4.6. Repeatability of the data acquired using the developed device. Linear Regression analysis
for five successive values of (a) Bilirubin and (b) Hemoglobin measurement on the same subject by the
same observer. Bland-Altman analysis for five successive values of (d) Bilirubin and (e) Hemoglobin
measurement on the same subject by the same observer.

We found a standard deviation of 3.2mg/dL between back-to-back
measurements in the same subject by the same observer in the estimation of bilirubin.
For the estimation of hemoglobin, the standard deviation was found to be 4.6 gm/dL.
The calculated SD and mean were almost the same in both the measurements, for both
the two blood parameters. The linear regression analysis between the two
measurements further confirmed the accuracy of the two measurements. For the
repeatability analysis, the correlation between the measurements are as follows: for
TSB measurement, (r=0.989; slope=1.0124; intercept=0.1815, P < 0.001) and for the
estimation of Hb (r=0.96642; slope=0.783; intercept=2.95, P < 0.001). Bland Altman

analysis was performed to confirm the correlation between successive measurements.

115



For TSB measurement (bias = 0.183 mg/dL, 95% limits of agreement =-1.25 to 1.287
mg/dL) and for Hb estimation (bias = -0.85gm/dL 95% limits of agreement = -9.2
gm/dL to 9.05 gm/dL).

The conventional non-invasive trans cutaneous methods are yet to replace the
invasive method of blood sampling due to certain shortcomings of the transcutaneous
devices. The TcB (trans cutaneous bilirubin) measured by these non-invasive devices
consists of a major contribution from the extravascular bilirubin, which is a completely
a different physiological parameter in comparison to the TSB. The unpredictable
process that regulated the dynamics of bilirubin in the extravascular space makes a 1
to 1 comparison of TSB and TcB impossible [26, 27]. Confinement of the measurement
volume only to the intravascular space could help in overcoming the problem [27].
Whereas, the Hb values acquired by the available transcutaneous hemoglobin meters
have a significant positive bias [144, 145]. This in turn, causes improper management
particularly to the diseased population that tend to get their Hb and blood saturation
values over estimated. The SAMIRA device is based on such spectroscopy based
approach where the information is collected from the vascular bed underneath the
nail plate [146]. Thus, we hypothesize that SAMIRA will be able overcome the
limitations of the conventional trans cutaneous devices for the simultaneous
measurement of two blood parameters from a single optical spectrum. Our results
suggests that the bilirubin and hemoglobin values obtained from SAMIRA has a
positive linear correlation with both the two blood parameters (for Hb measurement,
r = 0.96; for bilirubin measurement, r = 0.98). Using the self-devised algorithm and
multivariate regression analysis, we observed that when 95% of the acquired data
points are within the range of +0.02, the optimum condition for acquiring reliable data
from the neonates was achieved. Furthermore, the demographic analysis (Table 3.1,
Chapter 3) showed that postnatal age, exclusive breastfeeding, gestational age or any
other risk factor are not associated with any variation in the performance of the device.
No bias of birth weight and/or gestational age was found to observe on the non-
invasive blood parameter measurements in the intensive study on 4318 neonatal
subjects. Moreover, as the study was conducted on a subgroup of Indian population,

the interference of dark skin colour (or variation within the Indian subpopulation) can
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also be ruled out, as Indian population consists of mixed races with varied skin tones.

Skin tone was not found to be a confounding factor for the estimation of Hb or TSB.

However, the device slightly overestimated the bilirubin values by 5mg/dL when the

TSB exceeded 15 mg/dL. Otherwise, it marginally overestimated the bilirubin values

by less than 2 mg/dL. Although this may result in unnecessarily prolonged

hospitalization, it eliminates the chances of serious clinical errors like mismanagement

of a diseased infant and hence decreases infant morbidity and mortality.

Table 4.1. Statistical parameters defining the correlation of the three partitions of the calibration dataset
(see text for details) with the two blood parameters

Amount of scattered Statistical | Parameter Hb TSB
data from the Test measurement | measurement
cumulative fitted curve
90% Linear Regression | 0.77 0.74
Regression | Coefficient
Analysis ()
P value <0.0001 <0.0001
Slope 0.9117 0.852
Intercept 1.1749 2.564
95% Linear Regression | 0.87 0.84
Regression | Coefficient
Analysis (r)
P value <0.0001 <0.0001
Slope 0.917 0.94
Intercept 1.211 0.844
98% Linear Regression | 0.98 0.98
Regression | Coefficient
Analysis ()
P value <0.0001 <0.0001
Slope 0.9548 1.006
Intercept | 0.6686 0.372
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Table 4.2. Statistical parameters defining the correlation between the developed device and the blood
test in a diseased population

Category Statistical Test Parameters Values

Anemic Bland Altman Bias (95% CI) 0.19 gm/dL

Subjects (Hb | Analysis Standard Deviation 1.401

<11 gm/dL) Limits Of Agreement -2.0419 gm/dL to
2.073 gm/dL

Jaundiced Bland Altman Bias (95% CI) 0.099 mg/dL

Subjects Analysis Standard Deviation 0.9451 mg/dL

Limits Of Agreement -1.98 mg/dL to 1.71

mg/dL

Subjects Bland Altman Bias (95% CI) -1.05%

with heart Analysis Standard Deviation 1.93

diseases Limits Of Agreement -3.45t0 1.6

The correlation coefficient between the developed device and the TSB values was
found to be 0.88, which was better than the correlation shown other non-invasive
devices which was of the order of 0.7-0.8 [147, 148]. It has to be noted that these studies
were conducted on white population in which the conventional TcB meters generally
show good efficacy. Several studies have reported that TcB meters overestimate
bilirubin values in dark skin populations like Hispanic, Asian, African, etc. [24, 28,
149].In our study values of overestimation by =2 mg/dL, >3 mg/dL and >4 mg/dL
were found to be 25%, 4.2% and 0.9% respectively. To the best of our knowledge, no
TcB device has been developed to address bilirubin overestimation in the black
population, and a low-cost, non-invasive, point of care device for these ethnic groups
holds promise for low and middle income countries [150]. The correlation of the
device in the anemic region (Hb < 11 gm/dl) was found to be 0.99, which was highly
comparable with the commercially available devices with a correlation coefficient of
0.95 [22, 23]. It has to be noted that these available instruments estimated the
hemoglobin values in adults. Due to the different architecture and thickness of the

skin, adult hemoglobin meters are not a suitable comparison to the neonatal trans
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cutaneous hemoglobin meters. The Bland-Altman analysis confirmed that SAMIRA
was highly sensitive in the anemic region, which suggests that even the mildest form
of anemia can be detected by the device.

This is one of the few studies that extensively assessed the performance of a
non-invasive device in neonates suffering either from hyperbilirubinemia and anemia
or hypoxia. We think that the strength of the study lies in the prospective design, a
large number of sample in each category, the intra-racial variation in the dark skin
color, the parallel measurement of two blood parameters (bilirubin and hemoglobin)
by two methods (SAMIRA and the biochemical tests), and the collection of the blood
for the routine biochemical tests by regular nurses for clinical use rather than
specifically for the study purpose in which conditions might be optimized. The
conventional measurements were performed by the experienced clinical biochemists
and laboratory technicians of a tertiary care hospital, reducing the possibility of
operator error. Overall, we believe that our results provide a robust estimation of the
accuracy of non-invasive hemoglobin and bilirubin measurement by a new device and
the sources of error are applicable to routine clinical settings.

Our study had few limitations over the other trans-cutaneous devices. The
available trans cutaneous instruments did not perform well on subjects having a
bilirubin report of more than 15 mg/dL. [151, 152]. In subjects where the bilirubin
crossed more than 15 mg/dL, it was associated with severe complications like
exchange transfusion and was avoided for complications. Another confounding factor
of the study was that measurements on neonates with less than 500 grams of body
weight was not considered for the study due to their added complications. Studying
the population having high TSB values and also associated with the risk factors for
hyperbilirubinemia, anemia and hypoxia, and manipulation of the intensity of
illumination can further increased the accuracy of the device. Lastly, the results
obtained from the non-invasive measurements (SAMIRA) were used for clinical
management. A real-time clinical management using these readings have helped to
assess the actual accuracy of this device to reduce painful blood sampling in day-to

day clinical practice.
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4.2.2. Molecular Co-localization of Multiple Drugs in a Nanoscopic Delivery
Vehicle for Potential Synergistic Remediation of Multi-drug Resistant Bacteria
[153]:

The drug rifampicin is reported to be hydrophobic [154-156], as it is less
soluble in aqueous solution. However, in aqueous medium (pH = 7) RF can be

amphiphilic or amphoteric [157, 158] considering its charge distribution.

Front view of CTAB micelle Side view of CTAB micelle

G

AN
Monomer

Rifampicin

(RF)

Structure of Rifampicin molecule

144 (d)
CTAB
1 2-_ Benzothiazole
10- in CTAB
Benzothiazole,
8- & Rifampicin

in CTAB

Scattering Intensity

1 10
Hydrodynamic Diameter (nm)

Figure 4.7. (a) Front view of CTAB micelle (b) Side view of CTAB micelle (c) Structure of rifampicin
molecule (d) Scattering Intensity of 50 mM CTAB micelle, BT added to CTAB and BT and RF added
together to CTAB as obtained from the Dynamic Light Scattering study.
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Thus, RF is expected to interact superficially with the cationic CTAB micelle or bind
to the outer surface of CTAB micelle which is also amphiphilic [159]. Considering that
RF at pH 7 remains in the Zwitterionic form [157], it can interact electrostatically with
the head group of the CTAB micelle and is therefore most likely to stay in the micelle-
water interface [154] as portrayed in Figure 4.7.a and Figure 4.7.b. Dynamic light
scattering (DLS) studies (Figure 4.7.d) indicate that the CTAB micelles form mono-
dispersed spheres, in aqueous buffer, of hydrodynamic diameter (du) of 2.69 nm.
After addition of the energy donor (BT) and the energy acceptor (RF) in 50 mM
micellar solution, the hydrodynamic diameter peaks were observed to remain almost
in the same position confirming our conjecture of binding of RF (Figure 4.7.c) inside
the periphery of the cationic micelle. Except Dynamic Light Scattering (DLS), another
technique is the HRTEM (High-Resolution Transmission Electron Microscopy) by
which one can characterize the monodispersity of the micellar solution. Bahadur et.
al. has already performed cryo-TEM at ~ 150 mM CTAB micellar solution and found
it to be completely monodispersed which further discard the possibility of micellar
aggregation in our study [160, 161] Another proof of the monodispersity is the UV-
visible absorption of the drug loaded micelle where the existence of the aggregation
can be ruled out by the higher absorption value of the drug at the absorption tail.
Furthermore, our prepared micellar solution is completely transparent which further
supports the monodispersity of the micellar solution at the particular concentration
used in our study. The angstrom (A) sized drugs should not bring any effect on the
micellar size after encapsulation. The hydrodynamic diameter is calculated
automatically by the instrument from the fitting parameter of the autocorrelation
function. It is an average phenomenon and accuracy depends on the number of runs
performed by an experimentalist during the experiment. Standard deviation of the
Malvern DLS instrument in terms of hydrodynamic diameter lies within the range of
+ 0.7 nm. In our study, the size reduction obtained as ~ +0.4 nm as shown in Figure
4.7.d, and to the best of our understanding it is inconclusive as it lies within fluctuation
range of the measurement. 50 mM, 3 mM and 4 mM stock solutions of CTAB in DI
water (Milli-Q), RF in ethanol and BT in acetonitrile were prepared for the current

work. The solutions were diluted according to the experimental study.
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4.2.2.1. Forster Resonance Energy Transfer (FRET):

FRET is an energy transfer process between a pair of fluorophores, where the
donor fluorophore, initially in its electronic excited state, transfers energy to an
acceptor fluorophore [68, 162]. In our study, RF, a well-known anti tuberculosis drug,
is chosen as an acceptor for studying FRET in CTAB because of two reasons. Firstly,
RF, being a neutral dye, localizes in the interfacial region of the micellar headgroup

and hydrophobic hydrocarbon chains [163].
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Figure 4.8. (a) Absorbance spectra of Rifampicin (RF) in 50 mM CTAB micelles for concentrations
OuM to 60.56 uM (b) Emission spectra of benzothiazole in 50 mM CTAB without and with varying
concentrations of RF from OuM to 60.56 uM
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Secondly, the fluorescence spectra of BT as donor overlaps excellently (Figure 4.9.a)
with the absorption spectra of RF (Figure 4.8.a). The drugs RF and BT were thus
chosen due to their efficacy of forming FRET-pair. In order to study the co-localization
of the two model drugs, FRET is found to be very efficient tool as indicated in our
study. Figure 4.8.b and Figure 4.9.b show significant decrease in fluorescence intensity
of BT in 50 mM CTAB solution upon addition of increasing amount of RF indicating
to an efficient energy transfer from BT to RF. Time-resolved fluorescence decay of BT
becomes distinctly faster (Figure 4.9.c) in presence of RF consistent with significant
quenching of the fluorescence transients of BT in CTAB micelle. The average
fluorescence lifetime of BT decreases remarkably (Table 4.3.) from 2.56 ns to 1.37 ns in
presence of 10 pM of RF in 50 mM CTAB micelle confirming an efficient energy
transfer from BT to RF which is consistent with a donor acceptor distance of 20.9 A
(Table 4.4.). This highly efficient (E = 46%, Table 4.4.) energy transfer from BT to RF is
consistent with co-localization of both the drugs within the CTAB micelle.

Table 4.3. Time-resolved decay parameters of BT in CTAB in absence and in presence of RF at two
different concentrations

System t1/ns (%) | t2/ns (%) | 3/ ns (%) | tavg/ ns (%)
BT in CTAB 0302 (30%) | 1.263 (14%) | 4.11 (56%) | 2.56
BT in CTAB+5 uM RF 0.209 (36%) | 0.973 (18%) | 4.07 (46%) | 2.12
BT in CTAB+ 10 p(MRF | 0.042 (54%) | 0.550 (21%) | 4.00 (25%) | 1.37

Table 4.4. FRET parameters of BT (donor) and RF (acceptor) in CTAB micelle

System tD/ns | TtDA/ | E(%) | T (A\)/M(-1) rDA | hwin
ns cm(-1) nm(4) | inA A
BT in CTAB+5 uM RF 2.56 212 17 5.16X1014 26.6 2.23
BT in CTAB+ 10 uM RF | 2.56 1.37 46 5.16X1014 20.9 3.29

Table 4.5. Values of quenching parameters obtained from simplified Infelta Tachiya model

System kg (ns?) m kg (ns?)
BT in CTAB+ O pM RF | 0.17
BT in CTAB+5pM RF | 0.17 0.21 0.74
BT in CTAB+ 10 pM RF | 0.17 0.37 1.03
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Figure 4.9. (a) Spectral overlap of BT fluorescence (Red) and RF absorbance (black) when both are
incorporated in CTAB micelle. (b) Forster Resonance Energy Transfer (FRET) process is of BT ligand
to RF within the CTAB micelle is evident from the quenching of the steady-state fluorescence intensity.
(c) Picosecond-resolved fluorescence transients of the BT ligand as donor in CTAB micelle in absence
and in presence of RF as an acceptor.

We have further employed the probability distribution (P(r)) of donor-acceptor
distances to characterize the nature of the interaction of both the donor/acceptor at

three different acceptor concentrations upon incorporation into the micellar cavity
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(Figure 4.10.). The distribution function becomes broader at higher acceptor
concentration relative to that of the lower concentration, which corresponds to the
higher average amplitude in fluctuation of the donor-acceptor distance during energy

transfer process for the former than the later.
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Figure 4.10. Probability distribution of donor—acceptor distances between Rifampicin and 2-(2-
hydroxyphenyl)-benzothiazole in CTAB micelles for different concentrations of acceptor (a) 5 uM (b)
10uM (c) 15uM.

This is further reflected in increasing value (Table 4.4. and Figure 4.10.) of the "hw’

parameter (full width at half maxima) of the P(r) upon increasing concentrations of

the acceptor concentrations (RF). The increase in the amplitude of the donor/acceptor
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distance fluctuation is consistent with the progressive increase of the FRET efficiency
and decrease in the donor/acceptor distance. Thus, the CTAB micelle turns out to be
an efficient nanoscopic vehicle for co-encapsulation of both BT and RF, giving rise to

a formulation with better antimicrobial activity than that based on only BT or RF.

4.2.2.2. Infelta-Tachiya Model for the Quantitative Estimation of the

Donor/Acceptor Distribution in the Micellar cavity:

For better assessment of the association between RF and BT in CTAB micelle, it
is important to estimate the distribution of RF molecules, because, the energy transfer
efficiency solely depends on the availability of the acceptor molecules in the vicinity
of the donor molecules. Fluorescence transients of the fluorophores in CTAB micelle

in the excited state can be considered by the Infelta—Tachiya kinetic model [70].

K
P: > P, (4.8)
k
prp (4.9)

Herein P," signifies the CTAB micelle containing excited BT fluorophores, and n is
number of the acceptor RF molecules. In contrast, P, denotes the micelle which
contains n number of quencher molecules in absence of any excited BT fluorophore.
ko is considered to be the total decay constant of the excited state donor fluorophore
in absence of any acceptor molecules and kq is the decay constant of the same
fluorophore in CTAB micelle in presence of one quencher molecule. Subsequently the
rate constant at which a donor molecule in micelle decays from an excited state in
presence of ‘n” number of quencher molecules can be expressed as ko+nkq and nkgq is
the total energy transfer rate constant. In this particular kinetic model, it is postulated
that the distribution of the quencher molecules around the vicinity of donor molecules

follow the Poisson distribution [70] which can be defined as

p(n) = % X exp(—m) (4.10)
where m is the total average number of quencher molecules in micelles available to
quench the BZ fluorescence. Mathematically m can be expressed as

_ k4[A]
m=-"— (4.11)
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where, k, and k_ are the associated rate constants by which an acceptor molecule
enters the micellar cavity and exits from the cavity respectively. [A] is the
concentration of the acceptor molecules in aqueous phase. By considering the above
model, probability of finding the fluorophore molecules in its excited state at a
particular time t can be expressed as

2
P*(t) = P*(0)exp [~ (ko + —k°k—+[A]) X K3k [4]

k_+kq k_x(k_+kg)®

x {1 — exp[—(k- + k) x t]}(4.12)

For the case k_<<k,, the above equation reduces to,

P*(t) = P*(0)exp {—kot —m X [1 — exp (—k,t)]} (4.13)

Figure 4.11. displays the fluorescence transients of BT in CTAB micelle in absence and
in presence of various concentrations of RF (acceptor). The transients are fitted by
using equation (4.13) based on the Infelta-Tachiya model of the excited state decay of
the fluorophore. Those transients are well fitted to an exponential function (X(t) =
fot E(t") x P(t —t')dt") where it is deconvoluted during the fitting procedure with
respect to instrument response function (IRF) (by using Micromath Scientist). It is
evident that the transients are fitted reasonably well (Figure 4.11.) by the Infelta-
Tachiya model with reduced x? value between 1.0-1.2. From the fitting parameters
(Table 4.5.) it becomes evident that availability (m) of the RF molecules in the vicinity
of the energy donor drug BT increases in CTAB micelle at increased concentration of
RF. The energy transfer rate constant (kq) of BT in CTAB micelle also increases with
increasing concentration of acceptor (RF) indicating to closer association between BT
and RF, which is consistent with the results obtained from FRET. However,
conventional FRET analysis fails to provide overview of the distribution of the
acceptor molecules in the donor vicinity in a nanoscopic micellar system
quantitatively. The average number of acceptor (RF) molecules to quench the
fluorescence of a single BT molecule is found to be <1 (m = 0.3, Table 4.5.) even when
excess concentration of RF is used, which discards the possibility of quenching of the
donor (BT) fluorescence thorough the association of multiple acceptor molecules in
the micellar cavity. Our observation is quite similar to that of [164] where the
fluorescence of CDS QDs has been quenched by Ox170. The average number of

attracted acceptor towards the trap state of QDs is more or less 1, which indicates that
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the energy transfer process in the particular event occurs at a single molecule level of
both donors/acceptors. Banerjee et. al. has further studied acceptor association
induced quenching of donor transients in nanoscopic micellar surface by a potential
carcinogen benzo[a]pyrene (BP) as donor in presence of various acceptors [165] which
shows the available number of acceptor molecule in micellar surface to quench donor

fluorescence is ~ 1 for a FRET efficiency of ~ 86%.
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Figure 4.11. Time-resolved fluorescence transients of BT in CTAB in absence and in presence of two
different concentration of RF. The bold line represents the fitting line of the curves by considering
simplified infelta tachiya kinetic model of donor acceptor association in CTAB micelle.

4.2.2.3. Antibacterial Studies:

The antimicrobial activity of co-localized rifampicin-benzothiazole (RF-BT) in
the nanoscopic system of a CTAB micelle was investigated against the MRSA growth
to explore the sanitization potential against bacterial infections. To probe the
antibacterial action of RF-BT in CTAB, RF in CTAB, BT in CTAB and CTAB only were
used for incubating the culture for 3 h. As shown in Figure 4.12., almost no colonies
were observed (the bacterial growth is found to have decreased by 99.88 % in CFU)
for the RF-BT complex in CTAB. The bacterial growth is found to be decreased by
37.33 % in CFU for CTAB only. In case of RF and BT, the bacterial growth is found to
be decreased by 69.46 % and 36.55 % in CFU respectively. On the other hand, a huge
decrement of the bacterial growth is observed for RF in CTAB (decreased by 89.38 %
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in CFU) and BT in CTAB (decreased by 96.46 % in CFU) separately. The anti-bacterial
study of RF-BT in aqueous medium has not been performed as both the drugs show
instability in aqueous solution and result in precipitation. The individual effects of RF
in DMSO and BT in acetonitrile are explored along with the combined effect of RF and
BT in CTAB. From these results it is evident that CTAB itself is an antibacterial agent
and is efficient as a drug delivery vehicle for BT and RF which triggers an overall huge
antibacterial effect.

For studying the drugs loading level, the drug solution (RF and BT) was
prepared in PBS buffer, separately. Then the solution was dropwise added to the
CTAB solution and incubated at room temperature followed by vigorous stirring for
~6 hrs. Free drug solution was removed by centrifuging the CTAB micelle
encapsulated drug at 14000 rpm for ~50 mins. The absorbance of encapsulated drug
(Aencapsulated) Was obtained by using UV-visible spectrophotometer after dissolving the
pellets obtained after centrifugation in PBS buffer at respective absorption maxima of
the drugs. The encapsulation efficiency (EE) was found to be 70 % calculated by
following equation [166]:

EE (%) = Zencepsutated 5 19 (4.14)

total

Where Atotal was the absorbance of drug added to the solution before centrifugation.
However, in the present work, our intension is to establish the synergistic effect of two
co-localized drugs in a nanoscopic delivery vehicle for potential remediation of a
multi-drug resistant bacteria. The details of the ratiometry of the drugs on the anti-
bacterial effect including MED (Minimum Effective Dose) will be the subject of our
future publication.

There are other methods to test bacterial viability like fluorescence microscopy-
based assay by PI (Propidium Iodide) staining [167] or FACS (fluorescence-activated
single cell sorting, a flow cytometry technique) [168]. However, in the present work,
our aim is to establish the synergistic effect of two co-localized drugs in a nanoscopic
delivery vehicle for potential remediation of a multi-drug resistant bacteria. Thus, we
did not focus on multiple methods and followed a single standard method which is

well reported in the literature to study the viability of bacteria [169, 170].
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To study the effect of the drugs rifampicin and benzothiazole in CTAB micelle,
bacterial cultures were performed 5 times for each group (control, RF in DMSO, RF in
CTAB, BT in ACN, CTAB, BT in CTAB, RF+BT in CTAB etc.) and their difference was
calculated to identify their significance level. The sample size for each of the groups
were 5. The p-value was calculated using unpaired 2-tailed T-Test and p<0.05 was

1%s

considered to be significant. The

value<0.0001[171].
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Figure 4.12. Bacterial viability studies after treatment with RF-BT complex in CTAB (2 units), RF in
CTAB (178 units), BT in CTAB (59 units), BT in ACN (1064 units) and RF in DMSO (512 units)
where the control is 1677 units. The inset shows images of MRSA culture plates for (I) Control, (II)
Treated with RF in CTAB, (I1I) Treated with BT in CTAB and (IV) Treated with RF-BT in CTAB. The

Lkt

sample size is 5(n) for each group. P-value for each group is <0.0001 as indicated by obtained

from unpaired two-tailed T-test (see text); p<0.05 was considered to be significant.

4.2.2.4. Computational rationalization of anti-microbial effect (Synergism amongst
CTAB, RF and BZ):

We have observed during the study that separately the compounds, RF, BT and
CTAB show low to moderate level effectivity against the MRSA colonies whereas their
combined effect has shown impressive results by successfully eliminating almost all
(99.88%) the colonies of MRSA. The extraordinary effect of RF, BT and CTAB together

may be hypothesized using predictive biological interactions. Figure 4.13. (a, b and c)
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depicts compound-protein (CP) interactions for all three compounds, viz, CTAB, RF
and BT separately using STITCH 5.0. Primary as well as secondary interactions were

considered for CP network analysis.
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Figure 4.13. Direct and indirect compound protein interactions of (a) CTAB (b) Rifampicin (RF) and
(c) Benzothiazole (BT) on MRSA. The inset for each shows the direct interactions only.

To grasp the mechanism of action of CTAB, rifampicin and benzothiazole on MRSA,
three separate comprehensive tables (Table 4.6, 4.7 and 4.8) of target

proteins/compounds and their biological activities are listed below.
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Table 4.6. Effect of Cetyltrimethyl Ammonium Bromide (CTAB) on MRSA

Name of

protein/compound

Mode of

action

Biological function

ctaB

Direct

Protoheme IX Farnesyltransferase (ctaB)
controls the hemolytic activity in MRSA
[172] which in turn responsible for virulence
of S. aureus [173]. CTAB decreases virulence
activity, as well as enhanced pigment
production and persister survival of MRSA

[172] which justifies the low effectiveness of

CTAB against MRSA.

ctaA

Indirect

CTAB alters the production of enzyme ctaB,
which also affects the generation of
cytochrome oxidase assembly protein ctaA.
ctaA is a key enzyme which controls not only
its starvation survival, but also, recovery, and

Cytochrome Biosynthesis in S. aureus [174].

qoxA, qoxB, qoxC,
qoxD

Indirect

Quinol oxidase subunits, qoxA, qoxB, qoxC,
qoxD genes [175] play an important role in
respiration and folding of membrane
proteins [176]. Although presence of persister
cells favored by the terminal oxidases may

lead to chronic infection [177].

hemH

Indirect

Heme synthesis is directly related to iron
metabolism. hemH gene catalyzes the heme
biosynthesis, which influences the addition
of ferrous iron (Fe2+) into protoporphyrin IX.
Both porphyrins and iron facilitate the

generation of highly reactive oxygen species,
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which is toxic to the cells and may lead to

damage of most biomolecules [178]

farnesyl

diphosphate

Indirect

High concentrations of farnesyl diphosphate,
slows down the production of the protein
heptaprenyl diphosphate synthase, which is
responsible for menaquinone formation, a

key electron transporter in many bacteria

[179]

Table 4.7. Effect of antituberculosis drug Rifampicin (RF) on MRSA

Compound Mode Activity

SACOL1924 Direct Potential multi-drug exporting ABC
transporter permease/ ATP-binding protein
[180]

SACOL2252 Direct AcrB/ AcrD/ AcrF family protein and part of
multidrug resistance pumps [181]

Mdr- Direct ABC transporter ATP-binding

SACOL0700, protein/permease

SACOL2430,

SACOL2431

plaC, Direct RNA polymerase sigma factor which

SACOL1618 facilitates the binding of RNA polymerase to
specific initiation sites. It was observed that
dispute in the plaC gene cause fatal effect on
S. Aureus [182]

rpoZ, Direct DNA-directed RNA polymerase subunit

SACOL1222 omega which facilitates RNA polymerase

assembly. Mutation in rpoZ gene leads to

stress resistance and to fully form a biofilm.

[183]
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I'poA, Direct The RNA polymerase (RNAP) core enzyme of

SACOL2213, S. aureus comprises of four different subunits,
which are encoded by the rpoA, rpoB, and

rpoB, rpoC genes, respectively. This DNA-

SACOLO0588 dependent RNAP activates the transcription of
DNA into RNA.

rpoC,

SACOL0589 Rifampin prohibits the production of RNAP
and attaches to the B-subunit of RNAP within
the DNA/RNA channel and hampers the
elongation of RNA [184]

rplQ, Indirect The rplQ gene encodes the ribosomal protein

SACOL2212, L17 of the
50S subunit. [185]

nusG, Indirect nusG is a transcription regulation protein

SACOL0582 which controls transcription elongation,
termination and antitermination [186]

topB, Indirect DNA topoisomerase III, encoded by the topB

SACOL2243 gene, releases the supercoiling and torsional
tension of DNA. It may have a pivotal role in
bacterial genome stabilization. Mutants with
topB deletion have a higher rate of
spontaneous deletions [187].

topA, Indirect DNA topoisomerase I, encoded by the topA

SACOL1267 gene, releases the supercoiling and torsional
tension of DNA, which is important for DNA
repair [188]

rpsM, Indirect rpsM gene regulates translation/ribosome

SACOL2215, structure. Its mutations may prompt the stress

response and develop enhanced homogeneous

resistance [189]
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fusA, Indirect mutations in fusA leads to high proportion of

SACOL0593, S. aureus colonizing skin and nares and are
resistant to fusidic acid [190]

rpsD, Indirect 30S ribosomal protein S4, one of the major

SACOL1769 rRNA binding proteins is also known as
ribosomal protein small-subunit D (rpsD). It
may be useful as a target [191]

rpsK, Indirect 30S ribosomal protein S11, necessary for

SACOL2214 growth and reproduction [192]

rplE, Indirect 50S ribosomal protein L5 which binds the 55

SACOL2227 RNA into the large ribosomal subunit, and
forms part of the central protuberance.

rap, Indirect 50S ribosomal protein L2 and one of the

SACOL2236, primary rRNA binding proteins. Clinical

isolates of S. aureus are responsive to RAP
(RNAIlIl-activating peptide), which facilitates

biofilm formation capacity and virulence [193]

Table 4.8. Effect of Benzothiazole (BT) on MRSA

Compound Mode Activity

engB, Direct ribosome biogenesis GTP-binding protein

SACOL1720, YsxC is necessary for regular cell division and
for the maintenance of normal septation. It
may also be involved in ribosome biogenesis
[194]

rnpA, Indirect The protein component of ribonuclease P

SACOL2739, (RNase P), rnpA is responsible for mRNA

decay and may also have a role in bulk mRNA
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turnover. This makes it a suitable target for

antimicrobial drug discovery [195]

clpX, Indirect ATP-dependent protease ATP-binding

SACOL1721, subunit ClpX. In MRSA, clpX is an essential
element which governs virulence [196]

tig, Indirect trigger factor involves in protein export in a

SACOL1722 mouse model of infection. tig gene mutation
led to reduced biofilm development but no
substantial decrease in virulence [197]

diethylene Indirect Poly(ethylene glycol) coatings are familiar for

glycol reduction in microbial adhesion by numbers
and binding strength [198]

guanosine Indirect They help bacteria to adjust according to

diphosphate different environmental stresses [199]

guanosine

triphosphate

Magnesium Indirect Mg?2+ metal ions rupture S. aureus membranes
and kill stationary-phase S. aureus cells, which
denotes membrane-activity [200]

SeMet Indirect SeMet may inhibit bacterial growth and is

protective on macrophages [201]

From the above-mentioned protein descriptions, it is quite evident that the combined

application of CTAB, RF and BT creates a synergistic effect, as the pathway of action

of these three compounds are totally different. The results from antibacterial study are

also consistent with computational observations.
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4.2.3. Development of Nanomedicine Out of Copper Mine Tailing Waste: A

Pavement Towards Circular Economy with Advanced Redox Nanotechnology [202]:

X-ray diffraction (XRD) characterization of the synthesized and extracted CuO
NPs was carried out for estimating the precise elemental composition, particle size

and superficial morphology as depicted in Figure 4.14.a.
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Figure 4.14. XRD of the synthesized and extracted (from Peru and Bhopal samples) CuO nanoparticles.
(b) FTIR spectra of different citrate capped CuO samples and citric acid in the range 0 to 4000 cm=1 (c)
DLS of the citrate capped CuO from supernatants of C-CuO samples (d) Zeta potential distribution of
the synthesized citrate functionalized CuO NP. The inset (i), (ii) and (iii) of Figure 4.14.d are the
synthesized C-CuQ, the Peru mine tailing and Bhopal mine sludge respectively.

It was determined that all CuO NPs were in a monoclinic geometry with a
space group of C2/C. No characteristic peaks of any other impurities were detected,
suggesting the preparation of high quality CuO NPs. Moreover, the obtained x2 value
of 1.82 for the Le Bail fitting indicates excellent agreement with the previously
reported literature [203, 204]. The crystallite size is estimated from the XRD pattern
using the Debye Scherrer’s equation (4.15) [205]:

D =KA/p cos 8 (4.15)
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where K = 0.94 is the shape factor, 4 is the X-ray wavelength of Cu Ka radiation (1.541
A), 8 is the Bragg diffraction angle and f is the full width at half maxima (FWHM) of
the respective diffraction peak. The crystallite size corresponding to the highest peak
observed in XRD was found to be 34.4 nm. The presence of sharp structural peaks in
XRD patterns and crystallite size less than 100 nm corresponds to the nanocrystalline
nature of synthesized CuO NPs. The peaks at 32.5, 35.4, 35.5, 38.7, 38.9,46.2, 48.8, 51.3,
53.4, and 56.7 in 20 correspond to the different CuO planes, respectively [206].

Similarly, as shown in Figure 4.14.a, the CuO obtained from Peru and Bhopal mine

samples exhibited peaks corresponding to the synthesized CuO NPs.

Figure 4.15. FESEM images of (a) Synthesized citrate capped CuO NPs. The inset shows the EDAX
parameters of the nanoparticles. (b) Extracted and citrate capped CuO from Peru mine stone sample.
The inset shows the EDAX parameters of the nanoparticles. (c) Extracted and citrate capped CuO from
Bhopal mine stone sample. The inset shows the EDAX parameters of the nanoparticles.
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The peaks at the same 20 positions for the extracted CuO nanoparticles from both Peru
and Bhopal mine samples are referred here which confirm the extraction of CuO from
the mine samples. The additional peaks are appearing due to the attribution of the
elements like Au, Cr etc. present in the mine samples as revealed from the SEM EDAX
analysis (Figure 4.15.).

For ensuring the surface functionalization of the synthesized and extracted
CuO NPs by citrate, FTIR analysis was performed on citric acid and the nanoparticles
(Figure 4.14.b). The absorption band around 620.9 cm™! in synthesized citrate CuO (C-
CuO), C-CuO from mine sample 1 (Peru) and C-CuO from mine sample 2 (Bhopal)
can be attributed to the vibrations of the Cu—O group [207, 208]. Furthermore, the
absence of other molecular vibrations due to calcination of the synthesized C-CuQO,
confirms the formation of a pristine surface. The citric acid was found to exhibit an
absorption band occurring around 1718 cm~! which is attributed to the C=O stretching
and the band occurring at 1394 cm™! is attributed to the C-O stretching [209].
Moreover, the signature of the O—H stretching from the tertiary alcohol of citric acid
can be witnessed at around 1099 cm™1, and the bending of the O—H group from the
carboxylic acid portion can be observed at 1383 cm™1. Finally, the absorption band at
3299 cm™! comes due to the presence of O—H bond from the citric acid. In the CuO
FTIR spectrum, the C-O and C=0 stretching can be seen at 1370 cm~! and around 1600
cm™!, while the tertiary alcohol band is at 1080 cm™1.The shift in C=O and C-O
indicates that the CA bonded to the CuO via chemisorption of the carboxylate group.
Therefore, the weakening of C=0 causes a shift in frequency from 1700 to 1600 cm™1.
This characterization confirmed the success of surface modification of CuO with citric
acid. All the FTIR spectra shown in Figure 4.14.b are baseline corrected, however, the
apparent baseline shift may be due to the excess concentration of the synthesized
citrate CuO nanoparticles in comparison with the extracted CuO NPs from the copper
mine tailings.

The hydrodynamic diameter of the synthesized CuO nanohybrid, C-CuO mine
sample 1 (Peru) and 2 (Bhopal) were estimated to be 78.8nm,106nm and190 nm
respectively from the dynamic light scattering (DLS) studies (Figure 4.14.c) which are

close enough to each other. The results of DLS corroborates with the size obtained
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from XRD (34.4nm) and FESEM analysis (38.1nm). The Dynamic Light Scattering
(DLS) accounts the hydrodynamic diameter of the functionalized nano-material
comprising of core CuO and citrate ligands at the surface along with associated water
molecules and some possible aggregation of the functionalized nanoparticles in the
aqueous solution. The electron micrograph of the nanoparticles shows the inorganic
nanomaterial as a whole containing crystalline and amorphous inorganic core
substrate. On the other hand, the size from the XRD accounts only the crystalline
materials in the core inorganic particles. Thus, it is obvious that DLS overestimates the
size, while XRD reveals the crystalline nanoparticles in the core [210]. Additionally,
the citrate CuO NPs exhibited a {-potential of magnitude -10.38mV assuring moderate
solubility of the NPs (Figure 4.14.d). The {-potential for the Peru and Bhopal samples
were obtained to be -11.2mV and -8mV respectively. These results lower the
possibility of instability and particle agglomeration or precipitate tendencies of the
CuO NPs out of the solutions. The full curve for a sample is only provided by the
instrument software while titration experiment is performed as we obtained in case of
synthesized pure Citrate capped CuO nanohybrid. However, for the extracted Citrate
CuO nanoparticles from Peru and Bhopal mine samples only zeta potential
measurements were carried out for which only values in mV unit are provided as
mentioned previously, no full curves were available from the instrument. The insets
i, ii and iii of Figure 4.14.d are the synthesized C-CuQO, the Peru mine tailing and
Bhopal mine sludge respectively.

Figure 4.15.a, b and ¢ show the FESEM images of the C-CuO NPs. The inset of
Figure 4.15.a depicts the EDAX spectrum of synthesized CuO NPs. The EDAX analysis
of the extracted citrate CuO from the Peru and Bhopal mine tailings are shown in the
insets of Figure 4.15.b and 4.15.c. The EDAX result shows that there are no other
elemental impurities present in the prepared CuO NPs. However, trace amount of Au,
Cr etc. were found in the extracted CuO NPs in EDAX method. The peak of Silicon
appearing in the EDAX graphs of Figure 4.15. is attributed from the substrate. For
EDAX analysis, the test sample was drop casted on Si wafer substrate and the
thickness of the drop casted layer may not be uniform throughout the substrate. In the

FESEM images of C-CuO the synthesized nano-hybrids are seen to be consisting of
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clustered spherical particulates of approximate diameter 38-46 nm. The average
diameter of CuO NPs was calculated from measuring over 100 particles in random
field of FESEM view. The SEM-EDAX analysis demonstrated that the atomic
composition of the Cu and O elements were 38.41% and 61.59%, respectively. The
mean ratio of Cu and O was therefore 38.41:61.5 and an accurate compound formula
based on this atomic ratio of Cu and O can thus be given as Cul.20 or CuO0.8.
Therefore, it can be ensured that most of the synthesized nanoparticulate sample was
indeed CuO.

The UV-Vis spectra of the citrate capped CuO samples (Figure 4.16.a) exhibited
a broad absorbance peak at 285 nm characteristic of surface plasmon resonance of the
CuO nanoparticles [211]. A less stronger peak at around 350 nm, signifies the d-d
transition of CuO nanoparticles due to citrate functionalization and quantum
confinement effect of CuO NPs on citrate functionalization [212]. Similarly, the peaks
observed at 285 nm and 350 nm after the capping of the Peru and the Bhopal samples
signified the presence of citrate capped CuO NPs within the system.

Dark and photoinduced ROS generation capability of the Citrate CuO NPs is
illustrated using a well-known non-fluorescent probe, DCFH (Figure 4.16.b). DCFH is
oxidized to fluorescent dichlorofluorescein (DCF) by ROS, exhibiting an emission near
522 nm upon excitation at 488 nm. Thus, the enhancement of the ROS generation level
is indicated by the increase in the emission intensity at 522 nm [108]. The oxidation of
only DCFH control and CuO NPs are monitored for 35 mins in the dark and then
under irradiation of UV light (365 nm). In the dark, there is considerable enhancement
of emission intensity at 522 nm indicating presence of dark ROS generation. However,
with the light exposure, a greater increase of emission intensity is observed for the
citrate CuO nanohybrid as compared to the control (Figure 4.16.b). This confirms the
ROS generation capability of the synthesized nanohybrid under light exposure
making it suitable to apply for photodynamic therapy.

The antioxidant activity of the citrate functionalized CuO NPs was evaluated
using DPPH assay method (Figure 4.16.c and 4.16.d). Absorbance of DPPH at 535 nm

was observed to decrease with time establishing the presence of antioxidant
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properties of the CuO NPs under dark condition with a visual transition of the

solution from purple to yellow.
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Figure 4.16. (1) Absorbance spectra of synthesized and extracted citrate-CuO nanohybrids. (b) DCFH
oxidation (monitored at 522 nm) with time in the presence and absence of citrate CuO NPs under dark
and illumination conditions. (c) The DPPH catalytic activity of the synthesized CuO NPs in dark
condition upon addition of DPPH in periodic interval of time (i) (ii) (iii) and (iv). (d) The DPPH assay
of the synthesized CuO NPs under UV light illumination condition. Inset shows the decay of
absorbance of DPPH radical at 535 nm with multiple light exposure of 10 mins interval.

Now, upon further addition of 50uM DPPH after a periodic interval of time, it is
observed that the free radical scavenging activity remains almost intact in the same
sample of 100uM C-CuO. The study of antioxidant activity in presence of UV light
(365nm) is a prerequisite to a full understanding of its potential antioxidant property.
As depicted in Figure 4.16.d, it is observed that the rate of absorbance decay at 535nm
is decreased from 1541.51 to 1117.01 to 1016.05 sec with each 10mins UV exposure to
the sample without varying the concentrations of DPPH and C-CuO NPs. The results
corroborate the enhancement of anti-oxidant activities with light exposure. The same

sample of C-CuO NPs are capable of providing catalytic activities after getting
recharged by light exposure.
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The antibacterial activities of the C-CuO NPs, synthesized and extracted from
mine samples were investigated against gram positive S. Hominis bacteria by
analyzing their growth curves. Figure 4.17.a reveals the growth pattern of the bacteria
in terms of absorbance at 600nm with one hour interval. The synthesized C-CuO,
under illumination as well as dark conditions, is observed to almost nullify the growth
with respect to the controls where only the bacteria are present in LB media. The C-
CuO extratcted from Peru and Bhopal mine samples are observed to exhibit better

antimicrobial activity in presence of light.
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Figure 4.17. (a) Effect of C-CuO NPs on the growth curves of S. Hominis bacteria under dark and
illumination conditions. (b) Bacterial viability after treatment with different citrate CuO NPs in the
presence and absence of light irradiation (c) Agar plate colony count assay (d) Bright field microscopic
images and fluorescence micrographs of bacteria stained with DAPI and fluorescence micrographs of

bacteria stained with PI. (e) Ratio of live and dead cells obtained from microscopy.
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The copper chloride salt used for the synthesis of CuO NPs and sodium citrate
used for the capping purpose were found to have almost no effect on bacterial growth
establishing the fact that the entire antimicrobial activities are solely generated by the
C-CuO NPs.

The antimicrobial activity of the synthesized and extracted CuO NPs after
citrate functionalization was investigated against the S. Hominis growth to explore the
antibiotic potential against bacterial infections in agar plate assay method also. To
probe the antibacterial action of the nanoparticles they were used for incubating the
culture for 3 h. As shown in Figure 4.17.b and 4.17.c, minimal colonies were observed
(the bacterial growth is found to have decreased by 96.9 % in CFU from the control
plate) for the nano hybrid under UV light illumination condition. The bacterial growth
is found to be decreased by 85% only in CFU for under dark condition. The effect of
two different mine extracted copper nanohybrids under dark and light irradiation
condition was then studied further upon the growth of S. Hominis bacteria (Figure
4.17.b). In case of the Peru and Bhopal samples, the bacterial growth is found to be
decreased by 79 % CFU and 80% CFU respectively in dark condition. On the other
hand, a huge decrement of the bacterial growth is observed for both Peru and Bhopal
samples after citrate capping on UV illumination. The bacterial growth was reduced
by 90% and 91% for citrate capped Peru and Bhopal samples respectively on UV
illumination. To nullify the effect of the salt and the capping agent (sodium citrate),
the antibacterial effect of them were studied. No significant change in the number of
colonies in the negative control group was found indicating a low antibacterial effect
of these salts on S. Hominis. Thus, the antibacterial effect found is solely due to the
citrate capped CuO NP. From these results it is evident that the nanohybrid itself is an
antibacterial agent and its efficiency enhances manyfold upon white light exposure
which triggers an overall huge antibacterial effect.

To study the effect of the citrate CuO nanohybrid, bacterial cultures were
performed 5 times for each group (control in dark and light, citrate CuO in dark and
light, different concentrations of the nanohybrid etc.) and their difference was
calculated to identify their significance level. The sample size for each of the groups

were 5. The p-value was calculated using unpaired 2-tailed T-Test and p<0.05 was
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considered to be significant. Statistical difference in between control and treatment is

designated by “*’. The “*" represents p-value<0.1 and “****’

[213].

represents p-value<0.0001

Antimicrobial activity of the NPs was further investigated using optical
microscopy. We used S. hominis, the gram-positive bacteria as the model biological
system. S. hominis, were incubated with both synthesized and extracted CuO samples
for two hours in LB broth and then stained with DAPI and PI. While, DAPI stains all
the cells in the medium, PI is specific to the dead cells as it cannot cross the intact cell
membrane. So, the ratio of DAPI stained cells to PI stained cells reveals the viability
of the cells. Figure 4.17.d and e show the results of the microscopic microbial studies.
Figure 4.17.d first row contains the microscopic images of control cells after staining
with DAPI and PI. As expected, here the number of viable cells was more than the
dead cells (ratio ~6.6). The microscopic images of synthesized C-CuO NPs (Figure
4.17.d, second row) incubated bacteria showed a reduced ratio i. e. dead cells were
more in numbers than the live cells (ratio ~2.1) compared to control. Interestingly, the
group of bacteria treated with C-CuO NPs extracted from Bhopal and Peru mine
samples (Figure 5.4d, row 3 and 4) also showed higher viability as compared to
control. The ratio for these C-CuO NP-treated groups were similar to that of
synthesized C-CuO treated group as shown in Figure 4.17.e. Therefore, the
microscopic studies revealed that the C-CuO NPs exerted toxic effects and effectively
killed S. hominis. The therapeutic action of the CuO NPs against S. hominis bacteria
occur primarily via the generation of reactive oxygen species which mainly include
formation of hydroxyl radical (HO.") and superoxide radical (O2"). Initially an
electron-hole (e'/h*) pairs are formed when the electromagnetic radiation of energy
(hv) is either greater than or equal to the bandgap energy (Eg) of the CuO NPs. This
phenomenon excites the electron from the valence band (VB) to the conduction band
(CB), leaving holes behind in the VB. These photoexcited electrons reduce the surface
adsorbed O> to O, while the holes oxidize H>O or HO- to OH.[214-216]as described
in Figure 4.18.
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Figure 4.18. The mechanism of advanced nano-redox technology.

These in-situ production of reactive radicals starts off attacking the bacterial
population and eliminates them by the production of toxic by-products as a result of
ROS mediated damage to the cellular system.

CuO+ho = CuO (e~+h*)

Oxte = Oy

H,O+h* = H*+HO*.
In absence of an electromagnetic radiation, the anti-microbial activity may be
attributed to the ligand to metal charge transfer (LMCT) of the C-CuO NPs. The LMCT
bands originate due to the interaction of the Cu'*/2* centres in the NP with the surface
bound citrate ligands. In the dark condition the origin of the anti-bacterial activity
might be due to the conversion of the Cul* to Cu?* states at the centre accompanied
by the direct injection of the electrons into the CB of the C-CuO NPs followed by the
reduction of the surface adsorbed Oz to O»-.

Cul*-O = Cu*?-O*+ e

Ozte = Oy
The enhanced efficacy of the citrate functionalized CuO NPs in presence of light for
more bacterial remediation establishes its credentials for the application of APDT

(Antibacterial Photo-dynamic Therapy).
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Figure 4.19. Compound protein interactions network of citrate-CuO nanohybrid on S. Hominis
bacterial strain.

The extraordinary effect of the synthesized copper nanohybrid may be
hypothesized using predictive biological interactions. To compare our findings with
the existing research works, and related predictive models, the previously mentioned
STITCH database was used. It generated an interaction network (Figure 4.19.)
between the ligand CuO and its effect on various proteins of S. Hominis. To understand
how CuO affects the survival of the bacteria, a comprehensive table (Table 4.9.) was
populated with the protein names and their respective activities. The table suggests
the negative impact of CuO on key-proteins of S. Hominis, which help the organism to
deal with the environmental stress, energy metabolism, GTP binding, translation

regulation etc.

Table 4.9. Effect of citrate functionalized CuO NPs on S. Hominis bacterial strain

Identifier Corresponding Activity
Protein Name

HMPREF0798_01720 Catalase Catalase, an antioxidant enzyme

found in all aerobic organisms,

facilitates the transformation of H>O»
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into water and oxygen under

environmental stress [217].

HMPREF(0798_01742

oxidoreductase

Pyridine
nucleotide-

disulfide

family protein

Controls mitochondrial function [218].

HMPREF(0798_00999 Pyridine
nucleotide-
disulfide
oxidoreductase
HMPREF0798_01779 | Dihydrolipoyl | This oxidoreductase is a key factor in
dehydrogenase | bacterial  pathogenesis and is
HMPREF(0798_01752 | Dihydrolipoyl | responsible for energy metabolism
dehydrogenase | [219].
HMPREF(0798_00272 | Dihydrolipoyl
dehydrogenase
HMPREF0798_00629 | Dihydrolipoyl
dehydrogenase
HMPREF0798 00484, Translation IF2 is a crucial protein which binds

infB

initiation factor,

IF-2

GTP and rate of

increases the

translation [220].

HMPREF0798_01681

Cell division

Sufl is a protein responsible for cell

protein Sufl division and also considered as
bacterial twin arginine translocation
protein [221].
HMPREF0798_01771 Mercury(II) This protein helps the organism to
reductase withstand the toxic Hg concentrations

[222].
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4.2.3. “Nano-Copper”: A Potential Remediation of Antibiotic-Resistant Infections
[223]:

The identification of precise elemental composition, particle size range and
surface morphology of the acetate functionalized nanoparticulate CuO is a
prerequisite to a full understanding of its potential application capabilities. The XRD
pattern of the synthesized CuO NPs are depicted in Figure 4.20.a. It was determined
that all CuO NPs were in a monoclinic geometry with a space group of C2/C. No
characteristic peaks of any impurities were detected, suggesting that high quality of
CuO NPs was prepared. Moreover, the obtained x? value of 1.85 for the Le Bail fitting
indicates excellent agreement with the previously reported literature [203, 204]. The
crystallite size has been estimated from the XRD pattern using the Debye Scherrer’s
equation (4.15) [205]:

D =KA/pB cos 8 (4.15)
where K = 0.94 is the shape factor, 1 is the X-ray wavelength of Cu Ka radiation (1.541
A), 6 is the Bragg diffraction angle and f is the full width at half maxima (FWHM) of
the respective diffraction peak. The crystallite size corresponding to the highest peak
observed in XRD was found to be 24.31 nm. The presence of sharp structural peaks in
XRD patterns and crystallite size less than 100 nm corresponds to the nanocrystalline
nature of synthesized CuO NPs. The peaks at 32.5, 35.4, 35.5, 38.7, 38.9,46.2, 48.8, 51.3,
53.4, and 56.7 in 20 correspond to the different CuO planes, respectively [206].
Figure 4.20.b depicts the EDAX spectrum of synthesized CuO NPs. The EDAX result
shows that there are no other elemental impurities present in the prepared CuO NPs.
FESEM image of acetate-CuO is shown in inset of Figure 4.20.b. The synthesized nano-
hybrid is seen to be consisting of clustered spherical particles of approximate diameter
38 nm. The average diameter of CuO NPs was calculated from measuring over 100
particles in random field of FESEM view. The SEM-EDAX analysis demonstrated that
the atomic composition of the Cu and O elements were 54.1% and 45.2%, respectively.
The mean ratio of Cu and O was therefore 54.1:45.2 and an accurate compound
formula based on this atomic ratio of Cu and O can thus be given as Cu1.20 or CuOps.
Therefore, it can be ensured that most of the synthesized nanoparticulate sample was

indeed CuO.
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Figure 4.20. (a) XRD of the synthesized CuO nanoparticles. Inset shows the CuO nanoparticles
precipitated after centrifugation during synthesis process. (b) FESEM image and EDAX of CuO NPs
(c) FTIR spectra of acetate capped CuO and acetic acid in therange 0 to 4000 cm-! (d) DLS of the acetate

capped CuO from supernatant (inset).
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Figure 4.21. Absorbance spectra of synthesized acetate-CuO nanohybrid for different concentrations.
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The attachment of acetate on the surface of the CuO nanoparticles was ensured
by FTIR of the functionalized CuO nanoparticle along with acetic acid (Figure 4.20.c).
The acetic acid showed an absorption band at 1700cm-1, which can be attributed due
to the C=0 stretching of the carboxylate group of acetic acid [209]. In addition, the
absorption peak occurring at 1300 cm! may be attributed to the bending of the O-H
group of the C-OH bond of the carboxylic acid portion [224]. Moreover, the absorption
band at ~3500 cm! is due to the -OH of the acetic acid [224]. In the IR spectrum of the
acetate capped CuO nanoparticle, the stretching frequency of C-O and C=O has been
found at ~1360cm ! and ~1780cm-!. This shift in the C-O and C=0O indicates that the
CuO nanoparticles are functionalised by the adsorption of the carboxylate group of
acetic acid on the nanoparticle surface [225, 226]. Moreover, the weakening of the -
OH bond in the acetate capped CuO nanoparticle, further confirms the surface
functionalization of CuO with acetic acid.

The hydrodynamic diameter of the synthesized CuO nanohybrid was
estimated to be 50.7 nm from the dynamic light scattering (DLS) studies (Figure
4.20.d). The results of DLS corroborates with the size obtained from XRD and FESEM
analysis. Additionally, the Acetate CuO NPs exhibited a (-potential of magnitude -
18.3mV assuring moderate solubility of the NPs. This result lowers the possibility of
instability and particle agglomeration or precipitate tendencies of the CuO NPs out of
the solutions.

The UV-Vis spectra in Figure 4.21. of the acetate capped CuO exhibited a broad
absorbance peak at 285 nm characteristic of surface plasmon resonance of the CuO
nanparticles [211]. A less strong peak at around 350 nm, signifies the d-d transition of
CuO nanoparticles due to acetate functionalization [227].

Photoinduced ROS generation capability of the Acetate CuO NP is illustrated using a
well-known non-fluorescent probe, DCFH (Figure 4.22.). DCFH is oxidized to
fluorescent dichlorofluorescein (DCF) by ROS, exhibiting an emission near 522 nm
upon excitation at 488 nm. Thus, the enhancement of the ROS generation level is
indicated by the increase in the emission intensity at 522 nm [108]. The oxidation of
only DCFH control and CuO NPs are monitored for 10 mins in the dark and then

under irradiation of white light (400-700nm) for 30 mins. In the dark, there is no
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considerable enhancement of emission intensity at 522 nm indicating absence of dark
ROS generation. However, with the increase in the light exposure time, a greater
increase of emission intensity is observed for the actetate CuO nanohybrid as
compared to the control (Figure 4.22.). This confirms the ROS generation capability of
the synthesized nanohybrid under light exposure making it suitable to apply for
photodynamic therapy.

400 —0O— Acetate-CuO
350 —@— DCFH only

300+

250 1 White I.ight on

200 -

150 4

Emission at 622 nm (x 10°%)

100 4

50

Time (min)

Figure 4.22. DCFH oxidation (monitored at 522 nm) with time in the presence and absence of acetate
CuO NPs under dark (initial 10 mins) and white light (30 mins) illumination condition.

The antimicrobial activity of the synthesized acetate-CuO NPs was investigated
against the MRSA growth to explore the antibiotic potential against bacterial
infections. To probe the antibacterial action of the nanoparticles they were used for
incubating the culture for 3 h. As shown in Figure 4.23.a, minimal colonies were
observed (the bacterial growth is found to have decreased by 78.88 % in CFU from the
control plate) for the nano hybrid under white light illumination condition. The
bacterial growth is found to be decreased by 8% only in CFU for under dark condition.
The effect of two different concentrations of copper nanohybrid under white light
irradiation condition was then studied further upon the growth of MRSA bacteria
(Figure 4.23.b). In case of 10uM concentration, the bacterial growth is found to be
decreased by 46 % CFU. On the other hand, a huge decrement of the bacterial growth

is observed for 50uM concentration of acetate CuO, 92% reduction in terms of CFU
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with respect to the control. From these results it is evident that the nanohybrid itself
is an antibacterial agent and its efficiency enhances manyfold upon white light

exposure which triggers an overall huge antibacterial effect.
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Figure 4.23. (a) Bacterial viability after treatment with acetate CuO NPs in the presence and absence
of white-light irradiation (30 mins). (b) Dose-dependent antibacterial effect of the nanohybrid at
concentrations 10uM and 50uM on MRSA under white light irradiation condition. The insets show
images of MIRSA plates treated with acetate CuO under different conditions.

To study the effect of the acetate CuO nanohybrid, bacterial cultures were performed
5 times for each group (control in dark and light, acetate CuO in dark and light,
different concentrations of the nanohybrid etc.) and their difference was calculated to
identify their significance level. The sample size for each of the groups were 5. The p-
value was calculated using unpaired 2-tailed T-Test and p<0.05 was considered to be
significant. Statistical difference in between control and treatment is designated by “*’.
The " represents p-value<0.1 and “****' represents p-value<0.0001 [213]

The extraordinary effect of the synthesized copper nanohybrid may be
hypothesized using predictive biological interactions (Figure 4.24.). To grasp the
mechanism of action of acetate CuO NPs on MRSA, a separate comprehensive table
(Table 4.10.) of target proteins/compounds and their biological activities are listed

below.
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Figure 4.24. Compound protein interactions network of acetate-CuO nanohybrid on MRSA bacterial
strain.

Table 4.10. Effect of acetate functionalized CuO NPs on MRSA

Protein Activity

Acetoin utilization protein AcuC;

auk Bacterial growth on acetoin and butanediol is inhibited when acuC
expression is disrupted. In the absence of additional carbon sources, the
bacterial fermentation product acetoin can be converted to acetate via
the butanediol cycle; its decomposition is thought to be triggered by
deacetylation mediated by acuC [228].

E3 Dihydrolipoamide dehydrogenase;
There is a strong probability that a relationship between the DLDH (E3)

enzyme and its effects on virulence exists [229].

kat Catalase;
Catalases are common group of enzymes that efficiently protect cells
from the toxic effects of hydrogen peroxide, by decomposing it into

water and oxygen to prevent cell oxidative damage [230].

mer Pyridine nucleotide-disulfide oxidoreductase.

IpdA Dihydrolipoamide dehydrogenase; They have been classified according
to their presence in various bacteria and eukaryotes and the properties

of the enzymes are similar among the members of these domains.

154



Additionally, it has been suggested that IpdA acts in the binding
protein-dependent transport of galactose and maltose and in protecting

biological membranes from oxidative degradation [231].

infB Translation initiation factor IF-2; One of the essential components for the
initiation of protein synthesis. Protects formylmethionyl-tRNA from
spontaneous hydrolysis and promotes its binding to the 30S ribosomal
subunits. Also involved in the hydrolysis of GTP during the formation

of the 70S ribosomal complex.

arcR Crp/FNR family transcriptional regulator; The Crp-Fnr regulators, the
DNA-binding proteins, positively regulates the expression of the

transcription factors [232].

4.3. CONCLUSION:

The new non-invasive non-contact device (SAMIRA) can accurately measure
hemoglobin and bilirubin levels simultaneously from a single optical spectrum. It
could also measure TSB > 20 mg/dL, which was eliminated by the modification in the
illumination intensity of the source. Interestingly, in this study we also found that the
device gave accurate results to predict the onset of heart diseases in neonates by
measuring their blood saturation levels. This will help clinicians to better monitor the
neonates and reduce the frequency of blood sampling. Moreover, the device collects
the data from the neonate’s nail bed which contains less melanin interference
irrespective of the skin tone of the neonate. Overall, our results suggests that our
device can be accurately used in hospital settings for the accurate measurement of
hemoglobin and bilirubin for the screening of hyperbilirubinemia and anemia in
neonates.

In the next study, a highly potential antibacterial agent is developed by
embedding a well-known antituberculosis drug rifampicin with a common antifungal
drug benzothiazole inside a cationic CTAB micelle as delivery vehicle. Dynamic light
scattering (DLS) studies have been utilized to characterize the integrity of a CTAB

micelle and to confirm the encapsulation of RF and BT within the micelle. FRET
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measurements along with probability distribution of donor-acceptor distances were
employed to locate the binding of the drug RF with respect to BT in the micellar
surface. The distance between the donor (BT)-acceptor (RF) pair is found to be 20.9 A
in the micellar surface. Infelta-Tachiya model has been further employed to
understand the kinetics of energy transfer from BT to RF molecules with increasing
quencher (RF) concentration, The results obtained it are consistent with the FRET data.
The credence of this antibacterial agent has been finally established by anti-bacterial
studies on MRSA bacteria. Predictive biological models also support the MRSA
eradication mechanism. These studies demonstrate the high potential of a new
antibacterial sanitizing spray for use in healthcare facilities against multi drug
resistant MRSA bacteria, responsible for numerous health hazards.

Further, a pure grade citrate capped CuO NP was synthesized by simple
precipitation and grafting methods. From two types of copper mine tailings, CuO NPs
were also extracted and functionalized with citrate. XRD spectrum confirmed the
formation of monoclinic crystals of CuO NPs with space group C2/C. FESEM and
EDAX revealed the morphology of CuO NPs. The average SEM diameter of CuO NPs
was around 38.1nm that agreed fairly well with XRD and DLS data. FTIR and UV Vis
spectroscopy confirmed the surface functionalization of the CuO NPs with citrate
ligand. The synthesized nanohybrid was found to generate ROS under UV light
exposure in DCFH assay and showed excellent antimicrobial activity against S.
Hominis bacterial strains in a triparted study consisting of growth curve analysis, agar
plate assay method and microscopic studies after staining using DAPI and PI. The C-
CuO NPs were also found to possess anti-oxidant properties in DPPH assay.
Consequently, citrate functionalized CuO NPs can therefore be used as an
antibacterial agent in surface coatings on a variety of substrates to stop microbes from
adhering to them, colonising and growing on them, and producing biofilms, such as
in habitational medical equipment. This study suggests that mechanisms of
antimicrobial response of citrate-CuO nanohybrid in different species of bacteria
should be further explored. The use of copper mine tailings as a source of raw

materials for the nano-hybrid synthesis in order to cater low-cost antibiotics to wider
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population across the globe and to remediate the burden from the copper mines
simultaneously was also explored.

In the extedned study, a pure grade acetate capped CuO NP was synthesized
by simple precipitation and grafting methods. XRD spectrum confirmed the formation
of monoclinic crystals of CuO NPs with space group C2/C. FESEM and EDAX
revealed the morphology of CuO NPs. The average SEM diameter of CuO NPs was
around 38 nm that agreed fairly well with XRD and DLS data. FTIR and UV Vis
spectroscopy confirmed the surface functionalization of the CuO NPs with acetate
ligand. The synthesized nanohybrid was found to generate ROS under white light
exposure in DCFH assay and showed excellent antimicrobial activity against MRSA
bacterial strains. Consequently, acetate functionalized CuO NPs have potential for
external uses as an antibacterial agent in surface coatings on various substrates to
prevent microorganisms from attaching, colonizing, growing and forming biofilms for
example in dwelling medical devices. This study suggests that mechanisms of
antimicrobial response of acetate-CuO nanohybrid in different species of bacteria

should be further explored.
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CHAPTER 5

Studies on Optical Multi-parameter Detection for

Environmental Pollution Monitoring

5.1. INTRODUCTION:

The demand of fresh drinking water resources has increased dramatically
across the globe as a result of population and economic expansion. Good quality of
drinkable water is essential for human health, socio-economic development and
ecosystems. Besides growing population and rapid urbanization, the high use of
harmful chemicals in manufacturing, construction and other industries, fertilizers in
farms and their direct disposal to nearby water bodies have significantly worsened
the water quality available to people [1]. A minimum of 2 billion people worldwide
consumes water for drinking, contaminated with faecal matter [2]. The root cause of
many deadly diseases such as cholera, diarrhoea, dysentery as well as typhoid is
consumption of contaminated water and the consumption results in more than half
million deaths due to diarrhoea annually [3]. These statistics are indication of the
urgent need for quantitative assessment of water quality including lakes [4] and large
water bodies with online determination of results indicating the readiness of
consumption of available drinking water. The quality of water is primarily
determined by its physical, chemical, and biological content [5-7]. Traditional water
drinkability assessments are generally performed manually where water samples are
sent for examination to the laboratories, conventionally following chemical and other
methods of analysis [8]. The processes are complex and require trained personnel [9].
Moreover, they are time-consuming and non-real time measurement techniques [10].
With the advent and development of sensor-based systems, substantial research has
been carried out to automate and real-time monitor the water quality and Internet of
Things (IoT) enabled devices are in demand for immediate intimation of human
remedial interventions needed anywhere [11, 12]. But such sensor-based systems
mainly focus on the total dissolved solvents (TDS) and pH properties of water and

few such sensors have been made commercially available also. Some alternate
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experimental methods [13] were also tried by researchers like using the bio-screen
microbiological growth analyser [14] and underwater imaging systems [15, 16]. While
online sensors ensure immediate data availability and trigger the need for urgent
action, their calibration, reliability, and water-induced degradation or stains become
an important concern [17]. Various methods of probing water quality have been tried
and researched by various scientists. The contemporary research in this direction
includes the measurement of ocean water colour and estimation of its effect on marine
biology [18, 19]. RGB analysis has been used to determine the salinity index of water
by using the ration of R to B and B to G was used to determine the chlorophyll content
of water [20]. Although these methods are tried along with methods like airborne
digital image photography has also been used to map water pollution and overcome
the problem of cloud cover scenes [21] and recently, computer vision and artificial
intelligence have witnessed their application in the measurement of water turbidity
and related parameters [22, 23], an all in one real time water quality testing portable
system is sparce in contemporary literature that can identify presence of any kind of
suspended scatterer, harmful chemicals having emission and dissolved contaminants
or bio-markers degrading the water quality. Table 5.1. shows a comparative analysis

of existing water quality monitoring equipment.

Table 5.1. Comparative analysis of existing water quality monitoring equipment

Image
Type ISE [12,18] Thermistor Filter processing/ | Spectro- Our
Technology based Microbial scopy device
[24] colorimetry Assay [27]
[25] based [26]

Measure- Conductivity | Temperature Multiple Water Bio- Contami-
ment pH/ORP,Lu- chemical Toxicity chemical | nants like
parameters minescent pollutants | measureme | species, | dissolved

dissolved (kit based) -nt using such as organic
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oxygen, microbial proteins, matter,
Turbidity, assay viruses, dissolved
Depth, bacteria, organic
Chlorophyll and chemicals,
a, Blue green spores scatterer,
algae, bacteria
Rhodamine, etc.
Ammonium
Reagent No No Yes Yes Yes No
dependence
Measuremen High Low Moderate High High High
t resolution
Field Yes Yes Yes No No Yes
Deployable
Cost High Low Very High | Very High High Low
Approx 3000 150 2000 10000 8000 400
(USD)
IoT enabled No No No No Yes Yes

In this study, we have developed a prototype for the estimation of water quality using
spectroscopic techniques. This proposed device can simultaneously measure the
absorbance of water sample to give the information of dissolved colours, scattering

parameters to estimate the suspended particulate matter and fluorescence to quantify
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the harmful chemicals contaminating the water and degradation of the water quality.
Detection of benzopyrene, a harmful carcinogenic common water pollutant [28],
mainly contaminating water resources from industry effluents is a global concern of
immense importance. In this study, the credentials of the developed proto-type have
been established in identifying benzopyrene contamination in water samples. The
limit of detection (LOD) of the device in terms of emission of benzopyrene
contaminated water is found to be 0.503 ppb, much lower than the drinkable limit of
0.7 ppb [29] as per WHO guidelines which proves the efficacy of the device. Similarly,
Crystal Violet (CV) is another dangerous and common mutagenic and teratogenic
contaminant of water which enters into the aquatic systems from the effluents of
textile or paint industry and also from medical and biotechnology industry and is well
known for its mutagenic, teratogenic and mitotic poisoning nature [30]. The
developed system is also capable of detecting the presence of such dissolved dyes in
water by measuring absorbance. The designed device is found to have LOD 23.9 ppb
whereas the safe limit of CV in drinking water is 100 ppb [31]. Simultaneously, the
potential of the device in determining suspended particulate matters (SPM) in water
is established by detecting Titanium di-oxide (TiOz) as a model scatterer pollutant in
water. The instrument yielded an LOD of 23.25 ppb (0.291 pM) in this case. The
bacterial growth indication performance of the device in water was also studied using
MRSA (Methicillin-resistant Staphylococcus Aureus) bacteria. Thus, this instrument,
has the potential to replace the existing instruments for water quality measurement

and has immense applications in the field of environmental research.

Arsenic is a naturally occurring toxic metalloid and is abundant in 'Earth's
crust. Importantly, this is classified as a group I carcinogen in humans [32, 33]. Primary
sources of ingested arsenic for humans are water and air, apart from some
contribution from food. Contaminated groundwater with geogenic arsenic is the
major source in various parts of the world, including a large part in the Ganga basin,
and pose a major health risk to a large population worldwide [34, 35]. The toxicity of
the most commonly occurring arsenic species in the environment decreases in the
order As(Ill) (primarily as AsOs*) > As (V) (primarily as AsOs3) > AsV (e.g.
monomethyl arsonic acid (MMAs!)) >As? (e.g.dimethylarsinic acid (DMAs!)).
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Among these, AsOs3* and AsO43-are two primary arsenic species that occur in aqueous
environments and contaminated water bodies with AsOs3 being more soluble than
AsOg3- [36]. The epidemiological studies have revealed a distinct relation between a
higher concentration of ingested arsenic in drinking water and the prevalence of
several cancers [37-39]. Arsenate mimic inorganic phosphate in cellular or glycolytic
respiration pathways and enters cells through the phosphate transport system [39].
AsOs? induce toxicity by binding to sulfhydryl groups of proteins to inactivate several
enzymes that are associated with cellular energy pathways, DNA synthesis, and
repair [39-42]. Studies also establish that the hydration pattern for arsenite resembles
glycerol hydration, which presumably favours its passage through membrane-bound
aquaglyceroporins and cell membrane permeability [43-45]. Considering the acute
and the high level of toxicity induced by iAsl contamination, the World Health
Organization (WHO) and U.S. Environmental Protection Agency (EPA) have set the
maximum allowed contaminant level for arsenic in drinking water as < 10 ppb [46,
47]. The groundwater of certain parts of many countries such as America, Thailand,
England, Oregon, Bangladesh, India, Inner Mongolia, Taiwan, Vietnam, Pakistan,
China and Canada, and so forth are reported to have the arsenic level that is well
above the guideline value level (10 ppb/0.1 pg L-') specified by WHO [47-50].
According to a survey, it is estimated that more than150 million people around the
globe are at risk because of arsenic contamination [47, 51]. To date, various
conventional analytical techniques are commonly used for the detection of inorganic
arsenic (iAs!l!), those include inductively coupled plasma mass spectrometry, atomic
absorption spectroscopy, high-performance liquid chromatography with optical
spectrometric detection, atomic fluorescence spectrometry and voltammetry [52-59].
Although these techniques allow sensitive and accurate quantification of iAs!l, these
methods require cumbersome sample processing, time, and highly trained personnel,
which limit their applications for routine on-sight measurements [59, 60]. Considering
such limitations, there is a conscious and focused effort for developing molecular
sensors that could be integrated into an inexpensive optical device for specific,
sensitive and instantaneous in-filed detection of the iAs!l with an associated optical

read-out signal. Notably, such methodology with an associated switch ON optical
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response helps in achieving a favorable signal-to-noise ratio and a trace level
quantification. These criteria are ideally suited for the real-time on-sight application.
To the best of our knowledge, examples of any molecular sensors that fulfill all these
norms are scarce in contemporary literature. Further, literature reports also suggest
that iAs!! (inorganic arsenic as AsOs3%) and its intermediate metabolites MMAs!! and
DMASs!I are the most toxic to human physiology, with mitochondria being one of the
primary target organelles [61-63]. Studies also reveal that iAsll induced toxicity
typically arises from the loss of mitochondrial membrane potential, inhibition of the
electron transfer chain, the release of cytochrome c from mitochondria into the cytosol,
and the overproduction of ROS of the malfunctioned mitochondria [61-63]. These
findings further suggest the importance of a molecular sensor that could ideally allow
us to visualize the real-time distribution of iAs!l in mitochondria. Luminescence-
based switch ON response is principally preferred over other optical responses to suit
the non-invasive intracellular imaging process, as well as for achieving higher
sensitivity. To integrate all these requirements in the optical response of a single
fluorescence-based molecular receptor, a new Ir(Ill)-based luminescent molecule (AS-
1) is designed that shows specificity towards iAs!ll. To further improve the solubility
of the AS-1 in the aqueous medium, as well as the improved membrane binding-
efficacy with a cationic biomimetic cetyltrimethylammonium bromide (CTAB) micelle
and cell-membrane permeability with mitochondrial specificity [64, 65]. We have also
utilized the switch ON luminescence response at ~ 466 nm for developing a hand-held
micro-spectrometer-based prototype with an option for remote signal read-out using
a smart mobile phone. The proposed device could be used for quantifying iAs!l at the
sub 10ppb level in drinking water. The delicate balance between the lability of the
N”O-donor derivative (HPBT) in AS-1 and the demonstrated affinity of As(Ill)-center
towards S-donor receptors is effectively utilized for developing a ratiometric
luminescence-based chemodosimetric receptor that is specifically localized in
mitochondria of the live breast cancer cell lines (MCF-7). The newly developed
chemodosimetric receptor, its specificity towards iAs!l for generating a ratiometric
luminescence response, and integration for developing a hand-held device could be a

solution for the population that is impacted with chronic As3* toxicity.
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5.2. RESULTS AND DISCUSSIONS:

5.2.1. A Portable Spectroscopic Instrument for Multiplexed Monitoring of Acute
Water Toxicity: Design, Testing and Evaluation [66]:

0.5 mM, 0.5 mM and 0.21 mM stock solutions of Benzopyrene, Crystal Violet
and TiO2 were prepared in aqueous solution and filtered for the current work. To
evaluate the efficacy of the device, the stock solutions were sufficiently diluted in Mili
Q water. For real water samples, tap water were collected and filtered using 0.22 um
filter. The used tap water samples were analysed in a National Accreditation Board

for Testing and Calibration Laboratory.
5.2.1.1. Construction of Instrument:
5.2.1.1.1. Hardware Design:

The optical spectroscopic device reported in this work comprises of mainly two
compartments, one optical and other electronic, which together integrates data
collection, data processing, and wireless transmission. The light weight, portable and
IoT enabled device is designed in two vertical compartments to confirm complete

space utilization of the form factor and stability of the device as shown in Figure 5.1.
5.2.1.1.1.1. Optical Chamber:

A customized cuvette holder mounted internally surrounded by three light
sources and one spectrometer detector is the heart of the upper optical compartment
of the system. The micro-spectrometer (Hamamatsu C12880ma, wavelength range:
304 nm - 1024 nm) along with One white LED (DC 3V, 20mA, 400-700 nm), one UV
LED (wavelength 361 nm, DC 3V, 500mA) and one LASER source (wavelength 667
nm (5V, 5mW)) are placed at 90° angle to each other of the square cuvette holder. The
white LED for absorbance measurements is placed at 180° position of the micro-
spectrometer. The UV LED and the LASER are positioned at 90° of the micro-
spectrometer for fluorescence and scattering measurements respectively as depicted
in Figure 5.1.b. The micro-spectrometer is directly mounted on defined pins of one
micro-controller (Arduino UNO) board that controls the automatic data acquisition

(DAQ) and visualization of the acquired spectra. The UNO board along with all light
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sources are controlled from the lower electronic section by wire connections passing

down through designated slots in the base plate of the upper chamber.

—
(o p
< 132mm=—p

~

—— 260m7m —

Micro-spectrometer mounted onarduinoboard
Cuvette holder
LASER source(700 nm)

UVLED (365nm)

White LED

Figure 5.1. Schematic of the developed device (a) Front view (b) Side view (c) Internal arrangements of
optical compartment (d) Real images of device.

5.2.1.1.1.2. Electronic Chamber:

The lower electronic section primarily consists of a box type mini-computer
(intel NUC 8i3BEH), two micro-controller (Arduino UNO) boards and a rechargeable
battery for power supply. Two cooling fans (5V, DC) fixed at diagonally opposite
positions of the wall maintains constant temperature inside the device eliminating
heating effects. An LCD display (7 inch, Waveshare) is attached in front of the device

in a slanting position (Figure 5.1.d) for showing results. The lower micro-controller
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board is for the controlling the light sources. The switching chronology, illumination
time, automatic intensity adjustments by PWM (Pulse Width Modulation) etc. are
controlled through this Arduino board. The in-built Bluetooth and Wi-Fi modules in
the PC take care of the data and report uploading procedures. The device technical

details are also tabulated in the following Table 5.2.

Table 5.2. Technical details of the developed device

Serial Parameters of developed device Specifications
Number
1 Battery life 60 hours
2 Re-calibration required after 5000 hrs
3 Cost 400 USD
4 Spectroscopic detection
Working principle (Absorbance, Emission,
Scattering)
5 Standard deviation in measurements | (a)0.6953 for absorbance,
(ppb) (b)0.4227 for emission
(From Bland-Altman statistical (c)0.0867 for scattering
analysis, Figure 5.10.)
6 (@)23.9 ppb for absorbance
LOD (b)0.50 ppb for emission
(c)23.2 ppb (0.29uM) for
scattering
7 (a)72.4 ppb for absorbance
LOQ (b)1.52 ppb for emission

(c) 0.882uM for scattering

8 Mode of operation Static and Kinetics
9 Weight 2.54 kgs
10 Dimension 260 X 132 mm
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5.2.1.1.2. Software Development:

Figure 5.2.a illustrates the simple sequential program flow diagram of the
software for accurate assessment of drinkability of water. The device is IoT enabled
which signifies that the developed device has both Bluetooth and Wi-Fi to transmit
the data obtained directly to cloud as well as experts. Immediate necessary actions can
be employed if required, from miles away depending on the severity of the pollution
level. The entire algorithm has been indigenously developed in LabVIEW (by National
Instruments) platform with easy user interface for automated data acquisition and
visualization of spectra as well as drinkability condition of the water sample. After
getting powered up, health check-up and initialization of the device takes place. In
case of any discrepancy, the instrument auto-corrects different conditions and restarts
automatically, followed by a pop-up window asking for sample water details
including date, source etc. to be saved along with data in individual folders. Then as
directed by the GUI, 2ml of water sample to be tested is to be placed in cuvette inside
the designated cuvette holder slot and click on the ‘start’ button in the software. The
UV LED, White LED and LASER sources are turned ON by the program one by one
through micro-controller serial communications and spectrometer captures data as
per pre-determined parameters along with integration time of 800ms. After reading
the optical signal intensity array for three cases i.e., absorbance, emission and
scattering, the corresponding wavelength (1D array) for each detector pixel number is
calculated. Wavelength vs absorbance, emission and scattering intensity plots are
shown live in separate panels in the display. From a pre-loaded file location, the
baseline spectra of pure water are read and from calibration equations already fed to
the algorithm, water drinkability examinations are performed. As per the pre-
calibration, if any contaminants are found above the pre-defined stipulated limits in
terms of emission, absorbance or scattering, the sample water is indicated as “unsafe
to drink”. If the water passes the eligibility criteria to be drinkable, a green symbol
displayed in the screen indicates the water is safe. The data measured by our
developed device may compare the existing data base from several authorities and
guide the user for potential remediation. The measured data could also be a part of

the existing data base for future use.
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Figure 5.2. (a) Sequential program flow diagram of the developed prototype (b) Framework of Artificial

Neural Network (ANN algorithms) to predict Water Quality Index (WQI). IIF = Instrument Index
Function.

In this study, Figure 5.2.a shows the sequential program flow diagram of the
indigenously developed software in LabVIEW platform for data acquisition and
analysis for the drinkability testing spectroscopic device. However, the scope of the

developed prototype can be extended to monitor other markers of the Water Quality

191



Index (WQI) [67] i.e., dissolved oxygen (DO), temperature, total dissolved solids
(TDS), pH, turbidity and presence of biological organism, like bacteria. To measure
the amount of dissolved oxygen in water, the popular choice is an optical sensor which
works on the principle of fluorescence quenching [68]. In this context, it is worth
mentioning that our group has already developed multiple optical sensors using the
fluorescence quenching mechanism for measurement of harmful salts of fluoride, iron,
arsenic and mercury present in the water [69-72]. The presence of these heavy metals
and their salts are the indicators of the amount of TDS as well. Similarly, pH of water
could be monitored by using UV-visible spectroscopy based sensors [73] and for
measurement of temperature, electronic sensors [74] can also be integrated to the
developed prototype. Such well-equipped sensing system has a huge potential to
construct an efficient artificial intelligence (Al)-based water monitoring framework as
depicted in Figure 5.2.b. It was estimated that, by 2030, in USA alone, the Al
expenditures in the water industry will cost around $9 billion [75]. To implement a
competent Al-based water monitoring system from the sensor clusters, the machine
learning (ML) protocol must be incorporated. According to the US Food and Drug
Administration (FDA), Al has been defined as the scientific and technological
development associated with intelligent machine-making process and ML is a data-
driven intuitive training software algorithm to obtain Al-based network [76]. For
processing and analysing the enormous amount of data, collected from the developed
sensor, Artificial Neural Networks (ANN), a well-known ML technique, would be
integrated with the system. ANN is a well-established ML methodology which has
ability to handle complex, non-linear data-set like, monitoring of water quality index
[77]. The ANN algorithm tries to mimic the network of a human brain, where input
layers and output layers are connected by single or multiple hidden layers and
interconnecting nodes with variable ‘weight factor’ [78]. For analysing the data
through ANN algorithm, the feed-forward pathway should be considered as shown
in Figure 5.2.b. The Input Layer will collect various spectroscopic parameters with
respect to wavelengths. The first hidden layer (HL) HL1 deconvolutes the acquired
data and compound-specific peaks would be generated. HL2 is responsible for

instrument index factor generation by formulating the appropriate prototype-specific
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weight factor. A comparative analysis of the concentrations of water sample

parameters with the permissible levels (Table 5.3.) are carried out in layer HL3.

Table 5.3. Permissible limits of the parameters used for calculating the WQI [67, 79]

Parameters Permissible

Limits

Dissolved oxygen | 10

(mg/L)
pH 85

Biological oxygen |5
demand (mg/L)
Turbidity (FNU) | 120

HLA4 is the decision-making layer, which identifies good data and bad data. The bad
data points which lie beyond the error margin will be back-propagated for

reacquisition. Finally, the water quality is displayed in the output layer.

The present study addresses data validation as well as data acquisition for the
developed prototype and also investigates the scope of ANN on the present model.
The ANN can predict the water quality index by creating a comprehensive library
from the acquired, real world sample data-set, and executing feed-forward and back-
propagation algorithm on neural network. This directs our future course of research

for further exploration and implementation of ANN.

In this section, the performances of the proposed prototype for water quality
monitoring and management in distributed, dynamic, and complex scenarios such as
water distribution systems (WDSs) is analysed. The performance of the instrument in
detecting benzopyrene, crystal violet and TiO2 as model contaminants in drinking
water using emission, absorbance and scattering properties are elaborated. The device
performance can be extended to other emissive, absorptive and scattering water
contaminants with calibration for each species. Once the device is calibrated, it

remains valid for 5000 hours unless the geometrical aspect of the device, such as the
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positions of the various components and light sources remain unhindered.
Implementation of the device in depicting bacterial growth in water is also discussed.
All quality factors like precision, accuracy, limits of detection and quantification etc.

associated with the integrated system are finally presented.
5.2.1.2. Detection of Dissolved Organic Matter:

The developed spectroscopic instrument is capable of detecting the presence of
trace amount of emissive organic pollutants in the water sample. In the present work,
identification of Benzopyrene contamination in drinking water is considered. Upon
excitation of the sample water contaminated with benzopyrene with 361 nm UV
radiation by the device, emission peak at 406 nm is found to increase considerably
with increase in the concentration of benzopyrene. Primarily a shift in wavelength for
the peak positions was observed in our developed device with respect to the standard
one, which was corrected by wavelength recalibration of the micro-spectrometer used
in the developed device with the standard instrument (JASCO spectrofluorometer,
FP-8200). Figure 5.3.a illustrates the full emission spectrum of benzopyrene
contaminated water for different concentration of Benzopyrene (BP) from O ppb to

11.35 ppb for excitation at 361 nm in standard instrument.

Figure 5.3.b simultaneously shows the spectra obtained in our developed
device for the same concentrations of benzopyrene and under same excitation
condition. These spectra are found exactly consistent with the full spectra obtained in
standard fluorometer after the baseline correction. Next, to calibrate the device and to
determine the direct correlation of emission intensity at 406 nm with the measured
benzopyrene concentrations, the intensities at 406 nm are plotted against the different
concentrations of benzopyrene. Figure 5.3.c elaborates the calibration of the device
with concentration of benzopyrene. The exponential calibration equation is obtained
as y=Al exp(x/t1)+y0 with adj. r?=0.9967. This curve is then included to the device
algorithm for predicting emissive contaminant level in drinking water. The
performance of the device is also evaluated by the validation curve obtained in Figure

5.3.d (y=1.062x+0.08, r=0.986) with six different concentrations of BP.
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Figure 5.3. (a) Emission spectra of different concentration of Benzopyrene (BP) from 0 ppb to 11.35
ppb for excitation at 361nm in standard instrument. (b) Emission spectra of different concentration of
Benzopyrene (BP) from 0 ppb to 11.35 ppb for excitation at 361nm in our developed device. The inset
shows the excitation spectrum of UV LED with peak at 361nm. (c) Calibration curve of
emission(counts) at 406nm (peak) vs concentration of BP in ppb (d) Validation curve of the device with
known concentrations of Benzopyrene.

The linear regression analysis resulted in a correlation of proposed measurement
technique with the standard one with Pearson’s correlation coefficient(r) 0.986 (p
<;0.0001, one way ANOVA). The standard deviation between two measurements is
0.695 (p<0.0001, one way ANOVA), which necessarily means that the quantity
measured by the instrument may have a tentative variation of + 0.69ppb. Furthermore,
the Bland Altman analysis shows a positive bias of +0.3552, (p<0.0001) signifying the
tendency of the device to overestimate the values by +0.355ppb. The limits of
agreement lie in a range of -1.0076ppb to +1.717ppb (Figure 5.10.), which essentially
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signifies that all the values measured by our device will have a maximum difference

of 2.72ppb.

However, for the measurements of DOMs outside the wavelength range (304-
1024nm) of the micro-spectrometer of the developed set-up, it is planned to use some
sensors or dyes whose absorbance or fluorescence fall within the detectable range of
our device. For example: fluoride ions are not detectable with standard visible
absorbance or fluorescence measurements, however some nano-sensors
(Hematoporphyrin in SDS micelles) shows promising performance in detecting
fluoride whose spectral response (quenching of emission peak at 605nm) lies in the
range of our developed instrument [70]. Similarly, for detection of protein like
fractions in drinking water as per some monitoring requirement, ‘Bradford Assay’ can
be used where the transformed blue colour of the dye in presence of protein is easily
measurable in our developed system. Thus, using dyes or sensors the device is capable
of measuring different dissolved chemicals or organic matters whose absorbance or

emission apparently lies outside the measurement range of the spectrometer.
5.2.1.3. Detection of Dissolved Chemicals:

Following Lambert-Beer's Law, the device can detect the dissolved
contaminations in test sample of water affecting the absorbance of water. Crystal
violet (CV) is detected in the current work as the absorbance changing contaminant of
drinking water. Absorbance measured in standard spectrometer and in the designed
instrument for various concentrations of crystal violet (0.1- 15.2 ppm) in water are
depicted in Figure 5.4.a and 5.4.b. As elaborated in the previous section, the calibration
of the device in terms of absorbance is done by wavelength (nm) vs maximum
absorbance at 589nm plot (Figure 5.4.c). The calibration equation obtained from the
exponential regression curve was yi= A1 exp(xi/t1)+yo, where yi represents the
absorbance(a.u.) of CV at 589nm and xirepresents the concentration of CV in ppm. We
used this equation in the LabVIEW software to estimate the unknown concentration
of absorbing pollutants in test sample from the spectral information obtained using
our device. In the corresponding validation curve(yi=0.98x;+0.19) shown in Figure

5.4.d, linear regression analysis results (Pearson’s correlation coefficient r = 0.995, P
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value < 0.0001, F value= 2562.86, slope=0.98, and intercept = 0.19 one way ANOVA)

indicate a correlation between the two methods for same samples simultaneously

measured in standard spectrophotometer as well as our proposed device.
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Figure 5.4. (a) Absorbance spectra of different concentration of Crystal Violet (CV) from 0.101 ppm to
15.29 ppm in standard instrument (b) Absorbance spectra of different concentrations of Crystal Violet
(CV) from 0.101 ppm to 15.29 ppm in our developed device. (c) Calibration curve of absorbance at 589
nm (peak) vs concentration of CV in ppm(d) Validation curve of the device with known concentrations
of Crystal Violet.

The standard deviation between two measurements is 0.42 (p<0.0001, one way
ANOVA), which necessarily means that the quantity measured by the instrument will

have a difference of + 0.4 Furthermore, the bland Altman analysis shows a positive
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bias of + 0.135, (p<0.0001) signifying the tendency of the device to overestimate the
values by 0.1 (Figure 5.10.).

5.2.1.4. Detection of Suspended Particulate Matter:

The presence of undissolved suspended particulate matters in water can be
detected by the device through the change in scattered light intensity of the laser
source placed at right angular position of the spectrometer. Titanium di-oxide (TiOz)
particles are used in this study to make a clear water turbid and measure the amount
of turbidity by the developed equipment. Figure 5.5.a shows the DLS (Dynamic Light
Scattering) data indicating the presence of TiO; particles mainly of two sizes, 295nm
and 5.56 pm. It is clear from the DLS study that the bigger particles are present more
in the sample. Now from the formula of Rayleigh scattering (equation 5.1),
considering the scattered intensities the calculated particle size comes out to be around

6.2 micrometre.
1= 252 () () (@) 5

where ‘R’ is the distance of spectrometer sensor from the scattering medium, ‘0’ is the

scattering angle (here 90°), ‘n’ is the refractive index, ‘I’ and ‘Io” are scattered intensities
in presence and absence of scatterer in medium respectively.This result is evident
from the fact that the scattered intensity is proportional to the sixth power of particle
diameter, so the larger particles have the main contribution in scattered intensity
detected by the spectrometer. For the estimation of diameter of particles in colloidal
suspension from the above well-known Rayleigh scattering equation (equation 5.1),
the refractive index ‘n” was considered as 1.33 and the wavelength to be 667nm. Figure
5.5.b reveals the increase in scattering intensity with increase in TiO2 concentration
from 0.125 pM to 2.504 uM (0.03-0.6NTU) in the device. Figure 5.5.c and 5.5.d are the
calibration curve (y=138.36x+481.83, r=0.998) of scattered intensity (counts) at 667nm
(peak) vs concentration of TiOz in pM and validation (y=1.006x+0.028, r=0.997) of the
device respectively. The standard deviation between two measurements is 0.086
(p<0.0001, one way ANOVA), which necessarily means that the quantity measured by

the instrument will have a tentative difference of +0.08.
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Figure 5.5. (1) Hydrodynamic diameter of TiO; from Dynamic Light Scattering (b) Scattering spectra
of different concentration of TiO; from 0.125 uM to 2.504 uM in our developed device. (c) Calibration
curve of scattered intensity (counts) at 667nm (peak) vs concentration of TiO, in uM (d) Validation of
the device with known concentrations of TiOx.

Furthermore, the Bland Altman analysis(Figure 5.10.) shows a negative bias of -0.047
ppb, (p<0.0001) signifying the tendency of the device to underestimate the values by
0.04 ppb. The limits of agreement lie in a range of -0.2175ppb to +0.1223ppb (Figure
5.10.).

5.2.1.5. Detection of Microbial Growth:

The device is found suitable in detecting bacterial presence in drinking water.
The bactericidal activity was performed using MRSA bacteria cells as depicted in
Figure 5.6. The cells were cultured in a Luria Broth (LB) medium under an incubator

shaker at 37°C for 24 h. The optical density of freshly grown overnight culture was
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fixed to 0.1 n LB medium initially. The culture was then put in a cuvette and incubated

at 37°C with shaking for 9 hours.
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Figure 5.6. MRSA growth curve in standard and developed instrument along with calibration

The absorbance is taken at every hour interval and plotted against time with baseline
correction for both standard spectrophotometer and our developed device (Figure
5.6.a and 5.6.b). The minimum detectable concentration of MRSA was determined
using the onset of the growth curve. To estimate the limit of detection (LOD) of the
suspended micro-organism (MRSA), we have converted the concentration of the
micro-organism in the media from CFU/ml to ppm unit. The calibration curve of our
device is finally shown in Figure 5.6.(c) with respect to standard commercially

available spectrophotometer.
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5.2.1.6. Repeatability and Reproducibility and Quality Factors of Device:
The reproducibility of the device (Figure 5.7.a, b and c) was checked for
detecting BP, CV and TiO; in terms of three of the optical parameters i.e. emission,

absorbance and scattering intensities individually.
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Figure 5.7. Reproducibility of the device in terms of (a) Emission (b) absorbance (c) Scattering.

The device was programmed in ‘kinetics’ mode for reproducibility checking, where
75 data were collected for each in the interval of 10 minutes (total time required = 12.33
hours) for the same sample. The emission intensity readings (Figure 5.7.a) of BP at 406
nm were found to fluctuate between 705 to 714 counts for a particular concentration.

Simultaneously, Figure 5.7.b shows the fluctuation in absorbance at 589nm for CV is

201



from 0.5135 to 0.5305 only. The scattered intensity readings for a constant
concentration of TiO2 were observed to fluctuate between 531 to 548 counts. The
repeatability of the device is also performed as shown in Figure 5.8.a, b and ¢, for BP,
CV and TiO: detection, establishing the consistency of the device by preparing 20

samples of same concentrations for each of the three spectroscopic parameters.
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Figure 5.8. Repeatability of the device in terms of (a) Emission (b) absorbance (c) Scattering.

For 2 consecutive days, under same conditions, 3 experimentalists prepared samples

of identical specifications and tested the repeatability of the device.

Limit of Detection (LOD) and Limit of Quantification (LOQ) are two important

terminologies used to describe the smallest concentration of a measurand that can be
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reliably measured by an analytical procedure [80]. More precisely, the smallest
amount or concentration of the analyte in the test sample that can be reliably
distinguished from zero [81] is termed as LOD and the lowest concentration of the
analyte that can be determined with an acceptable repeatability and trueness is
defined as LOQ [82]. Mathematically they can be expressed by equations 3.9 and 3.10
as described in Chapter 3. In Figures 5.3.c and 5.4.c, the slopes of the linear region of
the calibration curves for low concentrations of benzopyrene and crystal violet were
considered respectively for LOD and LOQ calculations. In the current study, the LODs
for emission, absorbance and scattering measurements were obtained as 0.50 ppb or
500 ppt, 23.9 ppb and 0.291pM (0.069NTU) respectively for detection of Benzopyrene,
Crystal Violet and TiO2. LOQ values for the same were found to be 1.52 ppb, 72.4 ppb
and 0.882uM (0.211NTU) respectively.

The device performance in terms of precision was calculated. The precision of
an instrument indicates the fluctuation of readings for same test sample giving
consistency or reproducibility of the measurement. Precision is primarily obtained by
the range or difference between maximum and minimum values of readings. In this
study, the fluorescence intensity readings (Figure 5.7.a) of Benzopyrene (6 ppb) at
406nm were observed to fluctuate between 705 to 714 counts giving precision as 9
counts. The fluctuation in absorbance readings (Figure 5.7.b) at 589nm for a particular
concentration of Crystal Violet is from 0.5135 to 0.5305 resulting in absorbance
precision of 0.017. The device is very precise (17 counts) in terms of scattering also as

shown in Figure 5.7.c.

Sensitivity of an instrument is defined as the ratio of the changes in the output
of a device to a change in the value of the quantity being measured or simply the slope
of the calibration curve. From Figures 5.4.c, 5.5.c and 5.6.c the sensitivity of the set-up
was obtained as 90.31, 0.0919 and 1.6076 counts/ppb respectively for measuring BP,

CV and TiO» concentrations.

Use of the highly sensitive micro-spectrophotometer C12880ma (Spectral
range, 304-1020 nm) improves the resolution of the device manifold than photo-diode

or other sensors. For fluorescence measurements the instrument achieves resolution
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of 17.093 ppt which reveals that the device is capable to distinguish concentration
variation of as small as 17.09 ppt/count. Absorbance and scattering resolutions were

found to be 20.53 ppb and 0.0084 pM (0.002NTU) respectively.
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Figure 5.9. Measurement of concentrations of contaminants (having absorbtion, emission and
scattering) from a mixture in a mimic of real world water sample by the developed device (a)
Absorbtiometric detection of Crystal Violet (b) Detection of Benzopyrene by emission (c) Detection of
TiO; by scattering.

The accuracy of a device is calculated by following the equation 3.8 of Chapter
3. In the present work, the accuracy for measurement of Benzopyrene concentration
through emission was found to be 92.807% from the validation data obtained in Figure
53.d. Simultaneously, the accuracy of measuring Crystal Violet and TiO:
concentrations in water samples through absorbance and scattering information
resulted in 93.56 % and 88.152% from validations of Figure 5.4.d and 5.5.d respectively,

confirming the high level of accuracy of the proposed device.
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Finally, in Figure 5.9., it is shown that, the developed device is capable of
measuring the concentrations of contaminants having absorption, emission and
scattering when they are present together in a water sample. A mimic of real-world
water sample was prepared by spiking Crystal Violet, Benzopyrene and TiOzin 2ml
water where the effective concentrations of CV, BP and TiO; were 2 ppm, 4 ppb and 1
UM respectively. The values shown by the device for the aforementioned three
contaminants were 2.058 ppm, 3.652 ppb and 0.7793 pM respectively which proves
the promising nature of the proto-type in monitoring water quality with a mixture of
contaminants. The Bland-Altman statistical analysis of the validation data for
emission, absorbance and scattering as discussed earlier and shown in Figure 5.10.

establishes the high level of accuracy of the developed device.
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Figure 5.10. Relationship of measurements between the developed device and the conventional
techniques using emission, absorption and scattering: Bland-Altman plots (mean and 95% limits of
agreement) between the developed device and values obtained from the three conventional techniques
viz. (a) Emission (b) Absorbance and (c) Scattering are shown respectively.
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5.2.2. An Ultrasensitive Reagent for Ratiometric Detection and Detoxification of

iAsIII in Water and Mitochondria [83]:

The meta acid (H2AsOz) is known to exist as a polymer with a very delicate As-
O-As bond that undergoes hydrolysis to yield ortho arsenous acid (H3AsOs) [84].
Importantly, sodium arsenite is expected to exist primarily (~99.9 %) as H3AsO3 in an
aqueous medium at neutral pH, owing to its high pKa'! value (9.25) [45, 84].
Chromogenic sensor AS-1 was synthesized following the methodology shown in
(Figure 5.14.a) and isolated as a pure compound in a reasonably good yield (60%).
Details of the procedures adopted for synthetic of AS-1 and its characterization data
are presented in Supporting Information. Characterization of the desired Ir(IIl)-
complex was achieved using nuclear magnetic resonance (H and 13C NMR) (Figure
5.11. and 5.12.) spectroscopy and MS spectral analysis. Desired purity of AS-1 was
ascertained using data obtained from high-resolution mass spectrometric (HRMS)
(Figure 5.13.) analysis. Additionally, the molecular structure for AS-lwas confirmed

by single-crystal X-ray structural analysis (Figure 5.14.b).
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Figure 5.11. '"H NMR spectrum of AS-1 recorded in DMSO-db.
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Figure 5.12. 3C NMR spectrum of AS-1 recorded in DMSO-de.
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Figure 5.13. HRMS spectrum of AS-1 recorded in Methanol. The calculated value for [M+H*] =
776.1392; [M+H*] = 798.1167 and for [M+H*] = 814.0896.

The crystallographic refinement parameters (Table 5.4.) of AS-1 and the selected bond
length (A) and bond angle (degree) parameters (Table 5.5.) are provided here.
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Structural analysis reveals that the Ir(Ill) centre in AS-1 adopts an anticipated

distorted octahedral coordination geometry with cis metallated carbons and trans

nitrogen atoms, as revealed by previous structural studies on mononuclear complexes

comprising the cyclometalated C-N ligands [85-88].

Table 5.4. Crystallographic Data for AS-1

Chemical formula CyyHuIrN;sOS
Fw 774.9
Crystal system Triclinic
Space group PT
Hall group -P1
a (A) 9.3774(6)
b (A) 10.0175(7)
c (A) 17.6829(12)
a (deg) 84.881(2)
P (deg) 83.611(2)
y (deg) 71.432(2)
Vv 1562.30(18)
Z 2
T (K) 100
S 1.131
P (mm1) 4.376
20max (deg) 56.56
no. of reflns 7043
Npar 406
Tmin 0.534
Tmax 0.785
R 0.0361
wR2 0.0887
h,k,Imax 12,13,23
Table 5.5. Selected Bond Length (A) and Angles (deg) for As-1
Ir(1)-C(13) 2.005(4) Ir(1)-C(26) 1.998(4)
Ir(1)-N(3) 2.198(4) Ir(1)-N(2) 2.028(4)
Ir(1)-O(1) 2.128(3) Ir(1)-N(1) 2.046(4)
C13-Ir1-N1 81.8(2) N2-Ir1-N3 90.9(1)
C13-Ir1-C26 84.7(2) N3-Ir1-C26) 99.8(2)
C26-1r1-N2 81.5(2) N2-Ir1-O1 93.5(1)
C13-Ir1-N2 92.9(2) C26-Ir1-N1 95.4(2)
N1-Ir1-O1 89.0(1) C13-Ir1-O1 90.1(2)
N3-Ir1-O1 85.7(1) N3-Ir1-N1 94.6(1)
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A comparison of the Ir-N bond lengths of AS-1 with those of the reported octahedral
Ir-N bonds (1.85-2.07A) indicates that the Ir-N3 bond length (2.198 A)is substantially
long (Table 5.5.) [89-91]. On the other hand, the Ir-O bond length in AS-1 (2.128 A) is
on the shorter side (Ir-O ~ 2.2 A) (Table 5.5.), reflecting the possibility of the
dissociation of the Ir-N bond first in presence of a nucleophile with subsequent

dissociation of the Ir-O bond.
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Figure 5.14. (a) Synthetic route and molecular structure of AS-1; (i) EtOH, H>O, 90°C, 24h. (ii) EtOH,
Na;COs, 90°C, 4h. (b) Single-crystal X-ray structure of As-1with thermal ellipsoids are drawn at the
40% probability level. (c) Emission spectral profile of AS-1 (Aext = 415 nm) in aq. PBS buffer solution
(vH = 7.4) upon the gradual increase in [iAs'] (0 - 100 ppb). (d) A plot of change in luminescence
intensity at 466 nm (blue) and 600 nm (red) with subsequent changes in [iAs™] (0 - 100 ppb) having
an iso-emissive point at 547 nm following excitation at 415 nm, respectively, to confirm the ratiometric
response of AS-1; emission spectral measurements were performed in a aq. PBS buffer solution (pH =
7.4). (e) Proposed binding of the Simidazole moiety to the iAs-centre in a rate-determining step to form a
transient species, which undergo dissociation process to yield iAs!-HPBT with a characteristic
emission spectrum having emission maximum at 466 nm (Aex = 415 nmy).
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The electronic spectrum for AS-1 was recorded in aqueous phosphate buffer saline
(PBS; pH 7.4) medium, and this showed an absorption maximum at 453 nm, along
with a hump at ~425 nm (Figure 5.15.). These absorption bands/shoulders are

attributed to predominantly intra ligand n-* charge transfer transitions.

1.0

0.81

Absorbance

0.0 . . . . . , : ,
200 300 400 500 600
Wavelength (nm)

Figure 5.15. The absorbance spectra of AS-1 in aqueous phosphate buffer saline (PBS; pH 7.4) medium
at a concentration of 10-6 M.

Luminescence spectrum for AS-1 was recorded in aqueous phosphate buffer saline
(PBS; pH 7.4) following excitation at 415 nm. A distinct luminescence maximum at 600
nm was observed (P00 = 0.28). On a gradual increase in [iAs!T], a new luminescence
band having a maximum at 466 nm was observed with a concomitant decrease in the
600 nm band intensity (Figure 5.14.c). A systematic luminescence titration was
performed following excitation at 415 nm in aq. PBS buffer solution (pH = 7.4) of AS-
1(50 ppm) and varying [iAs] (0 - 100 ppb) confirmed a ratiometric change in the
spectral luminescence pattern having an isoemissive point at 547 nm (Figure 5.14.c).
Luminescence quantum yield for the new band at 466 nm (D466 / Aext 415 was evaluated
as 0.24. A switch ON enhancement in luminescence intensity at ~466 nm is evaluated
on the addition of iAs™! (Figure 5.14.c and 5.14.d). Presumably, the formation of iAs!!I-
HPBT accounts for the changes in emission responses of AS-1 on reaction with iAs!!!

vide infra).
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Figure 5.16. (1) Emission spectra (Aex: = 415 nm) for AS-1 (1X10°M); AS-1 (1.0 x 10° M) in presence
of iAs™ (1.0 x104 M), and AS-1 (1.0 x 10° M), [CTAB] (10.0 x 104 M) and iAs'™ (1.0 x 10+ M)
showing the improved emission response under micellar condition. A PBS buffer solution having pH
7.4 was used for experiment. (b) A schematic diagram illustrating micellar-enhanced detection of iAs"I.
kovs vs [iAs™] plot for (c) Aex/Aem: 415/466 nm and (d) Aexy/Aem: 415/600 nm). The experiment was
performed with 10 uM of AS-1 in presence of varying [iAs] (5.0 x10°M - 15.0 x 10° M) at 298 K.
kovs vs [As-1] plot in the presence of 1.0 x 104 M CTAB for (e) Arx/Aem: 415/466 nm and (f) Aexy/Aem:
415/600 nm). The experiment was performed with 10 M of AS-1 in presence of a various concentration
of iAs!! (5.0 x10° M - 15.0 x 10° M) at 298 K. Aq. PBS buffer having a solution having pH 7.4 was
used for studies. All kinetic studies were performed at (298 +1) °C. (g) Emission spectral profile (Agx
=415 nm) of AS-1 (1.0 x 10° M) in CTAB (10.0 x 10+ M) with varying iAs™ (5.0 x10°M - 15.0 x
10 M) in aq. PBS buffer solution (pH = 7.4). (h) a plot of change in luminescence intensity at 466 nm
with subsequent changes in [iAs"] (0 - 20 ppb).
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The presence of a distinct iso-emissive point at 547nm signifies the presence of two
luminescent species that exist in equilibrium with characteristic luminescence maxima
at 466 and 600 nm, respectively (Figure 5.14.c). According to 'Pearson's hard and soft
acid-base theory, soft-soft interaction is favoured over hard-soft interaction. As3*
being a "soft" metal ion, typically shows a strong affinity to the 'soft' S-donor ligands,
and this is also primarily the reason for iAs!l to bind preferentially to the proteins
having Cys-residue with a free sulthydryl functionality [39]. Presumably, this also
accounts for the no interaction between the S-donor HPBT and iAsV (vide infra). To
ascertain this, we synthesized and isolated the complex iAs-HPBT by reacting iAs!!
and HPBT. After all necessary characterization for ensuring the desired purity of the
isolated iAs-HPBT complex, different spectra (electronic, luminescence, ESI-Ms, and

TH NMR spectra) were recorded.

AS-1+1.5 eq. As**

AS-1+1.0 eq. As®**

AS-1

HPBT+1.5 eq. As*

HPBT

8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4
f1 (ppm)

Figure 5.17. '"H NMR spectra between ligand HPBT and AS-1 with various concentration of iAs'™
in DMSO-de.
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Figure 5.18. HRMS spectrum of AS-1 + 3 eq. of iAs!!! recorded in Methanol.

Luminescence spectrum of this presynthesized and isolated iAs™-HPBT in aq. PBS
buffer medium (pH 7.4) showed a maximum at 466 nm. Importantly, TH NMR titration
with a fixed [AS-1] and varying [iAs!], clearly shows the appearance of the signals
that correspond to the formation of iAs"l-HPBT (Figure 5.17.). MS spectrum recorded
for the reaction mixture for AS-I and iAs! revealed the presence of the molecular ion
(M*/ z) signal for iAs-HPBT and Ir(H20)2, which further corroborate our proposition
for the formation of iAsl-HPBT (Figure 5.14.e). High-resolution mass spectrometry
(HRMS) shows signals at 332.3295 and 585.2874 (Figure 5.18.), which correspond to
iAsU-HPBT (calculated mass: 332.3394) and [Ir(BZQ)2(H20)2] (calculated mass:
585.2176), respectively. Literature reports also reveal that Ir(BZQ)2(H20)2 is non-
luminescent. Thus, all these data corroborate our proposition for the formation of

iAsll-HPBT and [Ir(BZQ)>(H20)2][BZQ: benzo h quinoline] (Figure 5.14.e).

To further improve the solubility of AS-1 in aq. buffer medium and considering
its hydrophobicity, we explored the possibility of using a surfactant, CTAB above the
critical micellar concentration (CMC) for achieving improved solubilization of AS-1 in
aqg. buffer medium. The hydrophobic tail, the hydrophilic (ammonium ion derivative)
head group of the self-assembled micellar structures help in trapping AS-1 in the

hydrophobic micellar core. The dynamic nature of the micellar structures allows the
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diffusion of iAs!l from the bulk of the aq. solution to the core. These micellar cores act
as a microreactor and favour the reaction between AS-1 and iAs!l and help in

achieving the improved performance of the AS-1 molecule in sensing iAs!! (Figure

5.16.a and 5.16.b).
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Figure 5.19. (a) & (b). Relative fluorescence intensity changes on addition of 10 equiv. various anions
and metal ions to 10 uM AS-1. (c) Schematic diagram of Arsenic Sensing device and the sensing
mechanism of the sensor in CI'AB, "Enhancement of fluorescence" occurs in the presence of iAs!! ions
in solution having AS-1@MicelleCTAB. (d) Full spectra of iAs!ll contaminated having AS-1@MicelleCTAB
(e) The calibration curve derived using indigenously developed device shown in (c).
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Importantly, solution (aq. PBS buffer; pH 7.4) luminescence for AS-1 remained
unchanged when spectra were recorded at 298 K over a period of time (Figure 5.20.).
However, a sharp decrease in luminescence intensity at 600 nm with a concomitant
increase in luminescence intensity at 466 nm was observed when spectra were
recorded in presence of 10-mole equivalence of iAs!l (Figure 5.21.). To confirm that
both these changes at 466 nm and 600 nm signify the same reaction, kinetics were
studied for a fixed [AS-1] (IM) and a varying [iAs™] (5.0 x 10°M - 15.0 x 10-°M) in aq.
PBS buffer (pH 7.4) at 298 K by monitoring the changes in luminescence at two

specified wavelengths as a function of time.

5x10° 1

4x10° 1

w

x

[N

o
o
1

2x10° -

Intensity (a.u.)

1x10°

0 100 200 300
Time (s)

Figure 5.20. Plot emission intensity at 600nm Vs. Time of AS-1 recorded at 298 K.
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Figure 5.21. Emission spectra of AS-1 before (black) and after (red) the addition of 10 equivalents of
IASIL,
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Observed pseudo-first-order rate constant (kobs (s1)) for respective [iAs!l] was
evaluated for each kinetic run. A plot of Kobs*®® or kobs®® vs. [iAs!] yielded a linear plot
with a negligible intercept (Figure 5.16.c and 5.16.d). Minimal intercept signifies
negligible dissociation of the complex AS-1 under the experimental condition. The
first-order dependence on [iAs] with intrinsic rate constant (k#¢ = (43 +1.3) M-1s;
ko0 = (42 £1.12) M-1s1) for the substitution reaction of HPBT in AS-1 by iAs! confirms
that iAs™ is associated with the slow step of the reaction (Figure 5.14.e). This confirms
an associative substitution reaction. Importantly, similarities of the values for the
intrinsic rate constants (k#¢ and k®%9) also confirm that luminescence changes

associated at 466 nm and 600 nm signify the same chemical transformation. (Figure

5.16.c and 5.16.d).

Kinetic studies were repeated by probing the luminescence changes either at
466 nm or at 600 nm in presence of 10.0 x 104 M CTAB (Vide infra). It is worth
mentioning that this is higher than the critical micelle concentration (CMC) for
amphiphilic CTAB (CMCcras ~ 8.5 x 104M) [92] in aq. PBS buffer solution having pH
7.4. For studying these reactions, 10.0 x 104 M CTAB was added to a solution of AS-1
(100 p M) in aq. PBS buffer (pH = 7.4). AS-1, being hydrophobic, was favorably
partitioned inside the hydrophobic core of the micelle and this was expected to
provide a nano-reactor type option with a relatively higher localized concentration of
reactants as compared to the bulk aq buffer media [93-96]. Rate constants of k*¢crap.
M = (48 £1.2) M1s1 and k60crapm = (49 £ 0.96) M-1s1 at 298K for the reaction between
AS-1 and HPBT were evaluated using otherwise analogous conditions for kinetic
studies (Figure 5.16.e and Figure 5.16.f). Importantly, a comparison of the rate
constants evaluated from kinetic studies in the presence of 10.0 x 10+ M CTAB (>
CMCcrtas) shows that the respective rate constant is higher by 17% as compared to the
one studied in the absence of CTAB. This further confirms that the orientation of the
reactants within the hydrophobic core of the micellar structure favored the reaction,
presumably through a higher localized concentration of the reactants. Studies (Figure
5.22.) with other surfactants (anionic: sodium dodecyl sulfate, SDS; neutral: Triton-X-

100) yielded no improvement in the kinetic parameters.
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Figure 5.22. DLS data of AS-1@MicelleCTAE, After immediate preparation (top) and after 2 days
(bottom).
Presumably, the formation of a stable coordination complex between iAs!l and

HPBT accounts for the thermodynamic driving force for the formation of a bis-

solvated complex of Ir(IlI). A moderately high binding constant for iAs"-HPBT [KjaslIL.
upeT = (3.0 £ 0.1) X 105 M2L2 at 298 K] complex formation was also evaluated based on

data obtained from a luminescence titration.

This proposition was further confirmed by a systematic 'H NMR titration on a
mixture of AS-1 and iAs!! in D20 medium. As shown in Figure 5.17., the chemical
shifts of protons of HPBT were found to change significantly upon binding to iAs!!
and no further change was observed beyond a 1.5 mole equivalence of iAs!l. Once the
kinetic pathway and the basis for the luminescence response for the reaction between
AS-1 and iAs!T were ascertained, luminescence response was utilized for quantitative
estimation of iAs!ll in aq. PBS buffer medium having physiological pH (7.4). A plot of
the differences (-Alc = -(Io-Ic)) in the initial luminescence intensity (Io) and final

luminescence intensity (Ic) at 466 nm as a function of [iAs'] was obtained from the
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luminescence titration using a fixed [AS-1] (1 uM) with a varying [iAs™] (5.0 x 10-°M
- 15.0 x 10° M) in aq. PBS buffer (pH 7.4) (Figure 5.23.). The limit of quantification
(LOQ) of 9.38 ppb and 20 ppb was experimentally evaluated by using a detectable
change in luminescence with signal to noise ratio of 3:1 and 10:1, respectively, for a
certain [iAs']. However, LOD value calculated following the 3c method is 9.38 ppb,
which is in the borderline of the WHO recommended allowed limit of 10 ppb for iAs!I

in potable water.
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Figure 5.23. The fluorescence spectral changes of AS-1 (Aext 365 nm) in micellar (a) SDS, (b) Triton-X
with gradual increasing concentration of iAs'! (0 to 5 uM).

To achieve a more efficient detection and quantification, analogous
luminescence titration was performed in presence of 10.0 x 10-*M of CTAB (Figure
5.16.g and 5.16.h). As discussed earlier, entrapment of the neutral molecule AS-1
inside the hydrophobic core of the micellar structure helped in improving the local
concentration of AS-1, as well as lowering the solvation influence of the iAs within
the hydrophobic core as compared to one that one would expect in the bulk aq. buffer
media. For evaluating the LOD in micellar medium, a solution of 10.0x 104 M CTAB
was stirred with AS-1 (10 pM) in aq. PBS buffer (pH = 7.4) for 1 hour at 298K. To this,
varying [iAs!] (0 - 10ppb) was added, and the changes in the steady-state
luminescence values were measured for the respective solution for a certain [iAsl].
For AS-1@MicellecTAB LOD (3c) and LOQ (S/N = 3), values evaluated were 0.2 ppb
and 0.5 ppb, respectively, which was much lower than the lowest allowed detection

limit for iAs!! for potable water. To the best of our knowledge, this is one of the most
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efficient molecular probes reported for the detection of iAs!l in potable water as per

the WHO norms.

The specificity of chemodosimetric molecule AS-1 for the detection of iAs™ was
also examined. The fluorescence responses of 10 pM AS-1 in the presence of 50 pM
various metals ions (Na*, K*, Ag*, Zn?*, Fe?*, Pb2*, Cd?*, Co?*, Cu?*, Ni?*, Hg?*, Mn?*,
Ca?t, Mg?*, Fe3*, Cr3*, A3+, As3*, As>* etc.) and anions and ROS species (F-, Cl-, Br, I,
NOs, POg3, OAc, SO4Z , Cr207%, OH-, ClOg, COs?%) were recorded under identical
experimental condition (Figure 5.19.a and 5.19.b). A ~ 300 fold enhancement of
luminescence was observed only when the studies were performed with iAs!ll and this
confirmed the desired specificity of the chemodosimetric molecule AS-1 for its

quantitative estimation.

After confirming the selective detection of iAs!!l in an aqueous solution having
concentration as low as 2 ppb, a network-enabled portable device was conceived and
constructed (Figure 5.19.c) to miniaturize a complete iAs!l sensing system that was
capable to linking the fluorescence output to a real-time digital read-out signal. The
device contains a customized cuvette holder mounted internally surrounded by a light
source and one micro-spectrometer detector (Hamamatsu C12880ma). At 90° position
of this micro-spectrometer, one UV LED of wavelength 365 nm (DC 3V, 500mA) is
mounted for measuring fluorescence. This arduino driven set-up can directly measure
the concentration of iAsl in water. The prototype is powered by a 19.5 V source and
comprises a liquid crystal display (LCD) linked to two Arduino UNO boards. The
software has been indigenously developed in LabVIEW (by National Instruments)
platform for easy user interface and displays the calculated concentration of the
arsenic present in the groundwater sample. This software captures the change in
luminescence intensity upon the excitation of UV LED of wavelength 365 nm and
translates into its corresponding As3* concentration from the previous calibration
(Figure 5.19.d and Figure 5.19.e) and is displayed on the LCD screen. We found using
the AS-1@MicelleCT4B probe, the device could be able to detect the iAs! concentration
within 10 seconds with a detection limit of 2 ppb. Using this prototype, water samples

from River Ganges and Gulf of Khambhat, spiked with known concentration of iAs!!!
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were tested (Table 5.4.). The concentrations of iAs!!l in these samples were monitored
using our developed sensor, which shows noteworthy agreement with the results
obtained from standard instrument. This data highlights the method performance and
reliability of the AS-1@Micelle“TAB probe coupled with the internet-enabled portable
prototype which may provide an easy solution for water testing in remote areas where
frequent monitoring of the As3* level is crucial. Further work is in progress to enable
the real-time data upload to the cloud or transmission to experts a thousand miles
away for analysis and taking immediate necessary actions within another 7 to 10
seconds from a remote place by virtue of the IOT association with the instrument.
Simultaneously large scale testing of real groundwater samples from different areas
of West Bengal, which is one of the most iAs!l contaminated places in India, is in

progress to extend the potentiality of the device.

As discussed earlier, mitochondria are the primary target organelle for iAs!!
induced toxicity for human physiology. After establishing its specific recognition of
iAs! with an associated switch ON luminescence response, its utility in mapping the
uptake and distribution of iAs in human live breast cancer cell line (MCF-7) was
explored. The toxicity of this molecule AS-1 and the micellar system (AS-
1@MicelleCT4B) on MCF-7 cells (Figure 5.24.) was established using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, and no significant

toxicity was observed.
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Figure 5.24. Plot of change in luminescence intensity of AS-1 at 466 nm with subsequent changes in
[iAs™] (0 - 10 ppb).
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Seo, Kwon, and co-worker have successfully demonstrated that cationic Ir(III)-
core and lipophilic coordinating ligands helps in designing appropriate reagent for
crossing the inner mitochondrial membrane (IMM) and localization in mitochondria
[97]. Further, recent reports have also established that the use of cationic surfactants
helps in enhanced permeation and retention of Drug@MicelleCation in mitochondria
[98-101]. The mitochondria membrane potential for tumor cells (AW pMitochondria ~ —78()
mV) is much higher than the AwngMitochnodria (NE: normal epithelial cells), and this
favors the localization of cationic micelles in mitochondria [102, 103]. We examined
the subcellular location of AS-1@Micelle“TAB and, eventually, the iAs"-HPBT using
confocal laser scanning microscopy (CFLSM). A commercial fluorescent staining
agent, MitoTracker Deep Red, is also used for staining inner mitochondrial membrane
(IMM) and intermembrane space (IMS) and co-localization studies. To examine the
real-time uptake of iAs! in live cancer MCF-7 cells in presence of AS-1 or AS-
1@MicelleCT2B, the confluent MCF 7 cells were incubated with 5 puM of AS-1 or AS-
1@MicelleCT4B for 60 min and followed by exposure to 10 pM iAs! for 30 min at 37 °C
and pH 7.4 (Figure 5.25.a). The positively charged AS-1@Micelle“TAB are rapidly get
internalized into cells via clathrin- and caveolae-mediated endocytosis pathways [104,
105]. Luminescence studies reveal that luminescence maximum, characteristic for AS-
1 appears at 600 nm, while that for iAs-HPBT appears at 466 nm following excitation
at 415 nm. On incubation with AS-1@Micelle“TAB, bright intracellular emission was
observed when a long-pass filter of 500 nm was used (Figure 5.25.a-iii), while no such
emission was detected when a short-pass filter of 500 nm was used (Figure 5.25.a-ii).
In presence of AS-1@Micelle“T4B and iAs!ll, a significant intracellular luminescence
was observed when images were collected using a bandpass filter of 450-550 nm
(Figure 5.25.a-iv) due to the formation of iAsl-HPBT in the cytoplasmic region. These
confirmed the cell membrane permeability of AS-1 or AS-1@MicelleCTAB, their
localization in cytoplasm, and the ratiometric response of the molecular probe AS-1.
The punctuated nature of the images (Figure 5.25.a-iii) indicates that the probe AS-1
localize in specific regions within the cytoplasm. This was investigated in more detail
through co-localization studies. This was investigated in more detail through co-

localization studies. For co-localization studies, the intensity profile of CFLSM images
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recorded with Mito Tracker Red overlapped closely with that of the iAs!I-HPBT
complex with a significantly high value for the Pearson's coefficient (90%) (Figure

5.25.b).
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Figure 5.25. (a) Confocal Laser Scanning Microscopy images of AS-1 treated MCF-7 cells. The cells
were incubated with (i) iAs!, (ii) AS-1 short-pass filter of 500 nm (< 500nm), (iii) AS-1 long-pass
filter of 500 nm (> 500nm), (iv) iAs'l + AS-1. Scale bar 10 um. (b) Co-localization experiments of
intracellular localization of AS-1@MicelleCT™B (panel i) using Mito Traker probes with intensity along
traced line shown (iv) underneath. Emission from Mito Traker Deep Red (panel ii) and intensity along
the same line shown (v) below. The overlap of the intensity is shown in panel (iii). Panel (iii) shows the
overlap of the green and red fluorescence, indicating mitochondrial localization of AS-1@MicelleCTAB,
Panel (vi) shows the Pearson co-efficient = 0.90. Scale bar 10 um and Asgonm. (c) Cell viability assay in
the presence of iAs!! and AS-1@MicelleCTAB, The bar diagram represents the effect on cell viability when
MCEF 7 cells were exposed to various concentrations (20, 40, and 100 uM) of AS-1@MicelleCTAB, ;As!l,
and iAs!l + AS-1@MicelleCT 8, wherein the case of iAs!l and AS-1@MicelleCTAB, cells were pre-
incubated with iAs! for 30 min trailed by AS-1@MicelleCTAB treatment for 24 h. The cell viability was
evaluated colorimetrically by using cell CCK-8 counting kit-8. Cell viability is stated as the relative
percentage of the control cell line assuming 100% cell viability for DMEM treated control cells. Values
represent the mean * SD.
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Importantly, co-localization experiments with LysoTracker Deep Red (LTDR)
confirmed that initially AS-1 or AS-1@Micelle™B and eventually iAsl-HPBT were
not localised in the lysosome of the MCF-7 cells (Figure 5.26). All these results
confirmed the localization of AS-1 in the mitochondrial region of MCF-7 cells, as well
as the lysosome/endosome escape of AS-1 or AS-1@Micelle“TAB conjugates through

membrane rupture [106].
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Figure 5.26. Relative fluorescence intensity changes on addition of 10 equiv. various metal ions and
anions to 0.1 uyM AS-1.

Earlier studies have revealed that iAs!l has a strong affinity towards S-donor
thiophene functionality of HPBT moiety in AS-1. Thus this kinetically controlled
process is further favoured with associated gain in thermodynamic stability due to the
chelate formation, which eventually leads to the formation of the iAs!-HPBT.
Considering this, we explored the possibility of using AS-1 as a next-generation
luminescent molecular probe for simultaneous recognition and detoxification of iAs!!
in cellular conditions [107]. To substantiate this hypothesis, the cell viability at
different concentrations of iAs and AS-1 was tested in cultured MCF-7 cells and
assessed using the cell counting kit (CCK-8). The samples (iAs'l, AS-1, a mixture of

1As! and AS-1; in case of iAs! and AS-1 co-incubation, iAs!l was incubated first for
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30 min followed by AS-1) were dissolved in Dulbecco's Modified Eagle's Medium
(DMEM) cell culture medium to obtain the anticipated desired concentrations. The
MCE-7 cells were seeded at a density of 1.0 x 105 cells and were plated in 6-well cell
culture plates at 37 °C under 5% COxz for 24 h. The cells were then treated with 100 pL
of various concentrations of the samples. After 24 h of treatment, the CCK-8 was
added to each of the wells (treated and control), and the wells were incubated further
for 4 h. The absorbance was measured at 450 nm. From the cell viability assay (Figure
5.25.c), it is observed that iAs'! alone at 20pM for 24 h is toxic to MCF-7 cells (41 * 3).
This cell viability decreases further with an increase in the concentration of iAs'!.
Interestingly, in presence of AS-1, the toxic effect of iAs!l was substantially
neutralized. This is evident from the increase in cell viability (100 + 4 at 20pM iAs! +
AS-1; 93 £ 5 at 40 pMAs!T + AS-1). However, for an even higher concentration of iAs!!!
(100 pM) no further improvement in the cell viability (12 + 2 at 100 pM iAsI!; 21 + 3
for 100 pMiAs™ + AS-1) is observed. Presumably, for a limited number of cells in a
specific well, [iAs™] of 100 pM may be too high for the cells to survive. Thus,
experimental data confirm that AS-1 induces dose-dependent detoxification of iAs!

in live cells.
5.3. CONCLUSION:

In this work, analytical performance of a developed field deployable, low cost
(USD 400), real-time, reagent-free spectroscopic device for water quality monitoring
is demonstrated and established. The data have been collected and analysed by the
device using an indigenously developed software for online analysis of the model
contaminated water medium in terms of absorbance, fluorescence and scattering. The
set-up is found to be effective in measuring suspended scatterer (TiO2), harmful
chemicals having emission (Benzopyrene) and bacteria (MRSA), dissolved
contaminants (Crystal Violet) or bio-markers degrading the water quality in real time
without the use of any reagent. The very low concentration detection capability (LOD
like 0.5 ppb) and sensitivity (90 counts/ppb) by spectroscopic means ensures the
promising credentials of the developed device for field application as an all-in-one

unique water quality monitoring system.
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In the work of this chapter, we have also synthesised a new fluorogenic Ir(IlI)-
based molecular probe (AS-1) for the specific and ultrasensitive detection of iAs!!l in
an aqueous medium and mitochondria, which is commonly argued as the target
organelle for iAs"-induced toxicity. Spectroscopic investigations on AS-1 and its
interaction with iAs!l reveal a remarkable specificity of the thioimidazole-moiety
towards iAs!l, which eventually leads to the formation of iAs!-HPBT. The higher
affinity of the S-donor ligands towards iAs!ll favours the formation of a kinetically
controlled intermediate product, which eventually follows a dsscoiative reaction to
yield a thermodynamically controlled product, iAs™-HPBT. AS-1 and more
specifically AS-1@MicelleCTAB are found to be localized at the mitochondria of the
MCF-7 cells, which are reported to have a substantially higher negative membrane
potential. The use of AS-1@MicelleCTAB as the probe reagent further enhances the LOQ
and enables us to quantify iAs as low as 0.2 ppb in bulk water medium. Confinement
of AS-1 in micellar nano-reactor and efficient diffusion of iAs! to the hydrophobic
micelle core due to the dynamic nature of such micelles favour a more efficient
reaction. Mitochondprial localization of AS-1 or AS-1@MicelleCTAB, as well as detection
of mitochondrial iAs! are confirmed from the CFLSM studies. Most importantly, the
reaction between iAs and AS-1 or AS-1@MicelleCT4B led to the formation of iAs!!-
HPBT. CCK-8 assay studies reveal that this helps in curbing the toxic influence of iAs!!
and improving the cell viability of MCF-7 cells. The remarkable selectivity of AS-1
and AS-1@MicellecTAB  towards iAs! and no detectable interference from
environmentally relevant cations/ anions encouraged us to build a fluorescence-
based prototype for a real-time infield arsenic detection. A prototype is developed in-
house using AS-1@Micelle“TAB as the molecular probe. A ratiometric fluorescence ON
response at 466 nm on excitation at 415 nm, and appropriate electronics for converting
the fluorescence response to a read-out digital signal offer a distinct advantage over
other such devices, including devices that use ISE method. To the best of our
knowledge, an example of such an ultra-sensitive and mitochondria-specific smart
molecular sensor for iAs!! and a microprocessor-based device that allows direct
quantification of iAs!' in a water body in the form of a digital read-out signal is scarce

in the contemporary literature. Further, device fabrication also allows an option to
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design an IOT based system for remote monitoring of iAs!ll in any water body for

better monitoring of the treated water for distribution and human consumption.
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CHAPTER 6

Development of  Optical  Spectroscopy-based

Techniques for Food-quality Assessment

6.1. INTRODUCTION:

Tea, the most widely consumed aromatic, non-alcoholic stimulating beverage
in the world [1] is the infusion prepared from the processed leaves of Camellia Sinensis.
A native plant of southwestern China and eastern India, tea plants are now being
harvested in countries like South America, Africa, the Middle East [1] not only for its
medicinal values, but also for its substantial export revenue generation. India being
the home to world’s premium tea, is responsible for 20% of global tea production and
has earned INR 5500 crore or 700 million US Dollar through tea export per year [2].
Amongst all the tea variants in India, Darjeeling tea, a special variety of tea grown and
produced in the defined area of the Darjeeling District of India, is famous for its
distinct aroma and premium quality. To implement and protect the Geographical
Indications (GI) of the Darjeeling Tea under Trade-Related Aspects of Intellectual
Property Rights (TRIPS Agreement, WTO) [3], a robust identification validity
technique of this variety of tea is highly sought after. Usually, GI associates a
renowned product with a specific place, corresponding microclimatic environment,
and post-processing techniques and hence establishing the authenticity, reputation
and goodwill of the product in the market [3]. Despite GI validation, the quality
assessment of Darjeeling tea has remained in the primitive stage, with no available
automated instrumental validation technique. The existing method for tea
identification by tea testers depends solely on a person’s sensory skill, and hence it is
associated with a higher risk of human errors. It also lacks evidence-based
measurement techniques, which could assure the accuracy of tea identification.
Furthermore, the economically motivated adulteration (EMA) [4] has become a
growing concern all over the world, not only for its economic impact, but primarily

because of associated health hazards. It has been predicted that the negative impact of
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global food-fraud would cost the food industry about $10-$15 billion a year [4]. The
tea industry, being no exception, faces severe damage due to such types of fraudulent
activities. The most common adulteration technique is to mix low quality tea with
premium quality tea for substantial profit margin [5]. According to the Food Safety
and Standards Authority of India (FSSAI), the other hazardous, non-edible
adulterations may include artificial colours like, tartrazine, carmoisine and sunset
yellow or substances like, saw dust, iron fillings. Considerable amount of efforts have
been made in past for tea identification and characterization, most of which involve
expensive and laborious processes, for example gas chromatography (GC) [6], mass
spectroscopy [7], HPLC [8] or NMR spectroscopy [9]. GC/MS combined with
chemometric analysis techniques are still being used in recent times for the
identification of the geographic origins of black tea [10]. Yongjiang Dong et. al. [11, 12]
adopted an approach to identify Chinese tea variants based upon the principle of
fluorescence technique, where they fixed the emission wavelength around 650 nm,
which is the signature emission wavelength of chlorophyll as well. Hence, this
technique cannot detect any other variety of green leaves in the tea. Another detailed
study was reported [13] to characterize the Sri Lankan black teas, employing
fluorescence spectroscopy along with the linear discriminant analysis and principal
component analysis techniques. But this study would require further precise
standardization for quantitative classification of the tea. Near-infrared reflectance
(NIR) spectroscopy was also explored to establish a rapid, non-invasive, and non-
destructive instrumental technique [14, 15]. Although, this technique was reported to
lack adequate sensitivity, accuracy and stability [16]. The main limitation of these
laboratory-based research works is the lack of their suitability for the prompt, online
detection of tea quality for industrial usage. For a sustainable industrial infrastructure,
it is necessary to supervise the whole production line to safeguard the high quality
and the desired attributes of a specific tea. Electronic sensor technologies, e.g.,
electronic nose, tongue and eye-based technologies were also investigated extensively
for tea quality evaluation [17-19]. These non-invasive, online sensors generally use
metal oxide semiconductor (MOS), electrochemical, quartz crystal microbalance,

conducting polymers, amperometry for sensing the quality of tea [20]. In a pioneering
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study, Dutta et al used the electronic nose system, to analyse black tea aroma and
flavour in different part of production line [17]. Yu et al employed E-nose system for
discrimination of LongJing green-teas with different quality grades [18]. MOS sensors
based e-nose was used by [19] for black tea quality assessment. The requirement of a
high operating temperature (150-400°C) for the MOS sensor array in e-nose, makes it
disadvantageous for prompt use of tea sensing [20]. In e-tongue system the electrodes
require frequent washing because of adsorption of the components present in the
solution on the membrane potential [21, 22]. For an e-eye system, insufficient lighting
cause uncertain instrumental resolution and may generate unreliable reports on the
quality of tea [23]. Some onsite attempts [24, 25] were made using optical visible and
near-infrared (VIS-NIR) reflectance spectroscopy to detect the content of total
polyphenols in tea [24], and an in situ monitoring system for measuring the total
polyphenols content during tea oxidation [25]. These systems rely heavily on proper
algorithm development and are therefore not suitable for monitoring the overall traits
of a specialty tea. A comprehensive analysis of the reported tea-sensors and testing

methods are given in Table 6.1.

Table 6.1. A comparative analysis of the reported tea-sensors and testing methods

Tea Origin | Detectable | Name of Sensing Data Refere
type element | the sensor | technique analysis -nce
algorithm
Green Shifeng Fluorescence | LED based Electronic Partial Least [12]
Tea Longjing spectra fluorescence Square
tea correlation Regression
samples, spectroscopy
China
Six Black, Principal
different | green and Processed- | Hyperspectr Hyper- Component [14]
comer- white tea tea image al imaging spectral Analysis
cial tea from camera imaging (PCA),
product Vahdam (HSI) Isometric
(oolong, | Teas, India; mapping
Oolong tea (ISOMAP), t-
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green, was from distributed
yellow, | Yamamoto Stochastic
white, | yama, USA; Neighbour
black Pu-erh tea Embedding (t-
and Pu- from UK SNE), Support
erh) Vector
Machines
(SVMs)
Self-
Black Assam, Volatile Electronic- Electronic organizing [17]
Tea India organic nose map (SOM)
compounds method,
(VOCQ) Radial Basis
Function (RBF)
network and
Probabilistic
Neural
Network
(PNN)
Black Vellore, Polyphenols 6B pencil Electro- Linear [26]
Tea India lead chemical regression and
standard
addition
approach
Darjeeling Geraniol, Quartz Electronic Plot [27]
Black Tea VOC Crystal Correlation
Tea Research Microbalance Factor
and Sensor
Developme
nt Centre
(DTR&DC),
Kurseong
Grade of Colorimetric Electronic Principal
Green China green tea by | sensor array- Component [28]
Tea detecting based Analysis
Volatile artificial (PCA), Back
organic olfactory Propagation
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compounds system (E- Artificial
(VOCQ) nose) Neural
Network (BP-
ANN)
Total array of Principal
Green China polyphenols seven Chemical component [29]
Tea chemical analysis
sensors with (PCA)-
Ag/AgCl artificial
reference neural
electrode and network
organic (ANN) model
material
coated
silicon
transistor
sensors
Oolong Colorimetric Hierarchy [30]
Tea, Chongging, | Amino acids indicator Chemical Cluster
Black China displacement Analysis
Tea, assays (IDA) (HCA) &
Green sensor Principal
tea, Component
Scented Analysis
tea (PCA)
Black Huoshan Polyphenol | Smartphone- linear partial
Tea County, and catechin based Optical least squares [31]
Anhui miniature (PLS)
Province, NIR
China spectrometry
and image
processing
Green Mee Tea Polyphenols Color Extreme
Tea and Yellow sensitive Optical learning [32]
Mountain sensor machine
Fuzz Tip (ELM), Ant
colony
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optimization
(ACO)
algorithm
Semi- SFO - Six tea Indicators Unsupervised
ferment | (Gong-mei | polyphenols, | Displacemen Optical Hierarchical [33]
ed (GM), Da- including t Assay Cluster
Oolong | hong-pao EC, (IDA) based Analysis
(SFO) (DHP), Tie- GA, EGC, optical (HCA),
Teas guan-yin ECG, MG colorimetric supervised
and (TGY), Bai- | and EGCG sensor array Partial Least-
Unferm mu-dan Squares
ented (BMD), Discriminant
Green Gui-hua- Analysis (PLS-
Tea wu-long DA)
(UGT) (GHWL)
UGT -
(Piao-xue
(PX), Mao-
feng (MF),
Zhu-ye-
qing (2YQ),
Longjing
(L))
Green tea Electronic Adaptive
Green China aroma nose and Electronic fuzzy logic [34]
Tea during Machine and optical control
fixation vision
procedure
and image
formation
with
machine
vision
Gengxiang Volatile colorimetric K-Nearest
Black Organic organic sensor Chemical, Neighbour [35]
Tea Tea Co., optical and
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Ltd (Wuyi, | compounds | array-based adaptive
Zhejiang), [VOCs] artificial boosting,
China occurred olfaction namely KNN-
during black system AdaBoost,
tea
fermentation
Partial Least-
Green Damin Polyphenols Optical Chemical, Squares (PLS) [24]
Tea Foodstuff Sensors optical models along
Co., Ltd system with Si-PLS,
GA or CARS,
correlation
coefficient of
calibration set
(Rc), root
mean square
error of cross
validation
(RMSECV),
correlation
coefficient of
prediction
(Rp) and root
mean square
error of
prediction
(RMSEP)
Sunriver Aroma A lab-made Back
Black Keemun quality color Chemical, propagation [36]
Tea Black Tea sensitive optical neural
Co., Ltd,, Sensor array network
and with eleven (BPNN) and
Yunnan porphyrins Particle swarm
Dianhong and one pH optimization
Group Co,, indicator for (PSO)
Ltd., China data algorithm
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acquisition
and
color
components
extraction.
Xiang Yuan Aroma High- Principal
Black | Tea Factory capture sensitivity Chemical, component [37]
Tea (Jinzhai hyperspectra optical analysis (PCA)
County, Lu 1 coupled and
"an City, self- hierarchical
Anhui assembled cluster
Province), nanoporphyr analysis
China in (HCA)
Sensor
along with
computer
vision
systems
(CVS) and
hyperspectra
l imaging
systems
(HSI)
Tea leaves Catechin, The foliar Principal
Green | Zhongchal | gallic acid, Vis-NIR Optical Component [38]
Tea 08 and polyphenol spectra, Analysis
Longjing43 | and caffeine | recorded in (PCA)
from contents the
Fuyang Tea | of green tea reflectance
Factory, mode
Hangzhou,
Zhejiang
Province,
China

Although, the above-mentioned studies have used several effective tea-testing

mechanisms, but a compact, field-deployable prototype which could analyse the
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quality of tea in real-time is yet to be available in the market. In this context,
developing an inexpensive, portable, field-deployable instrument for detection,
validation and quality control of tea is essential. The present study aims to cater the
need for a sustainable tea-industry, where a unique, novel, highly sensitive device
would not only efficiently measure, analyse and identify the specific spectral signature
of tea variants, e.g. Darjeeling tea, Assam tea and Nepal tea, but also would be able to
detect the seasonal variation (first flash/autumn flash etc.) from a particular garden
and adulteration in tea samples. After performing the photophysical studies
associated with the working principle of the prototype, the development and
validation of the device were attempted. The fluorescence quantum yield (QY) along
with absorbance was found to be a unique marker for individual pure tea variant
which resemble significantly with the spectroscopic signature of the biomarker
quercetin produced from rutin upon enzymatic activity of B-glucosidase. The device
utilizes the distinct difference in 360 nm absorbance peak and fluorescent quantum
yield at 450 nm (Aex=360 nm) to precisely identify not only the attributes of the
Darjeeling tea over the other variants of tea, but also the potential tea adulteration,
seasonal variation, shelf life and health benefits of tea extracts. The precision and
accuracy of the instrument have proven to be high enough to distinguish the variation
in the quality of the Darjeeling tea among various tea gardens under the same GI by
virtue of implemented machine learning algorithm associated with multivariate
analysis. This cost-efficient device has a huge potential to serve as a smart
spectroscopic sensor for detection of the adulterations in tea. The apparatus has also
proven its capability to detect the possible health benefits of tea additives e.g. milk,
sugar etc, on the quality of tea in terms of anti-oxidant property. The simple user
interface and almost zero maintenance cost of the device will make it useful and
attractive to minimally trained manpower at low resource setting. To analyse the role
of tea as a healthy beverage, the quercetin-protein interaction was also reported in

detail using computational biology.

In another work, the interaction of chlorophyll with artificial colourants in
restricted nanoscopic environment was explored to find the key insights on the

toxicity from electronic spectroscopy. The protective role of fruits and vegetables
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consumption against chronic lifestyle diseases, like cancer and cardiovascular disease
has been established quite a few decades back in several studies [39-42]. The potential
defensive mechanism of fruits and vegetables are strongly associated with their
constituents, namely, antioxidants, vitamins, pigments like chlorophylls, flavonoids
etc [43]. However, in recent decades, adulteration of food items, especially in
vegetables, fruits, spices, and beverages has become a major concern to public health.
According to the U.S. Food and Drug Administration (FDA), the main incentive
behind the irresponsible adulteration is financial gain, known as economically
motivated adulteration (EMA). In EMA, the actual components and ingredients of
foods are either deliberately substituted by some cheaper products, or its real
appearance gets more attractive and fresher by external modifications [44]. Before
reaching to the consumer, an untrusted entity can cause adulteration of food at any of
the stages of growth, processing, transportation, and supply of food by multiple
entities in the delivery chain [45]. Human health is food-sensitive, and thus acute or
chronic exposure to adulterated products can have a long-term adverse health impact.
Adulterated food consumption is directly associated to major health risks such as
liver, vision, skin, and stomach disorders [46]. To make the appearance of fruits and
vegetables more fresh, dangerous industrial dyes, like sudan dyes I-IV, metanil
yellow, malachite green, copper sulphate, rhodamine B are often used, which can
create severe damage to public health in the long run [47]. Additionally, there are
evidence that the dye additives cause genotoxicity, carcinogenicity and
hypersensitivity [48]. Among common inedible and harmful chemical dyes used to
make vegetables look fresh and vibrant [47], for the current work, three widely-used
dyes were chosen viz., copper sulphate, malachite green, and sudan red to study their
interactions with chlorophyll. Copper sulphate, a toxic chemical known for its ability
to affect liver [49] is widely used in food industry for its re-greening properties on
vegetables. CuSOys is toxic for humans if an amount of >1 gm is ingested [50], with
symptoms ranging from mild nausea to severe gastrointestinal infections along with
other disorders [51]. On the other hand, copper is a common non-biodegradable heavy
metal which can accumulate in soils for a long period of time due to anthropogenic

activity such as the use of chemical fertilizers, adulterant dyes, sewage, industrial and

246



smelting wastes [52], and can be taken up by the root system of plants via diffusion,
endocytosis or metal transporters [53-64]. Although Cu is an important micronutrient
that constitute plastocyanin and cytochrome oxidase essential for photosynthesis and
respiration which have a crucial function in plant carbon assimilation and ATP
generation [65, 66] excessive levels of Cu intake in plants can lead to oxidative stress
that causes severe damage to membranes and macromolecules, as well as having a
severe negative impact on many metabolic pathways [67]. Cu-stressed plants exhibit
a variety of visible symptoms, including chlorosis, stunted development, ion leakage
and reduced growth of roots [68]. Thus, elaborate study of the interaction of copper
and its compounds with chlorophyll is essential to explore the potential risks for
plants and animals. To enhance the freshness and appearance of green vegetables like
gourds, peas and beans [69], malachite green is also used, which acts as a tumour
promoter, by inducing the formation of reactive oxygen species [70]. Malachite Green
(MG) is a triphenylmethane dye, is a multiple use compound that is mainly used in
textile industries and partly used in aquaculture in fungicides and ectoparasiticides
[71, 72]. It also possesses carcinogenic and genotoxic properties which pose a potential
risk to humans and therefore, this dye has been banned in Europe, the USA and
several countries [71]. Therefore, on the other hand, the MG dye in water may be
accumulated in plant tissue and inhibit growth of the plants [73, 74]. Use of the sudan
dyes was also reported to pose serious threat, as its excessive use may lead to liver
cancer like severe diseases [75]. Animal studies have already predicted the neurotoxic
and hepatotoxic nature of metanil yellow [76]. The detailed interaction of Chlorophyll
with the harmful dyes, viz, copper sulphate, malachite green and sudan red III are
studied in the current study using absorption and emission spectroscopy along with
Time-Correlated Single Photon Counting (TCSPC) technique. The dyes may directly
interact with the chlorophyll of fruits and vegetables, either by unethical fraudulent
practices of adulteration to keep them fresh, or through intake of dye contaminated
soils with industrial or agricultural effluents through the root of plants. In plants,
chlorophylls are not freely available, they are encapsulated in granum. To create the
similar restrictive nanoscopic environment in our study, Sodium Dodecyl Sulfate

(SDS) micelles was used, which, like granum, confine the chlorophyll. To establish the
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harmful effects of these dangerous dyes at the molecular level, computational biology

technique was also employed in this study.
6.2. RESULT AND DISCUSSION:

6.2.1. Spectroscopic Studies on a Natural Biomarker for the Identification of Origin

and Quality of Tea Extracts for the Development of a Portable and Field Deployable
Prototype [77]:

6.2.1.1. Collection of Tea Samples and Preparation for Testing:

74 tea samples from various sources or tea gardens were examined for the
current study, of which 25 samples were of the Darjeeling variety, 32 samples were of
the Assam variety, and 17 samples were of the Nepal type. The samples of distinct
geographical location of tea gardens were collected following standard procedure
reported in literature [78]. The latitude and longitude of each tea garden have also
been provided in details in Table 6.2. in order to reveal the idea regarding the
microclimatic environments associated with the GI. All the samples were collected
during August 2016 to March 2019. The samples were dried in an electric blast drying
oven (WGLL-230BE, FAITHFUL Instrument, Hebei, Co., Ltd) at 80°C until they
reached a constant weight. The dry samples were crushed and put through a 60 Tyler
mesh sieve. Before further examination, the tea powder was sealed in a self-sealing

bag and preserved at -20°C.

Table 6.2. List of tea samples tested in this study and their geographical indices

SL.NO. Sample code | Latitude and longitude | Region Type
of tea garden | of tea garden

1 Al 26.5869, 93.3602 Assam Organic tea
2 A2 26.6538, 94,1232 Assam Black tea

3 A3 27.1514, 95.3518 Assam Black tea

4 A4 26.7940, 94.2800 Assam Black tea

5 A5 26.5780, 93.8202 Assam Black tea

6 A6 28.5998, 98.8365 Assam Organic tea
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7 A7 26.6241, 93.8443 Assam Black tea
8 A8 26.8330, 94.6990 Assam Black tea
9 A9 27.2208, 95.1331 Assam Black tea
10 A10 26.6538,94.1232 Assam Black tea
11 All 27.2540, 95.3769 Assam Black tea
12 Al12 26.4994, 93.9187 Assam Black tea
13 Al13 26.7361, 94.3885 Assam Black tea
14 Al4 25.9211, 93.7162 Assam Black tea
15 Al5 26.7767,93.2741 Assam Black tea
16 Al6 26.6871, 94.3979 Assam Black tea
17 Al17 26.7736, 94.3927 Assam Black tea
18 A18 27.4412, 94.8754 Assam Black tea
19 A19 27.1945, 95.0310 Assam Black tea
20 A20 26.9495, 93.0898 Assam Black tea
21 A21 26.7966, 94.6916 Assam Leaf tea
22 A22 27.0736, 95.0121 Assam Black tea
23 A23 26.61225, 94.2700 Assam Black tea
24 A24 26.6862, 94.2851 Assam Black tea
25 A25 26.6488, 94.3608 Assam Black tea
26 D1 27.1027, 88.2661 Darjeeling | Black tea
27 D2 26.8658, 88.2769 Darjeeling | Black tea
28 D3 27.0948, 88.2992 Darjeeling | Black tea
29 D4 27.0597, 88.2590 Darjeeling | Black tea
30 D5 26.9271, 88.1691 Darjeeling | Black tea
31 D6 26.8271, 88.2590 Darjeeling | Black tea
32 D7 26.9526, 88.7296 Darjeeling | Black tea
33 D8 26.8754, 88.3006 Darjeeling | Black tea
34 D9 26.9762, 88.2350 Darjeeling | Black tea
35 D10 27.0415, 88.1841 Darjeeling | Black tea
36 D11 27.0137, 88.3701 Darjeeling | Green tea
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37 D12 26.8395, 88.3206 Darjeeling | Black tea
38 D13 26.9007, 88.3227 Darjeeling | Black tea
39 D14 26.86983, 88.2633 Darjeeling | Black tea
40 D15 26.8465, 88.2026 Darjeeling | Black tea
41 D16 26.8587, 88.3217 Darjeeling | Black tea
42 D17 27.0927, 88.3668 Darjeeling | Black tea
43 D18 27.0425, 88.1984 Darjeeling | Black tea
44 D19 26.9335, 88.2313 Darjeeling | Black tea
45 D20 26.9401, 88.2037 Darjeeling | Black tea
46 D21 26.9174, 88.2084 Darjeeling | Black tea
47 D22 26.9493, 88.2538 Darjeeling | Black tea
48 D23 27.0378, 88.2762 Darjeeling | Black tea
49 D24 27.2006, 88.1684 Darjeeling | Black tea
50 D25 26.9861, 88.1966 Darjeeling | Black tea
51 D26 27.05860, 88.6509 Darjeeling | Black tea
52 D27 26.8795, 88.2116 Darjeeling | Black tea
53 D28 26.9446, 88.3187 Darjeeling | Black tea
54 D29 26.910, 88.1926 Darjeeling | Black tea
55 D28 27.0948, 88.2593 Darjeeling | Black tea
56 D29 26.9610, 88.7089 Darjeeling | Black tea
57 N1 26.9785, 87.9218 Nepal Organic tea
58 N2 27.8009, 85.4821 Nepal White tea
59 N3 26.9201, 87.8578 Nepal Black tea
60 N4 26.9083, 87.8405 Nepal Black tea
61 N5 27.0190, 87.3170 Nepal Black tea
62 N6 26.9113, 87.9236 Nepal Black tea
63 N7 27.9926, 85.0869 Nepal Green tea
64 N8 26.5441, 87.9583 Nepal Black tea
65 N9 27.0184, 88.3737 Nepal Black tea
66 N10 26.9259, 87.8576 Nepal Black tea
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67 N11 271339, 87.7743 Nepal Black tea
68 N12 26.5174, 87.9493 Nepal Black tea
69 N13 26.6570, 87.6655 Nepal Leaf tea
70 N14 26.8724, 88.1402 Nepal Green tea
71 N15 26.9194, 87.8585 Nepal Black tea
72 N16 26.9224, 87.9248 Nepal Black tea
73 N17 26.6488, 88.0139 Nepal Black tea
74 N18 26.5051, 87.8544 Nepal Black tea

10 milligrams of each tea sample were boiled with 100 ml of double distilled water
(concentration 10 mg/ml) at 80°C under continuous stirring for 1 hour. After
extraction the aqueous extract was filtered through whatman filter papers and the

filtrate was collected.
6.2.1.2. Photophysical Studies:

In the initial photophysical studies, some of the tea variants from east part of
Himalayan region, India, were analyzed employing their spectral signature. Figure
6.1.a depicts the absorbance, excitation and emission of the biomarker quercetin
measured in standard instruments. Figure 6.1.b highlights the mechanism of
conversion of rutin to quercetin and other flavouring molecules by the activity of p-
glucosidase enzyme. Figure 6.1.c shows the absorbance and fluorescence spectra (Aex
= 360 nm) of different tea extracts, i.e, Darjeeling, Nepal and Assam tea in a standard
instrument as mentioned in Chapter 3 (section 3.1.1). Here, all the measurements were
carried out at room temperature (27 °C). Fluorescence quantum yields of different tea

variants were calculated using the following equation with quercetin as a reference

[79, 80]:

QY = QYyop- L Aref (6.1)

Tll%ef A Tref

where, ‘QYref is the quantum yield of the reference compound, ‘n’ is the refractive
index of the solvent, ‘I’ is the integrated fluorescence intensity and ‘A’ is the

absorbance at the excitation wavelength 360 nm. The resemblance of quercetin’s
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spectral signatures with that of the tea variants are conspicuously revealed in Figure
6.1.a and Figure 6.1.c From the spectra, fluorescence quantum yields were calculated
for Darjeeling, Nepal and Assam tea variants using the equation 6.1 and quercetin was
considered as a reference. Figure 6.1.d clearly indicates the distinct difference in
absorbance normalized fluorescence intensity as well as quantum yield (Figure 6.1.d

inset) for the three tea variants.
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Figure 6.1. (a) The absorbance, excitation and emission (for excitation at 360 nm) spectra of the
biomarker quercetin (b) Conversion of rutin present in tea samples into quercetin and other flavoring
molecules in presence of p-primeverosidase enzyme (c) Fluorescence and absorbance (inset) spectra for
excitation at 360 nm of Assam, Darjeeling and Nepal tea extracts (d) Comparison of fluorescence
spectra after absorbance normalization and quantum yield (inset) of three tea variants (Assam,
Darjeeling and Nepal tea).

From the Figure 6.1.c and 6.1.d, the distinct differences in the 360 nm absorbance peak
and corresponding fluorescent quantum yield at 450 nm (Aex=360 nm) among different

tea varieties are evident. Thus in principle, the quality of Darjeeling tea can also be

estimated from the quantum yield. Considering the unique spectroscopic signatures
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in terms of fluorescent quantum yield and absorbance for individual tea variant, a
prototype is further developed for monitoring tea quality. In our study, the
spectroscopic signature of tea, in the region of interest exactly resembles that of
quercetin (absorption peak at 360 nm; and emission maxima, Aem at 450 nm, when
Aex=360 nm), a co-product during aroma formation of tea by the activity of (-
glycosidase or f-primeverosidase. The quercetin in the extract comes from precursor
molecule, rutin (a primeveroside) which is one of the aroma precursors of tea. The
experimental procedure does not include direct spectroscopy of the leaf or any plant
tissue of the Camellia Sinensis variety. Rather we have extracted the substrate rutin
from tea leaves which is converted to quercetin upon the enzymatic activity of p-
glucosidase. The spectroscopic studies of quercetin are performed in the study. The
activity of B-glycosidase or B-primeverosidase increases with temperature, as it is a
thermolabile enzyme. We have optimized the preparation of tea sample boiling at
80°C for 1 hour to get the maximum activity of B-primeverosidase along with the
complete conversion of rutin to quercetin. The conversion mechanism is depicted in
Figure 6.1.c. Floral tea aroma is one of the most important factors to determine the
character and quality of each variety of tea, and Darjeeling tea is well known for its
flavour. Previous studies demonstrated that the fresh tea leaves are virtually
odourless or slightly smells of green note, and endogenous enzymes (p-glycosidase or
B-primeverosidase) synthesise the majority of floral aroma compounds during tea
preparation [81]. The enzyme B-primeverosidase catalyzes the hydrolysis of different
kind of disaccharide B-primeverosides to release a primeverose unit and various
aroma compounds (2-phenylethanol, benzyl alcohol, geraniol, nerol, methyl
salicylate, cis-linalool 3,7-oxide, linalool, cis-linalool 3,6-oxide, trans-linalool 3,6-
oxide, and (Z)-3-hexenol etc.) by a retaining mechanism but does not sequentially
hydrolyse p-primeverosides to monosaccharide units [81, 82]. It is clear from previous
studies on fundamental biochemical processes of tea aroma formation that the amount
of rutin formed is proportional to the amount of aroma compounds converted [83].
Thus, Darjeeling tea having high aroma compounds, has the highest amount of rutin,
which is reflected in higher fluorescence quantum yield in our study making it

distinctly different from the other tea variants. The device has been developed based
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on the findings of the primary photophysical studies which is capable to distinguish

among different tea samples according to their characteristic spectroscopic features.
6.2.1.3. Instrumentation:

In the present study, we have developed a spectroscopy based affordable, easy
to use device and technique for quick validation of the Darjeeling Tea. The schematic
diagram of the proposed device is depicted in Figure 6.2.a. The developed prototype
primarily is constructed in two sections, optical and electronic. The upper optical
chamber comprises of a customized square cuvette holder mounted internally
surrounded by three light sources and one spectrometer detector as shown in Figure
6.1.b. A white LED source (DC 3V, 20 mA, 400-700 nm) is positioned at 180° with
respect to the micro-spectrophotometer (Hamamatsu C12880ma) for measuring
absorbance of samples placed inside the cuvette holder. One UV LED (wavelength 365
nm, DC 3V, 500 mA) and one LASER source (wavelength 667 nm (5V, 5mW)) are
placed at 90° angle of the spectrometer for taking care of the fluorescence and
scattering measurements. The micro-spectrometer is mounted directly on defined
pins of a micro-controller (Arduino UNO) board that dictates the automatic data
acquisition (DAQ) and visualization of the acquired spectra. The UNO board along
with all light sources are controlled from the lower electronic chamber by wire
connections passing down through designated slots in the base plate of the upper
compartment. The micro-spectrometer used in this study for developing the prototype
costed ~220USD. However, the installation charges are one time and testing of
numerous tea samples can be performed in almost zero cost along with zero

maintenance costing for the device.

The heart of the lower electronic section is a computing device (intel NUC
8i3BEH). Along with this mini-PC another micro-controller (Arduino UNO) boards
and a rechargeable battery for power supply are other important components in the
chamber. The frontside of the instrument contains a slanting touchscreen LCD display
(7 inch, Waveshare) (Figure 6.1.b) for showing results. Proper cooling arrangements
(cooling fans,5V DC) are incorporated in this section also for elimination of heating

effects from different components. The second micro-controller board is for the
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controlling the light sources. The switching chronology, automatic intensity

adjustments by PWM (Pulse Width Modulation), illumination time, etc. are controlled
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Figure 6.2. (a) The schematic diagram of the developed instrument. The optical chamber (inside blue
dotted rectangle) consists of an UV source and a LASER light source at 90° positions to the
spectrometer. A white LED source is also positioned at 180° to the spectrometer. It has three converging
lenses (L1, L2 and L3) positioned in front of the three light sources to focus the light into the sample
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proto-type showing the sample slot, touch-screen display, charging spot and the computing device. The
zoomed image of the optical chamber shows the design of the cuvette holder, the spectrometer slot and
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of the real prototype with physical dimensions are also shown. (c) Schematic diagram of the spectrometer

used to show its internal configuration with grating.
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through this Arduino board. The in-built Bluetooth and Wi-Fi modules in the PC take
care of the data and report transmission procedures of the light weight, portable and
IoT enabled device. The different components of the real prototype and its dimensions
are shown in Figure 6.1.b. Figure 6.1.c represents the schematic diagram of the micro-

spectrophotometer used.

To operate the device, the entire machine learning algorithm was indigenously
developed in LabVIEW platform for automatic data acquisition and visualization of
spectra for tea quality and category assessment. Figure 6.3. illustrates the simple

sequential program flow diagram of the software.
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Figure 6.3. Sequential program flow diagram of the developed device showing the process of
initialization followed by setting up the parameters of the spectrometer. After the process of
initialization, and taking the baseline data, the QY of the tea sample is calculated based on its absorbance
and fluorescence properties. Finally, a report is generated stating the geographical location of the tea
sample along with the presence of any adulteration. The data is saved and uploaded to a cloud or sent
to the user via email.
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After getting power, the device checks functionality of all sections first in the
initialization phase and in case of any discrepancy it corrects them automatically (e.g.,
tuning light source intensities with PWM under fluctuating current conditions) or
restarts. After a proper initialization, a user-friendly interface guides the user to enter
sample details like sample name or details, date etc. in a pop-up window which
eventually is saved in a separate folder created for the sample along with the data.
Then as directed by the GUI, 3ml of water sample is to be placed in cuvette inside the
designated cuvette holder slot and click on the “BASELINE’ button in the software for
making baseline corrections. After successful baseline correction, the machine directs
to “INSERT sample”. 300ul tea sample that is to be tested is then to be put in the water
already present in the cuvette and touch the “START” option displayed in the screen
to start test. The white LED, UV LED and LASER sources are turned ON by the
program one by one through micro-controller serial communications and
spectrometer captures data as per pre-determined parameters along with integration
time of 800 ms. The device algorithm compares the test sample data with pre-loaded
data of tea variants from the library and automatically detects deviation if any and

displays results in the screen.
6.2.1.4. Distinction of the Variety of Tea:

In the current study, 74 tea samples were analyzed from different sources or
gardens among which 25 were Darjeeling variety, 32 were Assam variety and 17
Nepal variety as tabulated in Table 6.2. To get an idea regarding the microclimatic
environments associated with the GI, the values of latitude and longitude of each tea
garden have also been provided. The principal component analysis (PCA), a well-
known unsupervised machine learning (ML) technique [84] was employed to
interpret the collected data. As pointed out by Ren et al [78], PCA analysis proven to
be a useful statistical tool to establish the geographic source of an agricultural
produce. In our study also, it was observed that PCA, which was based on absorption,
fluorescence QY, geographical locations like latitude and longitude can detect the
spatial variation of the tea samples quite effectively (Figure 6.4.a, b, c). This technique

can differentiate between Assam and Darjeeling tea, along with Assam and Nepal tea.
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However, this technique did not identify the distinction between Darjeeling and
Nepal tea, where the samples (D and N) share almost the same latitude and longitude

values (Table 6.2.).

Sample Absoption at 360 nm

PC1 vs PC2 continuous meta

variance=0.011187 (d)
2 0.14
g.. _
0.12

3 sivs

D g

o
. e >-. 0.10
-.‘ 5 “ N E o

Ve TR
'.'-« , 0 o " e E 402 0.08
% o5 D3
N+DTea = a Df®  eD12 -
clusture A Tea clusture . D11 )
°®
b PC1 vs PC4 continuous meta DS .N11 0.045
( ) variance=0.000395 1
0.02 R
—Dﬁ—l"?w 3
NG U~ A0 IAJ
ojo %@ % . °@ 6‘%
N4 8 ABA3 A2

Input Layer —————— Hidden Layer ——>

(e) LI L2 L L4 Ls

.
N+D Tea #4& i Absorbance
clusture ¢ at 360nm

Output Layer

D
A Tea clusture

( PC1 vs PC3 (continuous meta
¢)

variance=0.001312) é :
e

Emission
spectra for
allp, N, A

N+DTea i, . samples
clusture A Tea clusture Processed Qy

spectrum Calculation
| N = Nepal, D = Darjeeling, A = Assam |

Figure 6.4. Principal Component Analysis (PCA) (a) PC1 vs PC2 (b) PC1 vs PC3 (c) PC1 vs PC4 (d)
Framework for ANN (Artificial Neural Network) to predict tea quality.

To discretely identify the Nepal and Darjeeling tea samples, famous for their unique
aroma, quadrant-analysis technique was employed as depicted in Figure 6.4.d. This
technique effectively finds out the characteristic traits of Darjeeling tea, where
Darjeeling tea mostly falls in the second quadrant, third quadrant belongs to Nepal
tea and fourth one is for Assam tea (DNA quadrant). Our device can also display the
quadrant-specific multivariate analysis effectively. It was observed from the Figure
6.4.d that some Darjeeling tea samples are overlapped with Nepal samples. However,
Assam samples only fall into the fourth quadrant. Thus, Darjeeling tea has low

absorbance with high fluorescence quantum yield, Assam tea has the opposite
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property and Nepal tea has low absorbance and low quantum yield. The overlap
between Darjeeling and Nepal tea in some areas may be due to the similar
microclimatic conditions that may have helped them to possess similar characteristic
features. The developed instrument was able to distinguish the variation in quality of
Darjeeling Tea among various tea gardens under the same GI of Darjeeling Tea.
Generally, it was observed that the high-quality Darjeeling tea variants shows high
quantum yield and low absorbance, thus falls in the top-left corner of the second
quadrant (Figure 6.4.d) whereas the low-quality ones show high absorbance and low

quantum yield.

6.2.1.5. Implementation of Artificial Neural Network (ANN) for Automated Data
Analysis:

Artificial-intelligence controlled tea production line for quality monitoring
could be easily implemented by integrating the developed prototype with an ANN
network (Figure 6.4.d). The data for absorption and emission spectra for all D, N, A
samples would be provided in input layer. The emission spectra are deconvoluted and
absorption peak value are determined at hidden layer (HL)1. Quantum yield
calculations are carried out in HL2. HL3 is responsible for computation of instrument
index. Quadrant specific preloaded values compare the dataset with existing values
of D, N, A samples, already stored in the algorithm library. This decision-making layer
HL4 dictates the identity of the tea samples (D, N, A) along with the presence of

adulteration and sample shelf-life.
6.2.1.6. Distinguishment of Darjeeling Tea and Nepal Tea:

The instrument was quite able to distinguish between high quality Darjeeling
and Nepal tea, as depicted in Figure 6.5.a, b and c. The Darjeeling tea showed high
quantum yield and low absorbance. In comparison, Nepal tea samples showed low
quantum yield and low absorbance, and thus has occupied the third quadrant.
However, some low-quality Darjeeling tea overlapped with that of Nepal ones. The
overlap between Darjeeling and Nepal tea (particularly those that are at the Nepal-
Darjeeling border area) may be due to the similar microclimatic conditions that may

have helped them to grow similar characteristics.
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Figure 6.5. Detection of adulteration in Darjeeling tea with mixing of low-quality tea (a) Variation in
absorbance of Darjeeling tea with mixture of different percentages of low-grade Nepal Tea (b) Variation
in Quantum Yield of Darjeeling tea with mixture of different percentages of low-grade Nepal Tea (c)
Positions of pure Darjeeling tea and adulterated samples in DNA quadrants (Insets show visually
indistinguishable samples of pure Darjeeling tea and adulterated Darjeeling tea with low grade Nepal
tea).
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6.2.1.7. Detection of Adulteration, Seasonal Variation from a Particular Garden and

Shelf Life of Tea:

The tea industry will be benefited immensely as the developed instrument is
capable of detecting adulterations in tea, which is a major problem in the tea industry.
The instrument was perfectly able to detect adulterations of saw dust in Darjeeling
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tea. Saw dust is a well-known non-edible tea adulterant as mentioned in FSSI
regulations [85]. Such adulterations are non-emissive and thus cause a decrease in
fluorescence of the Darjeeling tea, which reduces the quantum yield or quality which
is clearly detected in the developed instrument. Figure 6.6.a shows, how the

instrument detected and displayed the adulterations in tea sample which are visually

indistinguishable (Inset of Figure 6.6.a).
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Figure 6.6. (1) Detection of adulteration with mixing of saw dust (Insets show visually
indistinguishable pure and adulterated tea samples) (b) Variation in quantum yield with seasonal
variation of Jungpana Darjeeling tea (c) Variation in position on ‘D’ quadrant for different flushes of

tea from a particular garden (d) Effect of shelf life on a Darjeeling tea detected by the developed device
(Sungama).

The instrument was able to detect seasonal variations of a particular tea garden. This
is also particularly of great importance for tea industry. Three different flushes viz.,
tirst flush, second flush and autumn flush of Darjeeling tea from the Jungpana tea

garden were investigated in this study. The results are depicted in Figure 6.6.b and
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6.6.c. The quantum yields for the individual flushes were observed to be distinctly
different and acquired different positions in the ‘D’ quadrant. Independent mapping
for a single garden with unique GI may enable the device to predict seasonal

variations precisely.

The instrument has the capability to detect the shelf life of a finished product
(made tea) as revealed in Figure 6.6.d. We have used the Darjeeling tea variant from
Sungma tea garden (packed in aluminium foil pack) and monitored it up to 25 months.
The fluorescence quantum yield decreased in a time dependent manner as shown in
Figure 6.6.d. The apparent reduction in quantum yield may be because of the
spontaneous conversion of quercetin present in the tea leaves to various other
products like protocatechuic acid, phloroglucinic acid, phlorogucinol etc., which have

different spectral characteristics than quercetin.

6.2.1.8. Effects of Tea Additives on Quality of Tea and Quercetin-Protein Interaction
Network:

Oxidative stress has been identified as the root cause of the development and
progression of several diseases. The supplementation of exogenous antioxidants or
boosting endogenous antioxidant defences of the body is a promising way of
combating the undesirable effects of reactive oxygen species (ROS) induced oxidative
damage. Plants have a natural capacity to attenuate the ROS- induced oxidative
damage by using the non-enzymatic antioxidants. Hence, in vitro antioxidant activities
of the tea samples and the effects of the additives like milk, sugar etc. were studied.
The standard DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging assay
method was used to measure the antioxidant potential [86]. DPPH is a well-known
radical and a scavenger for other radicals. The violet-coloured solution containing
DPPH radicals with absorption peak at 535 nm, becomes colourless or light yellow
after neutralization. This is a useful property to get an idea of initial radical numbers
by monitoring the reaction mechanism [86]. The tea samples are found to donate a
proton/electron to the radical DPPH, eventually reducing the radical to DPPH> form,

revealing decolourization (from violet to yellow) of the medium [87, 88].
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Figure 6.7. (1) DPPH free radical scavenging activity of Darjeeling tea (Bames Beg) and tea additives
(b) DPPH free radical scavenging activity of Nepal tea and tea additives; Quercetin-protein interaction
network (c) Primary (d) Secondary.

The results (Figure 6.7.) show that the Darjeeling tea possesses some amount of free
radical scavenging activity. The addition of well-known tea additives like sugar or
milk does not significantly alter the antioxidant potential. However, adding brown
sugar significantly increases the antioxidant activity (~60% increase; p<0.05). This may
be due to presence of high amounts of polyphenols in brown sugar which enhance the
free radical scavenging property of tea. The ZnO nanoparticle (30 nm), which we have
used as an alternative to milk (artificial dairy whitener) for those allergic to milk, also
enhances the anti-oxidative property of tea. Similar trends were observed in the case
of Nepal teas also (Figure 6.7.b). However, Darjeeling tea has higher antioxidant effect
than Nepal tea.

To analyze the impact of quercetin on human health, a detailed network

analysis was conducted following the compound-protein interaction mechanism [89]
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(Table 6.3.). A comprehensive score output was also generated (Table 6.4.) which
describes the scores of individual interactions along with their combined scores
considered for this analysis. The combined score was produced according to the
method as described by Christian von Mering et al. [89]. Figures 6.7.c and 6.7.d show

the primary and secondary interactions of quercetin, respectively.

Table 6.3. Impact of quercetin on human proteins

Name of Mode | Biological function

protein/compound | of
action

ATP5B Direct | It was reported that ATP5B plays an essential role in
tumour progression and metastasis, especially in
case of breast cancer [90].

PIM1 Direct | For prostate cancer, PIM1 acts as a cancer drug
target [91].

MCL1 Direct | MCL1 protein is recognised for its anti-apoptotic
(apoptic- cell death mechanism, sometimes
responsible for cancer growth) activity [92].

HIBCH Direct | HIBCH deficiency is a rare disorder which shows
the symptoms of motor delay, hypotonia, ataxia,
dystonia, seizures poor feeding, and organic
aciduria [93].

STK17B Direct | STK17B is upregulated in Hepatocellular carcinoma
(HCC), a type of malignancy with very poor
prognosis [94].

SLC2A2 Direct | biallelic SLC2A2 mutations may cause Fanconi-
Bickel syndrome (FBS) [95].

CYP1B1 Direct | CYP1B1 has been reported to be up-regulated in
many types of cancer including renal cell carcinoma
[96].
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CYP1A1

Direct

CYP1A1 is one of the main enzymes, with the ability

to activate compounds with carcinogenic
properties. Long term exposure to hazardous
chemicals and environmental carcinogens may
increase the level of CYP1A1. Surprisingly, CYP1A1
has a crucial cancer preventative role in metabolic

activation of dietary compounds [97].

CYP2C8

Direct

CYP2C8 enzyme is responsible for the metabolism

of the anti- cancer drug paclitaxel [98].

HCK

Direct

In Mantle cell lymphoma, HCK has been reported to
be upregulated in cell lines [99].

Table 6.4. The score values of various interactions along with combined scores
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MCL1 quercetin | 0 0 0 0 0.7 0.959 |0.987
CYP1B1 | quercetin |0 0 0 0.52 0.7 0.838 | 0.975
HCK quercetin | 0 0 0 0.851 0.8 0 0.969
PIM1 quercetin | 0 0 0 0.851 0.8 0 0.969
SLC2A2 | quercetin |0 0 0 0 0.7 0.887 | 0.965
CYP2C8 | quercetin | 0 0 0 0 0.8 0.826 | 0.964
CYP1A1 | quercetin |0 0 0 0.22 0.7 0.853 | 0.963
ATP5B | quercetin | 0 0 0 0.794 0.8 0114 | 0.961
STK17B | quercetin | 0 0 0 0.8 0.8 0 0.958
HIBCH | quercetin | 0 0 0 0.8 0.8 0 0.958

265




CYP1IA1 | CYP2C8 | 0.527 |0.813 |0 0.9 0.822 0.923

CYP1A1 | CYP1IB1 | O 0.903 | 0.17 0.9 0.922 0.921
1

PIM1 MCL1 0 0 0 0 0.835 0.835

6.2.2. Interaction of Chlorophyll with Artificial colorants in Restricted Nanoscopic

Environment: Exploration of Toxicity from Electronic Spectroscopy [100]:

For the current work, fresh Neem (Azadirachta Indica) leaves (100 gm) were
cut into small pieces (approximately 1 cm x1 cm). The pieces were ground in a mortar
(6 mins), 95% Iso-propyl alcohol (IPA) (50 mL) was added and the mixture was
homogenized for 3-5 mins or until a light green solution was obtained (Figure 6.8.).
The solution was kept overnight and after extraction the solution was filtered through

whatman filter papers and the filtrate was collected.

(b)[;

Transmittance

Absorbance
Emission

4000 3000 2000 1000 O
Wavenumber (Cm'1)

600 700 800
Wavelength (nm)

Figure 6.8. Extraction and characterization of chlorophyll from leaves (a) FTIR spectrum of the
extracted chlorophyll in the range 0-4000cm-! (b) Absorbance (blue) and emission (red) spectra of the
extracted chlorophyll. The recorded emission is for excitation at the isosbestic point of chlorophyll a and
b (629nm). Inset shows the physical appearance of the extracted chlorophyll after filtration.

FTIR spectra of the extract from leaves in the spectral range of 4000-0 cm™ revealed
the presence of chlorophyll as depicted in Figure 6.8.a. As observed from the
functional groups of the chlorophyll dye extracted from Azadirachta Indica in Figure
6.8.a, the vibrations of C-Hs and C-H> bonds are obtained at 2916.2 cm™! and 2844.7

cm1[101, 102] respectively. Moreover, absorption band occurring at around 1721
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cm™1[101, 103] is attributed due to the C=O bond and the C-O vibration at 1045
cm™1[101] is prominent also. The C-N vibration of porphyrins at 145 cm-! are also
observed [104]. The signature of the OH bond stretching can be witnessed at 3330cm-
1[103, 105]. The Mg-N peak is visible at 301cm [106]. Finally, the absorption band at
1644 cm! is due to the presence of the C=C bond [107].

Interactions of extracted chlorophyll (chl) from leaves with different dyes
commonly used to adulterate fruits and vegetables are investigated in a restricted
nanoscopic environment of SDS micelles analogous to granum where chlorophylls are
naturally restricted. The isosbestic point at 629 nm for chlorophyll a and b [108] is
considered for excitation in this study. 20 mM, 3 mM, 5 mM and 4 mM stock solutions
of SDS, MG and CuSOs in DI water (Milli-Q) and SR in DMSO were prepared. The
solutions were further diluted according to the experimental study. All the
measurements were performed at room temperature. The absorbance and emission of
the extracted chlorophyll along with its physical appearance are shown in Figure 6.8.b.
The absorbance maxima at 664 nm and 611lnm and emission 672nm are exactly
matching with that of pure chlorophyll [103] confirming the proper extraction of
chlorophyll

6.2.2.1. Spectroscopic Investigations of The Nature of Interactions of Chl-Cu(II)
Systems Within the Micellar Cavity:

The main absorption bands in the Chl-Cu(Il) (Figure 6.9.a) spectra are mainly
generated due to electronic transitions between m and ri* orbitals of the macrocycle of
the Metallochlorophylls complex, quite similar to that of metalloporphyrins. The
effect of metal binding on the spectral properties of the chlorophyll has been
systematically investigated by Gouterman [109, 110], which is later backed by the
theoretical calculations of Orzet et.al. and Sundholm’s [111, 112]. In our study, Chl is
attached to the negatively charged surface of the SDS micelle. During gradual addition
of the CuSOj at increasing concentrations to the Chl-SDS complex, significant changes
in absorption spectra has been observed, among them the most significant are (1)
hypsochromic shift at around 660 to 670 nm of the Qy band from its original position;

(2) significant hypsochromisms in the UV-Vis absorption of the low intensity bands at
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around 500 nm; (3) hypsochromisms in the highest intensity bands around 400 nm.
Substitution of the Mg?* metal ion into the tetrapyrrolic cavity by other ions depends
on the competitive binding affinity which brings a strong impact mainly on the
electronic state of the macrocycle and consequent absorption spectra as well.
Hypsochromic shift of the Qy band clearly indicates the formation of a complex with
the added metal ion. The features of the Qy bands at several concentrations of CuSO4
are quite dramatic and do not follow the regular pattern. It follows an initial decrease
followed by further reconstruction of the absorption band, but the reconstructed band
is not identical in terms of absorption intensity as well as wavelength as that of starting
one by which it discards the possibility of the reversible interaction. Reduction of the
absorption intensity around the 400 nm central band as well as hypochromicity
around 500 nm are the clear signature of the formation of an intermediate complex
where both the metals ions (Mg?* and Cu?*) are held by the macrocyclic ring.
Irreversibility of the 650 nm absorption band at highest CuSO4 concentration discards
the complete substitution of the Mg?* by the Cu?*. The corresponding fluorescence
spectra of the chlorophyll display no considerable shift of the peak position with
increasing concentration of CuSOs, however the intensity decreases gradually (Figure
6.9.b). This quenching of fluorescence intensity might be due to the formation of SDS-
Chl-Cu?* ion pair, which progressively associate to form an aggregated type of
structure. The same nature of fluorescence quenching has also been observed with

increasing concentration of Cu?* in absence of Chl alone in water.

To interpret the nature of quenching, we have monitored the fluorescence
lifetime since both ITO or T?O directly related to the quenching ability of a quencher. At 50
M concentration of CuSOys, the excited state lifetime of the Chl in SDS reduces from
1.13 ns to 0.347 ns and the change of (t0/t) matches well with that of intensity (Io/I)
confirming the dynamic nature of the quenching (Figure 6.9.c). In contrary, Chl in
water in presence of Cu?* shows no changes in excited state lifetime which is the
signature of the static nature of the quencher where the ground state population of

Chl has been perturbed by the quenchers (Figure 6.9.c inset).
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Figure 6.9. Interaction of chlorophyll with CuSOyin terms of (a) Absorbance (b) Emission and (c)
TCSPC in SDS micelles for 5-50uM concentrations of CuSQOs (insets show absorbance, emission and
TCSPC in water respectively). Interaction of chlorophyll with malachite green in terms of (d)
Absorbance (e) Emission and (f) TCSPC in SDS micelles for 5-50 uM concentrations of MG (insets
show absorbance, emission and TCSPC in water respectively). (g) Spectral overlap of chl fluorescence
(green) and SR absorbance (red) when both are incorporated in SDS micelle. (h) Forster Resonance
Energy Transfer (FRET) process is of chl ligand to SR within the SDS micelle is evident from the
quenching of the steady-state fluorescence intensity after inner filter effect correction (i) Picosecond-
resolved fluorescence transients of the chl ligand as donor in SDS micelle in absence and in presence of
SR as an acceptor.

To investigate the electronic property and charge transfer mechanism in the
hybrid system, we have performed first principles density functional theory
calculations. Figure 6.10.a and b show the ionically relaxed structure of Chl and Chl-
Cu(Il) using a I'-point centred single k-point calculation. The Chl-Cu(Il) has replaced
the Mg ion of Chl by Cu ion [113].
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Figure 6.10. Ionic relaxed structure of (a) chlorophyll and (b) chlorophyll-Cu(Il). The partial density
of states (PDOS) (c) chlorophyll and (d) chlorophyll-Cu(II).

The formation energy of the Chl-Cu(Il) system is -0.15 eV/atom which indicates the
feasibility of formation and structural stability of Chl-Cu(Il). Figure 6.10.c shows the
atom-projected partial density of states (APDOS) of pure Chl and Figure 6.10.d shows
the APDOS of Chl-Cu(ll). Pristine Chl is seen to have an energy-gap of ~1.4 eV
between valence band maxima (VBM) and conduction band minima (CBM). The CBM
has mostly constituted by N-2p and C-2p orbital. There is a significant reduction of
energy bandgap for Chl-Cu(Il) due to presence of some additional ligand levels states

(Figure 6.9.d) of constituting N-2p and C-2p orbitals. There is a structural
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reconstruction around the metal ion associated with the replacement of Mg with Cu
because of the difference in the radii of Mg?* (0.65 A) and Cu?* (0.73 A) as well as the
additional spin-polarization incorporated within the system due to the substitution of
the non-magnetic atom Mg with magnetic atom Cu. This reconstruction of the
structure leads to the modification of the ligand levels and are thereby responsible due
to the modification of band gap [114]. The theoretically predicted results support the
experimental findings of modification of the optical properties due to the change of

the electronic interaction.

6.2.2.2. Spectroscopic Investigations of the Nature of Interactions of Chl-MG
Systems Within the Micellar Cavity:

Absorption spectra of the Chl-SDS upon interaction with MG at various
concentrations are shown in Figure 6.9.d. As observed from the Figure, Chl in SDS
produces an absorption band around 400 nm and 600 nm, which progressively
increases in terms of intensity upon addition of MG at various concentrations.
Intensifying the peak at position 600 nm in the spectrum indicates the formation of an
adduct of MG with Chl-surfactant complex. Shukla et. al. [115] earlier reported such
interaction between a cationic dye, crystal violet and Chl, resulting in the formation
of a new band in the blue region of the absorption spectrum. Such an interaction might
also lead to the formation of dimers of the dye. The absorption peak at the blue end is
strengthened most at highest MG concentration, at the expense of the weakening of
the 470 nm absorption band. Isosbestic point at 500 nm reveals coexistence of two

different species in the medium.

The fluorescence spectrum of Chl in SDS strongly corroborates with the
spectral nature of Chl in water. The observed decrease in fluorescence intensity of Chl
in the presence of MG can (Figure 6.9.e) arise either due to the various quenching
mechanisms or even through non-molecular mechanisms where self-absorption of the
fluorophores may screen the emissive light. To find out the possibility we have
corrected the emission spectra by considering the absorption of the absorbing species
(equation 6.2) [116]:

Feorr = Fops X €Xp ((Aex + Aem)/z) (62)
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where Feor and Fobs are the corrected and observed fluorescence intensities,
respectively; Aexand Aem are the absorbance of the system at excitation and emission
wavelength, respectively. After correction we observe MG induce significant
quenching of the Chl which further discards the possibility of inner filter effect of
fluorescence quenching. To understand the quenching mechanism, we have further
monitored excited state lifetime of Chl-SDS complex at various MG concentrations

since alternatively the quenching process can be expressed in terms of T?O The constant

value of 1o/t confirms the static nature of the quenching (Figure 6.9.f and Table 6.5.).

Table 6.5. Time-resolved decay parameters of chlorophyll in SDS in absence and in presence of copper
sulphate, malachite green and sudan red dyes at different concentrations. Reactant (R) stands for 2 ml

20 mM SDS +300 uM chlorophyll.

System 1 (ns)/% 12 (ns)/% 13 (ns)/% Tavg (NS) X2
Reactant (R) 0.327 (53%) | 1.40 (20%) 5.67 (27 %) 2.19 1.17
R+20 uM Sudan | 0.192 (51%) | 0.930 (21%) |5.82 (28%) 1.94 1.01
Red
R+40 uM Sudan | 0.156 (52%) | 0.879 (17%) | 5.89 (31%) 2.03 1.02
Red
Reactant(R) 0.141 (60%) | 0.763 (24%) | 5.50 (16%) 1.13 1.04
R+5uM CuSOy | 0.140 (70%) | 0.877 (17%) | 3.29 (13%) 0.678 0.987
R+20 uM CuSOy | 0.037 (59%) | 0.572 (20%) | 1.55 (21%) 0.463 0.988
R+40 uM CuSOy | 0.030 (58%) | 0.426 (20%) | 1.13 (21%) 0.349 0.888
Reactant(R) 0.223 (59%) | 1.00 (21%) 5.56 (20%) 1.46 1.00
R+20 uM MG 0.149 (58%) | 0.817 (24%) | 5.70 (18%) 1.25 1.05
R+40 uM MG 0.060 (66%) | 0.674 (22%) | 5.68 (12%) 0.856 1.09
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6.2.2.3. Spectroscopic Investigations of the Nature of Interactions of Chl with a
Foreign Dye Sudan Red Within the Micellar Cavity:

In our study, we have made an attempt to capture the interaction of sudan red
as a food adulterant [117] with Chl. Since sudan red has an absorption tail around the
emission tail of Chl (Figure 6.9.g), it is assumed that there is a possibility of FRET
(Forster Resonance Energy Transfer) between Chl-SDS and sudan red. After spectral
correction in steady state emission spectra, energy transfer efficiency has been

obtained at ~ 15% (Figure 6.9.h). Energy transfer efficiency has been calculated as E =

1- FFD 4; Fpa and Fp are the fluorescence intensity of the donor in presence and in
D

absence of acceptor. To further verify the energy transfer efficiency, we have
monitored the excited state lifetime in absence and in presence of sudan red. By using
T and Ttpa, the calculated energy transfer efficiency obtained as ~ 18% which clearly
supports the observed fluorescence quenching in steady state (Figure 6.9.i). It is
evident that by monitoring FRET efficiency, one can monitor the presence of other

foreign molecules like sudan red as an adulterant specially in vegetables.

6.2.2.4. Computational Studies to Predict the Harmful Effects of Dyes on Human
Health:

Chlorophyll, the primary pigment responsible for the green colour in
vegetables and plants, with their limited bioavailability, reported to have oxidative
stress regulating capacity, hence has a preventative role in cancer initiation and
progression [118]. Studies [119, 120] have shown that plant pigments, including
chlorophyll are able to bind mutagens, also inhibit the absorption, and stop mutagens
to interact with DNA. However, when the vegetables are adulterated with harmful
industrial chemical and dyes like copper sulphate, malachite green and sudan red, the
dyes may create serious health hazards. Table 6.6. provides a comprehensive analysis
regarding the chemical-protein interaction for the current study, as depicted in Figure

6.11.
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Figure 6.11. Chemical protein interaction of (a) Malachite green (b) Copper sulphate and (c) Sudan
Red using Computational Biology

Table 6.6. Chemical-protein interaction and activity of copper sulphate, sudan red and malachite green.

Name of Name of the Activity
the interacting protein
chemical

HSPA4 /heat shock | In vivo and in vitro studies have shown that

70kDa protein 4 heat shock proteins (HSPs), detected in both the
Copper prokaryotic and eukaryotic cells, enhances its
sulphate level after environmental stresses, infection,

normal physiological processes, gene transfer,
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thus plays a crucial role in the survival of

organismes.

SLC31A2(CTR2) /
solute carrier family
31 (copper
transporters),

member 2;

CTR2 plays an important role in mammalian Cu
homeostasis and is involved in low-affinity

copper uptake (Potential)

ATP7B / ATPase,
Cu++ transporting,

beta polypeptide;

It is involved in the export of copper out of the
cells, such as the efflux of hepatic copper into
the bile. Almost 60 diseases have now been
reported in connection with specific mutations
of ATP7B in patients with Wilson's disease, a

genetic disorder of copper metabolism.

TRPV1 / transient
receptor potential
cation channel,

subfamily V, member

1;

It is involved in detection of noxious chemical
and thermal stimuli.

TRPV1 may provide connection between the
process of inflammation, cancer and immunity,
which can be useful to cultivate new treatment

pathways.

AQP3 / aquaporin 3
(Gill blood group);

Water channel promotes glycerol permeability
and water transport across cell membranes and
acts as a glycerol transporter in skin and plays
an important role in regulating stratum
corneum and epidermal glycerol content and
involved in skin hydration, wound healing, and

tumorigenesis.

TYR / tyrosinase

This is a copper-containing oxidase that
functions in the formation of pigments such as
melanin and other polyphenolic compounds
and have the potential applications like design

of inhibitors of undesirable fruit browning in
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vegetables or of colour skin modulators in

animals.

JUN / jun proto-

oncogene

Although it is not identified as a cancer-specific
chromosomal translocation, but its dominant
negative mutants weaken the growth of various

tumour cells.

AKT1/ v-akt murine

thymoma viral

oncogene homolog 1

AKT1 is one of 3 related

which

closely
serine/threonine- protein kinases
regulate many processes including metabolism,
cancer proliferation, cell survival, growth and

angiogenesis.

FOXO1 / forkhead
box O1

and

FOXO4 / forkhead
box O4

Transcription factor that is the main target of
insulin signalling and regulates metabolic
homeostasis in response to oxidative stress. It is
also involved in processes like apoptosis, cell
cycle arrest, stress resistance, cellular
differentiation and development, and tumor

suppression

Sudan

Red

CCNA1 / cyclin A1

Loss of cyclin A1 may lead to disruption of male
sterility due to cell arrest in the late diplotene

stage of the meiotic cell cycle

CCDC90A / coiled-

coil domain

Key regulator of mitochondrial calcium

uniporter (MCU) required for calcium entry

containing 90A into mitochondrion. Plays a direct role in
uniporter-mediated calcium uptake, possibly
via a direct interaction with MCU

UQCRFS1 / Component of the ubiquinol-cytochrome c

ubiquinol- reductase complex (complex III or cytochrome

cytochrome ¢

reductase, Rieske

b-c1 complex), which is a respiratory chain that

generates an electrochemical potential coupled

to ATP synthesis. Isolated complex III (CIII)
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iron-sulfur

deficiency symptoms range from isolated

polypeptide 1 myopathy to severe multi-systemic disorders,
even early death and disability.
CELA1 / Acts upon elastin

chymotrypsin-like
elastase family,

member 1

CDC123 / cell

It has a crucial role in protein biosynthesis by

division cycle 123 supplying methionylated initiator tRNA to the
homolog (S. ribosomal translation initiation complex.
cerevisiae)

HHEX / Its enforced expression may induces T-cell
hematopoietically leukaemia.

expressed homeobox

CCDC90B / coiled-
coil domain

containing 90B

It is important agent for fusion, signalling, and

scaffolding.

CCNA2 / cyclin A2

It is essential for the control of the cell cycle at
the G1/S (start) and the G2/M (mitosis)
transitions.

It is also a potential target for prevention of

tamoxifen resistance.

Malachite

green

BCHE /

butyrylcholinesterase

Contributes to the inactivation of the
neurotransmitter acetylcholine. Can degrade
neurotoxic organophosphate esters. It is a
perfect indicator of pesticide poisoning and

nerve agent exposure.

KCNH?2 / potassium
voltage-gated

channel, subfamily H

Its dysfunction may lead to intrauterine fetal
death, sudden infant death syndrome, cardiac

arrhythmia, and sudden cardiac death
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(eag-related),

member 2

KCNA3 / potassium | Mediates the voltage-dependent potassium ion

voltage-gated permeability of excitable membranes. It also
channel, shaker- regulates neurotransmitter release, insulin
related subfamily, secretion, neuronal excitability, immune
member 3 response, apoptosis, and cell proliferation.

GSTP1 / glutathione | This enzyme can detoxify the cell from
S-transferase pi 1 endogenous and exogenous toxic compounds

by using glutathione (GSH).

6.3. CONCLUSION:

In this chapter, a portable and easy to use spectroscopic device has been
developed as a viable alternative to the conventional qualitative and manual tea
testing technique for identification of the geographical indication and quality of tea.
The developed device is also capable of detecting adulterations in Darjeeling tea with
other low-grade tea like Nepal variants or inedible adulterants like saw dust by simply
measuring the absorbance and fluorescence quantum yield of a tea sample. The
seasonal variation in different flushes, the shelf life and health benefits of variety of
tea can also be measured by the device. The performance of the device shows huge
potential for application in tea industry. Anti-oxidant activities of tea variants are also
explored along with computational biology studies. The interaction of quercetin with

protein reveals tremendous health benefits of the Darjeeling tea.

In this chapter, the present work has also demonstrated, the detailed
mechanism of interactions of chlorophyll with some harmful dyes. The dyes can be
interlinked directly with chlorophyll of fruits and vegetables either by unscrupulous
business practices of adulteration for making items fresh and vibrant or by
consumption through root of plants from dye contaminated soils with industry or
agricultural effluents. The experimental findings reveal the interaction of chlorophyll

with three commonly used illegal dyes, namely copper sulphate, malachite green, and
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sudan red in a restricted nanoscopic environment of SDS micelles. For copper
sulphate, the hypsochromic shift of 10nm in the absorbance band of chlorophyll
confirms the metal binding and fluorescence quenching as well as TCSPC studies
revealed the nature of dynamic quenching. The intensification of absorbance peak in
presence of the dye malachite green is indicative of probable formation of dimers of
the dye. The absorption peak at the blue end is strengthened most at the highest
concentration of the MG dye, at the expense of weakening of the 470 nm absorption
band. Further significant fluorescence quenching of chlorophyll after inner filter effect
correction and picosecond time resolved analysis with addition of malachite green
indicate the static quenching mechanism. The possibility of FRET between the
chlorophyll-SDS and sudan red dye due to their overlapped emission and absorbance
spectral signatures was explored and around 15% energy transfer efficiency was
obtained between the doner and acceptor establishing a mild interaction. The
hazardous effects of the dyes on human are also thoroughly investigated using

predictive computational biology technique.
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