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Abstract

Applications of Synthesized Copper and Iron Based Nanomaterials
in Water Pollution and in Biological Fields

Bidisha Ghosh

Index no: 12/18/Phys./25 Registration No: SOPHY1101218

Drinking water pollution through heavy metals, organic phenolic components is an
alarming issue worldwide and various indiscriminate anthropological activities,
expansion of population and fast pace in industrialization are the root causes of this
global quandary leading to major threat to the various biotic and abiotic components
of the ecosystem. Alongside improper management in remediating these pollutants
culminate in the growth of microorganisms and biofouling. There had been various
attempts first of all to devise a good detecting system of heavy metals and materials
for removing the organic pollutants as well as the microorganisms that are stamped as
the crucial foes of the aqueous habitat. Of all the popular conventional detecting
techniques available, fluorescent sensors are now been regarded as the first choice for
tracing out heavy metals in water for their efficiency in terms of selectivity and high-
end sensitivity. Besides, to address the organic pollutant removal and decontaminating
the water environment from the yoke of microorganisms there is urgent need for a
suitable material which should serve the salient parameters of being biologically
compatible with no burdens of toxicity, quick availability where the material can be
synthesized easily and lastly being economically feasible. This research work
centralize around transition metals like copper and iron nanomaterials that serves
functions of detecting heavy metals, remediating organic materials and
microorganisms. Iron oxyhroxide (a-FeOOH) nanomaterials are been selected to aid
in detection of heavy metal ion, hexavalent Chromium (V1)- a model heavy metal ion
chosen to study the pattern of detection when the a-FeOOH nanomaterial is decorated
with nitrogenous carbon dot. The aggregation of carbon dot is being thwarted by the
biocompatible iron oxyhydroxide nanomaterial that acts as a matrix. With an excellent
sensing ability this nano-sensor was equally capable in their performance as a

biosensor. In this work, the biosensing mechanism was evaluated through in vitro



sensing of Cr (VI) in HeLa cells. Additionally copper based semiconductor
chalcogenide, copper sulphide (CuS) nanoparticles are chosen to eliminate a potent
carcinogen in waste water, para-nitrophenol (pNP) by converting the product to para-
amino phenol (pAP) through catalytic reduction using sodium borohydride (NaBHy).
CusS nanoparticles were capped with a biocompatible block copolymer Pluronic F-127
and this nanomaterial served dual functions of not only eliminating the waste
pollutant but showed excellent antimicrobial activity against a faecal coliform
Eschericia coli (Escherichia coli ATCC 25922 ) and biofilm forming Staphylococcus
aureus (Staphylococcus aureus ATCC 25923). The synthesized chalcogenide
nanoparticles also showed marked antioxidant activity and cytocompatibility when
haemolysis assay was performed. The mentioned transition nanoparticles were
subjected through various characterization techniques and thus have been proved to
be excellent candidates as nanosensors, nanocatalyst and nano-bio-remediators of the

aqueous system with additional qualities of performing as a biosensor and a nanodrug.



Outline of the Thesis

The target of this thesis is to harness the potential of transition metal nanoparticles in
remediating water pollution besides utilizing its applications in various biological
applications. Thus two transition metal nanoparticles were designed, namely a-
FeOOH which were decorated with nitrogenous C-dot and another chalcogenide
nanomaterial, CuS was synthesized which was capped with a biocompatible block
copolymer Pluronic F-127. The nanoparticles served as a nanosensor, nanocatalyst
and a nano bioremediator, the detailed discussion of which is elucidated in the

following chapters.

Chapter 1 depicts the background of study, the genesis of the work with a thorough
survey of literature regarding water pollution through heavy metals, organic pollutants
and microorganisms. The thesis highlights the conventional techniques prevalent in
sensing and remediating these factors versus the application of transition metal
nanoparticles employed in the same purpose. With this stems the idea of employing
copper and iron based semiconductor nanomaterials to address the situation with a

glimpse of the various instrumentations so far utilized for their characterization.

Chapter 2 represents the synthesis of a fluorescent nanosensor of hexavalent Cr (V1)
wherein a nanomaterial a-FeOOH decorated C-dot was synthesized and a thorough
characterization was been made. The efficacy of the nanosensor was judged for

sensitivity and selectivity in real water samples.

Chapter 3 explores the biosensing ability of the nanosensor discussed previously in
Chapter 2. The nanosensor has been seen to sense the presence of Cr (V1) in living
cells leading to the establishment of early stage cancer detection. A theoretical model
was prepared using molecular docking techniques that showed the interaction of the

nanosensor with the metabolic proteins of the cell.

Chapter 4 will navigate through the synthesis of a chalcogenide, CuS nanocatalyst
that has been stabilized through a block copolymer Pluronic F-127 and this
nanomaterial was employed for remediating a potent organic pollutant,
paranitrophenol (pNP) by converting the same into paraaminophenol (pAP) through
catalytic reduction technique using sodium borohydride (NaBHy).



Chapter 5 explores the antimicrobial efficacy as well as the antioxidant activity and

cytocompatibility of the CuS nanocatalyst.

Chapter 6 is the concluding part of the thesis that sums up all the episodes of the
research work with an overview of the future scope of the nanomaterials explored so

far.
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CHAPTER 1
1.1 Water Pollution: A Global Conundrum

Water pollution seems the perpetual trouble disturbing almost decades after decades
the human pollution on Earth. Being the indispensable component for sustenance the
unprecedented challenge of this century is the depletion of available ground water
which get sparser with indiscriminate anthropological activities. Consequently, the
immediate addressee of this predicament impacts ecological and environmental
species of both biotic and abiotic components. Since earlier times from the advent of
civilization agricultural activities have posed much threats upon the aquatic milieu
mainly rivers and streams [1]. With the advent of time for an aim of faster economic
growth and development there had been unprecedented urban growth coupled with
elevated levels of population burst. From a pragmatic point of view, it has been

observed that water pollution mainly sources out from industrial effluents.

Sources of the contaminants that are released to the aquatic environment that sources
mainly from anthropogenic sources mainly leather industries [2-3], textile [4-6],
pharmaceutical [7-8] plastic industries [ 9-11] and also there are fertilizers [ 12-14]

from the agriculture sector that causes the water contamination

Organic effluents in the form of synthetic compounds like benzene, phenolic
compounds categorized as “xenobiotics” [15] and VOCs in the form of fumigants,
refrigeration materials, solvents [16] along with heavy metals and metalloids [17] are

the pivotal threats to the aqueous system.

This research has been aimed to sense the heavy metals in water besides degradation
of the toxic dye compounds that gets infiltrated into the environment. Thus, two
important nanomaterials have been designed and customized to meet the above
requirements and accordingly the choice of the nano materials has been made. Two
important groups of nanomaterials are been chosen to meet the requirements. One of
them is a transitional metal oxyhydroxide (a-FeOOH) and the other being transitional
metal sulphide or more commonly a chalcogenide (CuS) which respectively will serve
the function of sensing a heavy metal and the other will degrade toxic organic

compounds from the environment.
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Before delving further into the details less have a preview of these fundamental
atrocities -the heavy metals and the organic compounds which contaminate the

aqueous milieu and which gave impetus to this research thesis.
1.1.1 Pollution of water through Heavy Metals: A global quandary-

e Sources and Properties:

At the very start of the discussion in this section it is of prime importance to underline
the fact that any metal or metalloids starting right from lead (Pb) to manganese,
molybdenum (Mb) found in trace amounts can be categorised as contaminant if its
presence interfere with the wellbeing of living organisms [18]. In context to heavy
metals first of all it needs to be pointed out what counts for a heavy metal. Stephen J
Hawkes describes in his paper what is a heavy metal? the answer that he received
from his teacher was “A metal that behaves in a heavy metal manner” [19]. Though
the answer may remain shrouded in darkness it was described later by scientific
groups that metals which have their density of 5g/cm® or more are to be categorised as
“heavy metals” [20-22]. The percolation of heavy metals and their subsequent
accumulation into the food chain affects various living organisms like including
human beings [23-28]. Though there are many heavy metals that are required in trace
amounts by organisms that include tungsten [29], cadmium [30], but majority of the
heavy metals like arsenic, lead, chromium, mercury poses myriads of adversities to
living organisms. As mentioned above about the emergence of industries and their
consequent toxic chemical effluents hamper the eco system the sources of heavy
metals are also due to other injudicious anthropogenic activities like mining [31-32]
smelting [33-34] indiscriminate burning of oils and other fossil fuels [35-36] coupled
with various natural sources like volcanic eruptions [37-39] sudden accidental forest
fires [40-41], weathering [42-43] leads to the release of a number of heavy metals into

the environment.
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Fig 1.1: A graphical representation of different sources of heavy metal contamination through

natural and anthropogenic sources

e Effects of different heavy metals in the water:

There are permissible limits for all metals in the environment according to World
Health Organization (WHO) [44,45] and since this research work mainly centres
around water pollution interaction of the heavy metals with the different biotic
components present in the environment are to be addressed in this regard. The heavy
metals however in very minute quantities in water poses toxic effects on almost all
living organisms. These for example in human beings can cause serious metabolic

disorders [46] as well as stems carcinogenic tendency of the cell [47-48].

The different permissible limits and the potential carcinogenic description of different
toxic heavy metals are listed in Table 1.1.
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Table 1.1: The presence of commonly occurring heavy metals their limits permissible
for drinking as advised through WHO and USEPA along with their carcinogenic
descriptor [44-45]

SI. No.  Typesof heavy metals ~ WHO Permissible limit (mg/I) * Carcinogenic factor®®
1 Arsenic 0.01 A
2 Cadmium 0.003 D
3 Chromium 0.05 D
4 Copper 2.0 D
5 Lead 0.01 B2
6 Mercury 0.006 D

According to USEPA TT® is the action level for copper which is 1.3mg/l,
TT® for lead has been set to 0.015mg/l

The Carcinogen descriptors according to USEPA are: A that stands for Human carcinogen; B is “probable human
carcinogen”- Bl indicating sufficient human evidence is lacking, B2 indicates though sufficient evidence is
obtained in animals very less is known about humans, C indicates it can be a possible carcinogen, D indicates the
substance is not classified as a human carcinogen, E indicates that there are evidences of the substance being non-

carcinogenic.

e Chromium: Beneficial Trivalent to Carcinogenic Hazardous Hexavalent form:

Micronutrient trivalent chromium found its use as dietary supplement [49]
and find its role in regulating different metabolic functions of the body mainly in
glucose metabolism in which the trivalent form of chromium exists as an inherent
element in glucose tolerance factor (GTF) that stimulates insulin production [50].
Dietary chromium is seen to control uptake of glucose by controlling upregulation of
the mRNA of various glucose transporters as well as glycogen synthase enzymes [51].
However, in contrast hexavalent chromium significant permeability through sulphur
channel as its anionic structure, CrO,* ion resembles to that of the sulphate ion (SO,*
) and arginine in the sulphur channel as well as in phosphate channels through which
the Cr (V1) binds stabilizes the Cr (VI) through hydrogen bonding [52-53]. After the
entry via mimicking the sulphate and phosphate ion channels the hexavalent Cr (V1)
undergoes rapid metabolic reduction to Cr (V), Cr (IV) and ultimately elucidating its
DNA binding genotoxic Cr (Ill) state [54]. The mechanism via which Cr (VI)
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undergoes changes in its valence states was well described by Stearns et al. The
authors pointed out that reduction of hexavalent chromium is dependent on the
intracellular level on reducing agents such that at a very low concentration of the
available reductants Cr (V1) was seen to get reduced into its Cr lower valence states
Cr (V1) ,Cr (V),Cr (IV) andCr (111), wheras when the concentration of reductants is at
a definite level the reaction is a rapid reduction process where two electrons are given
out from Cr (VI) to form Cr (IV) without the formation of Cr (V) with a one electron
loss to yield Cr (111) [55]

e |

Fig 1.2 The electron transfer process involved in Cr (V1) reduction in the cells at a minimal

concentration of the reductants

Formation of trivalent form of Cr (I11) species is largely generated out of the
reduction of Cr (VI) by various molecules present in the cell like glutathione, the
concentration of which largely dictates the reduction of Cr (VI) as shown in Fig 1.2.
Chromium (I1I) formed, though unable to cross the plasma membrane eventually
interacts with its six coordination sites with various biological ligands like amino
acids, proteins and DNA [56]. The interaction between Cr (I11) to that of DNA is a
reaction that involves non-oxidative pathways leading to genotoxicity and
consequently to intra-strand DNA-Cr (1l1) crosslinking adduct formation [57] and

contributing largely the cell towards cancerous propensity.

Page | 5



Chapter 1 Introduction... Instrumentation

Thus, it largely necessitates to check the levels of Cr (V1) in drinking water
and thereby its removal from the same. The sensing of Cr (VI) in water thus forms a

primary criterion alongside its treatment for removal.

1.1.2 Detection of Cr (V1) in Drinking water:

The necessity for potable drinking water requires thorough assessment primarily to
check any traces of heavy metal contamination. In our forementioned section, a
discussion has already been made about the most obnoxious presence of Cr (VI). The
detection of its can be achieved through various known fabricated sensors available.

The sensing techniques should be reliable, cost effective and should be easy to handle.

The various detection methods are now discussed in a nutshell to have a quick idea

about the techniques of sensing hexavalent chromium.

e Spectroscopy based sensor techniques of Cr (VI)

Of all the spectroscopy-based techniques known one of the widely used
spectroscopy based technique is the Raman spectroscopy based sensing techniques
that relies on Surface Enhanced Raman Scattering (SERS) typically based on using
semiconductor materials labelled with a probe that is further being used for
quantitative analysis [58]. Though high degree of sensitivity has been achieved
through this technique the method is not always considered helpful because of the
lack of sensitivity when assessed in the parameter of time and secondly its

reproducibility is not reliable [59].

The next widely used spectroscopic method of identifying heavy metals is Atomic
Absorption Spectroscopy (AAS). This analytical process can be used to identify traces
of metal that remain as impurities in samples [60]. Atomic absorption spectroscopy
can be of varied kinds like Flame Atomic Absorption spectroscopy (FAAS), Electro
thermal Atomic Absorption Spectroscopy (ETAAS) and Graphite Furnace Atomic
Absorption Spectroscopy (GFAAS). These systems though are accurate and give high
precision values, suffers from a number of disadvantages. These various AAS
techniques has different matrix related interferences [61]. Other interferences in AAS
can be absorption of source radiation of other element rather than the desired one,
formation of lower absorption due to ionization [62].
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Inductive Coupled Plasma Mass Spectroscopy (ICPMS) and Inductive Coupled
Plasma Optical Emission Spectroscopy (ICPOS) are the other spectroscopic
techniques that can be seen as a “black box” for ultra trace detection of metals. These
spectroscopic measurements rely on plasma that forms when a stream of argon gas
flows through quartz tubes. The argon plasma is used to ionize and excite an array of
different metals at the same time achieving detection of multiple elements [63].
Though a high- end instrumentation technique the limitation of interference is also
associated with this type of spectroscopy as well. Spectral interferences are seen to
originate in case of ICPMS from chromium isotopes like *Cr and **Cr which cannot
be distinguished from two polyatomic elements like C and CI which generally present
in the plasma as Ar*?C* and CI'® O*. The interference of these undesired elements

should be warded off for correct quantification of Chromium. [64].

e Electrochemical based sensor technique of Cr (VI) in waste water

The bane of the industrial revolution and advent of new agricultural practices in the
course of urbanization has paved way for the impregnation of a number of
contaminants in the ecological system and the abundance and persistence of heavy
metals leached from these sources into the aqueous environment in particular interfere
with the sustenance of the fauna and flora of the same [65]. The high cost, robust
instrumentation and the interference of undesired elements as mentioned in the earlier
section, spectroscopic methods are sort of avoided and in place a number of sensitive
detection methods are been used. One of them is the electrochemical sensor based
heavy metal detection system which are potable and are of high sensitivity and
reproducibility. The system relies on the transducing principle that the information
received from the chemical species present in the analyte is converted into
electrochemical signal [66]. Most of the electrochemical methods are built on the
basic principle of voltammetry. Stripping Voltammetry that can be categorised
generally into anodic and cathodic stripping voltametric electrochemical sensing is
one of the widely used technique for heavy metal detection in ppb quantities of a
concentration of metal just by measuring the pH of the solution [67]. This method has
won over the conventional spectroscopic techniques like ICPMS and ICPOES where
the metal sample does not need pre acidification [67]. Stripping voltametric are been

used for the detection of Cr (V1) in various levels of concentration ranging from milli-
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molars to nanomolar levels as seen in ion transfer stripping voltammetry, a more
developed electrochemical sensor where instead of using mercury electrodes that
renders toxicity the system is built on glass carbon electrode wrapped on double
polymers for entrapment of the Cr (V1) ions [68]. Further, newer advancement in
electrochemical sensors is widely gaining prominence like “miniaturization” where
the device is made up of fewer micro-meters planned on a placing small three
electrodes on a platform of insulated material known as screen printed electrodes
(SPEs) for allowing very small quantity of analyte to be assessed [69]. Screen printed
electrodes mainly are vogue for overcoming the drawbacks of “electrode fouling”
[70]. Cr (VI) detection has been possible using graphite screen electrodes [71] with a
limit of detection of 19 pgL™. Newer modifications of electrochemical sensors make
use of polycrystalline materials [72-73] for the high selective identification of Cr (V1)

in water.

e Fluorescent sensors as widespread Cr (V1) detectors

Fluorescent chemo-sensors rest on the principle of physiochemical transition as the
sensing system is built on three basic requirements that composes of a receptor
moiety, a fluorescent molecule or a fluorophore and to link these two substances a
spacer molecule forming the widely known “fluorophore- receptor- spacer scaffold”.
The binding of a fluorescent probe with a receptor moiety results in change in the
fluorescent intensity or lifetime decay measurements [74]. Fluorescence based
detection can either be achieved through Photo induced Electron Transfer (PET)
mechanism wherein the sensing mechanism is based on a “off-on” system as when the
receptor moiety interacts and detaches with the fluorescent molecule in contrast to
fluorescence quenching in  Electronic Energy Transfer System [ EET] the sensing
mechanism is via interaction between the metal ions and the fluorophore through
orbital overlapping [74]. Utilizing this above mechanism, a large number of
fluorescent sensors are available for hexavalent chromium like Metal Organic
Frameworks (MOFs) which have attractive properties in terms of their structure,
porosity and surface area [75]. Besides organic dyes [76] like fluorescent materials are
trapped in various minerals and clay materials that serves the function of preventing

quenching of the fluorescence.
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e Colorimetric sensors for easy Cr (V1) detectors

Complexity of techniques as well high-end cost of the instruments like AAS, stripping
voltammetry has limited use of the spectroscopic and electrochemical sensing
techniques. Thus, novel optical colorimetric sensors are developed nowadays to meet
the demand of detecting heavy metal contamination at substantially low concentration
with greater reproducibility. A number of polymer based colorimetric sensors [77-78],
membrane based [79-80] and multifunctional Schiff’s bases as well as various organic
molecules are available for detecting heavy metal contamination [81]. Heavy metal
hexavalent Cr (V1) sensing can be achieved through fabrication of these mentioned

ligands to specific materials of interest.
1.1.3 Pollution in water through organic pollutants:

The vast extent of water pollution globally is not only attributed to the presence of
heavy metals in blue resources but also due to the trespassing of a number of organic
pollutants, dyes sourcing out of urbanization and rapid industrial advancement. A
number of polluting substances known as emerging organic compounds (EOCs) of
varied types pollute the environment that are found in a number of industrial products
right from pharmaceuticals, agricultural veterinary by products to name a few [82].
The compounds of major concern are phenols and substituted phenolic derivatives
that are been categorized as hazardous and noxious substances (HNS) disturb the

ecological stability of the aqueous system [83].

Phenol and its derivatives can either be sinker (S) having a solubility ranging between
2.15-8.289 or a sinker- dissolver (SD) having a solubility range between 2.27-2.59g in
100ml water with significant lethal toxicity [83]. Besides, most of the organic
compounds that have genotoxic potential have -NO, attached to benzene ring that
forms nitroaromatic compounds. The position of nitro groups in the various positions
of the benzene ring like in ortho and meta positions render the nitroaromatics prone to
repel electrophilic substances and in addition making them more stable in the
environment and less prone to degradation [84]. Nitrophenols are considered as
“priority pollutants” by U.S Environment Protection Agency (EPA) [85] and amends
are to be made to remove them from the environment in spite of their unavoidable

usage in different industrial sectors.
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e Para nitrophenol (pNP) : A major nitroaromatic water pollutant

PNP is a one of the major recalcitrant nitroaromatics which has high solubility and
stability and is a major water pollutant that disrupts the ecosystem[86] . It has been
widely used in various pharmaceutical industries in making leather products and in
agricultural sectors as a fungicide [87]. Hydrolytic and photolytic degradation of
insecticides and herbicides like parathion, nitrofen may lead to the formation of para
nitrophenol (pNP) [86,88] .The United States Environmental Protection Agency
(USEPA) list has categorized it as one of the most toxic hazardous materials with an
allowed concentration in the range of 1-20ppb in water [86] and the Agency for Toxic
Substances and Disease Registry of the U.S Public health has categorized pNP on the
14" of the other 1177 hazardous materials in the National Priority List (NPL) [89].

Substituted nitro-benzenes has propensities of getting reduced to arylhydroxylamines.
These products attack C8 position in the guanine of DNA in the cell by the
electrophilic nitrogen present in their structure and has been found to exhibit

chromosomal aberrations in mammalian cells [90].

OH

NOs>

Fig 1.3: Structural representation of para nitrophenol (pNP)

(Structural representation was drawn through ChemDraw Software)

Besides, pNP has found to exhibit toxic activities against a large number of soil
microalgae like Scenedesmus bijugatus and Chlorella vulgaris where pNP has been
found to interfere with metabolic activities inhibiting electron transport process in

photosynthesis and marked reduction in chlorophyll content [91].
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Advanced Oxidation Processes (AOPs) in the treatment of pNP

Being one of the hazardous waste materials there is a great necessity for the efficient
removal of pNP from the aqueous environment as water is the major elixir of life. A

number of mechanisms have been devised to properly manage the waste pollutant.

Advanced oxidation process (AOPs) forms a major platform in eradicating obnoxious
organic waste pollutants from water mainly textile dyes, pesticides, antibiotics, and
varied range of phenolic hydrocarbons. Advanced Oxidation processes includes two
types of catalysis mainly homogenous and heterogenous catalytic reactions [92] and
includes processes like photocatalysis, Fenton- Fenton reaction, electrochemical
processes, UV and vy irradiation based organic pollutant removal techniques [93].
AOPs are devised on the principle of generation of oxidants and radicals most
commonly like hydroxyl radicals that attacks an organic compound and generates a
carbon centred radical (R -OH) which further reacts with O, to reactive superoxide
anion (Oy) through the pathway of organic peroxyl radical formation that culminates
ultimately into the degradation of these organic compounds [94]. There are several
drawbacks of the Fenton reaction as there is always a requirement of higher
concentration of H,O, as well as FeSO, during the treatment processes [95].
Photocatalysis is one of the most popular AOPs that is employed for waste water
treatment. The choice of the materials for photocatalytic waste removals are
semiconductor metals immobilized on inorganic solid support like clay, resins and
zeolite circumvent the crisis of recalcitrant organic waste pollution in water. [96-98].
The overall mechanism of the photocatalytic reaction can be seen as formation of e
/h* as a result of charge separation [99] when the light is absorbed by the metal
complex acting as a catalyst with the simultaneous conduction of the charge carrier
from the valence band to the conduction band depending upon the band structure of

the semiconductor material which can be made small by the addition of dopants [100]
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Fig 1.4 A schematic diagram showing photocatalysis of organic pollutants

Ultrasound Irradiation as a Modification of AOPs

Besides photocatalysis another useful method in treating wastewater infested with
nitroaromatics is through ultrasound irradiation for its effective eradication. This
method has several advantages as it does not generate any secondary products and has
high penetrating ability [101]. Ultrasound irradiation generates cavitation where
minute bubbles are generated and are collapsed at a given interval of time [102]. The

hydrophobic organic compounds are degraded and comparatively lesser hydrophobic
compounds are degraded by the OH" those that has resulted during the cavitation

process [101]. Cavitation processes are generally of two types one acoustic cavitation
and the other being hydrodynamic cavitation. In recent years for the removal of pNP
are being removed through cavitation technique [103]. Both of the methods of
acoustic cavitation and hydrodynamic cavitation either individually or in combination
are used for the removal of the major recalcitrant nitroaromatics. Hydrodynamic
cavitation is a newer modification of treating waste water. This particular
methodology relies on the principle of pressure difference when fluid is allowed to
pass through a valve or orifice [104]. Lately, hydrodynamic cavitation in alone and in

combination with Fenton’s reagent is being used for the removal of pNP in waste
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water [105-106]. In combined synergistic approach of using hydrodynamic cavitation
and Fenton’s chemistry the operating pH is seen to be a pivotal parameter in carrying

out the degradation reaction [107].

e Drawbacks of AOPs- Search for New Methodology:

Though considered as one of the efficient strategies to remove organic effluents
specifically nitroaromatics, there are several disadvantages associated with advanced
oxidation processes. Advanced Oxidation processes like Fenton’s Reaction requires
robust procedures of storage. It has been observed that formation of Fe (Il)
complexes hinders mineralization which is unable to degradation by OH" [108].
Advanced Oxidation Processes have a disadvantage of producing secondary
contaminants which can be toxic to the aquatic zooplanktons [109], besides this
process is a concentration dependant reaction and requires OH free radical to be
produced in abundance to accomplish the degradation system. The source of light
used in AOPs like UV entails huge cost and thus most of the time are not appropriate
for the degradation of the organic effluents [110]. So, the process of AOPs should be
modified with the introduction of new inexpensive catalyst with modified
methodology to address the predicament.

1.1.4 Pollution in water through microorganisms

Apart from the obnoxious presence of heavy metals and organic effluents in water
another alarming factor that endangers the aqueous realm is the infestation of
pathogenic microorganisms which are ubiquitous in the environment. Till date despite
the advent of modern medical and technological advancement there is a huge lacuna
of proper antimicrobial that could combat the predicament. Drinking water is sparse
and the colonization of microorganisms poses threat to the lives of almost a
significant section of the global population which is under privileged. It has been
reported that the surface water of most of the developed countries are contaminated
with pathogens and are mainly of bacteria, protozoa and virus of which the dominated
category of bacteria are the coliforms belonging to the family Enterobacteriaceae
[111]. The frequently occurring coliform is Escherichia coli. Apart from this leading
opportunistic pathogen that mainly inhabit the water systems there is another
adversity that is frequent Staphylococcus aureus. This gram- positive bacteria has

been seen to cause significant food poisoning when present in water [112]. However,
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the most alarming among all these factors is the ability of both these pathogens is to
form biofilms. These biofilms are aggregated mass of cells that remains within an
exopolysaccharide produced by them and are seen to for a consortium on a surface
that can be either a biotic organism or an abiotic solid substratum [113]. Biofilm
formation occurs by virtue of several biomolecules like polysaccharide intercellular
adhesin (PIA) besides other proteins and DNA [114]. Health hazards are seen to be
associated with drinking water contaminated with S. aureus [115]. Deterioration of
drinking water quality is attributed to the fact that these biofilms inhabit the interior
lumen of the water pipelines and can get detached and in its worst may enter into the
vicinity of any water source [116]. The formation of biofilms is predominantly seen to
occur in water systems as these notorious biofilms and are almost refractory to the
action of disinfectants and potent antimicrobials [117]. Recent reports have suggested
the use of organo-selenium compounds that could address this biofouling by E. coli
and S. aureus [118]. But these compounds are not preferred for their potential toxic
effects as selenium reacts with disulphides present in proteins and form seleno-
trisulphides which in due course suffer reduction to form seleno persulphides which
are highly reactive and causes cellular oxidative stress [119-120].

So, there should be search for newer materials that could simultaneously combat the
microbial contamination by the said microorganisms along with addressing the side

effects of toxicity.

1.2 Application of nanoparticles: Its benevolence from sensor to

remediator.

For the purpose of developing advanced materials with versatile properties,
nanotechnology has been evolved to customise materials having extraordinary
potential to meet different applications in varied spectrums of human life. The science
of this nanotechnology involves modifying substances at the atomic or molecular
level to produce novel, unusual nanoscale materials with tremendous potential. The
need for novel materials and devices is growing, which motivates material scientists

to create new materials with intriguing features.

Materials that have had their size reduced to the nano regime exhibit different
properties from those of bulk materials. The "quantum size effect,” which changes the

electrical characteristics of solids, is more pronounced as the system's size shrinks.
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The mechanical, thermal, and catalytic properties of materials change considerably
when the surface area to volume ratio rises. Nanomaterials can be used in many ways

thanks to all these distinctive features.

The distinctive electronic, catalytical, sensing, optical, biological and other physico-
chemical properties of these nano-materials parts them from the bulk counterparts and
the high surface-to-volume ratios of nanomaterials and their surface modifications
through a variety of chemical and bioconjugate reactions have shaped nanotechnology
through the intersection of chemistry, materials science, and biology towards

interdisciplinary science.

Due to their distinctive features based on their intrinsic huge surface-to-volume ratios
and quantum size effects, metal NPs with small diameters and a narrow size
distribution have drawn a lot of attention in scientific study and industrial applications
[121].

In view of the situation described above regarding the contamination of drinking
water, nanoparticles for their various noted properties are harnessed as a sensor, a
catalyst for pollutant removal as well a remediator for biofilm and also an
antimicrobial are chosen Before delving into the details of the choice of the
nanoparticles we now discuss in a nutshell how all these important properties are been

served by nanoparticles.
1.2.1 Heavy metal sensing potential of nanoparticles

Modern technologies hint at using materials which will be easy to handle, highly
economical with high end productivity. The advent of nanotechnology thus meets all
the above parameters that could be utilized for the development of smart materials for
sensing purpose. Earlier literatures guide in the development of nano-sensors with the
help of noble metals like gold, silver and platinum. Gold nanoparticles are largely
been employed than the other two metals as silver have the disadvantage of being
reactive during the course of reaction and the expensive value of platinum hinders its
usage despite having potential for the same [122]. Surface functionalized gold
nanoparticles are seen to sense toxic heavy metals lead [123], arsenic [124], mercury
[125], hexavalent [126] and trivalent chromium [127]. The mechanism via which
primarily gold and other noble metals sense the heavy metals are typically through

their localized surface plasmon resonance arising out of the cumulative oscillation of
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the conduction band electrons in the nanomaterial with the source of light [128]. In
spite of their high sensing ability the gold nanoparticles aren’t been preferred due to
their high cost. For this there are a number of other alternatives in the form of metal as
well as non-metal nanoparticles that are effective as sensors. Most of the
nanomaterials that are used these days relies on spectroscopic techniques, colorimetric
and fluorescent techniques which were elaborately discussed earlier. Among all these
sensing devices the smart method so far has been proved to be productive is the
fluorescence quenching method wherein the fluorescent signal change occurring due
to the interaction of nanomaterial with the ligand molecule can be monitored by the
parameters like fluorescent lifetime, changes in its intensity of the fluorescent
nanomaterial. These are found to be more attractive and sensitive than the established
mechanism of colorimetry. The sensing methodology commonly followed are Forster
Resonance Energy Transfer (FRET) [129], Inner Filter Effect (IFE) [130] Static and

Dynamic Quenching mechanisms [ 131].
1.2.2 Catalytic function of nanoparticles in pollutant removal from water

Apart from the trespassing of heavy metals in waste water, the infiltration of dyes and
other phenolic compounds leaching out of different industrial, pharmaceutical and
agricultural effluents poses a serious trouble to the aquatic system. The urge to
remove these waste pollutants in water calls for the necessity of a material which are
excellent in eradicating them so that water is rendered safe for drinking purpose. For
this the choice of nanoparticles is the most judicious decision so far proved. The
mechanism of degrading the organic pollutants by the nanoparticles is photocatalysis
which utilizes the function of a metal nanoparticle which when excited by any source
of light will enable movement of electrons from valence band (VB) to conduction
band (CB) with the generation of holes in the valence band [132]. Nanoparticles
mostly in the form of metal semiconductor like titanium dioxide (TiO;) are in use for
long to address the alarming issue. However, the use of TiO, as semiconductor
nanoparticles have a disadvantage in terms of catalysis is that they are effective only
when the source of UV radiation being a wide gap semiconductor [133]. So apart
from these the other types of semiconductors like the oxides and sulphides of various
metals are used for the above purpose. The choice of transition metals in the form of
their oxides and chalcogenides are commonly used because the positions of CB and

VB are thermodynamically favourable [132]. These metallic nanoparticles are been
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popularly used in catalytic reactions to ward off the toxic contaminants out of waste

water.
1.2.3 Biological application of the nanoparticles

The last most important application about nanoparticles is their biological
applications. It provides a broader avenue for a number of applications in therapeutic
fields. Being particles of ultra-small dimensions nanoparticles can be used for a
plethora of purposes right from detecting pathogens, aiding in delivery of drug of
choice and gene to their diversity as effective antimicrobial and potent anti-cancerous
agents, an idea schematically represented in Fig 1.5. Via different surface
modifications like trans-esterification and amidation processes the surface of the
nanoparticles can be modified and linked through various surface ligands for their
purpose to interact with different biomolecules like proteins, nucleic acid inside the
biological system [134] These surface modifications using various ligands like
biocompatible polymers like chitosan, collagen and biomolecules like antibodies are
important for probing various cellular actions like detecting various proteins and
pathogens [135]. Nanoparticles that are generally used for the vast applications in
biology are either metallic nanoparticle [136] or are ceramic or polymeric in nature
[137]. Nanoparticles as antimicrobials target the cell wall of bacteria and will thereby
will cause cytoplasmic contents to leak out [138]. Nanoparticles after entering into the
cell can also trigger formation of reactive oxygen species (ROS) and those will
combine with bacterial DNA to form DNA adducts leading to bacterial cell death
[139]. One of the promising aspects of nanoparticles is to combat with the biggest
bane, cancer. Potent anti-cancerous drugs can be encapsulated within polymer coat of
nanoparticle dimension [140] or are conjugated with a nanoparticle tailored against a
cancer affected organ [141]. Hydroxyapatite nanoparticles derived from various
natural sources like egg shells, fish bones act as “bio-calcium” that are used for tissue
bone engineering [142]. Nanoparticles can be labelled with a variety of fluorescent
molecules to detect the presence of any pathogens which is a landmark of biosensing.
Carbon dot nanoparticles are the examples which alone may serve the function of
sensing [143] and are further been utilized as effective candidates in bioimaging
purposes [144]. In addition to the different anticancer agents, nanoparticles are also
been efficient candidates for photodynamic therapy. Specific drug molecules called

photosensitizers being hydrophobic suffers hindrance in the biological system and
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thus are encapsulated within either semiconductor, or silica or polymer-based
nanoparticles [145] are excited with the help of a specific wavelength of either visible
light or near infrared that generates oxygen molecules. This reactive oxygen

molecules in turn are reactive and will target the diseased or damaged cells [146].

ANTIOXIDANTS
ANTICANCER
ANTIMICROBIALS AGENTS
PHOTODYNAMIC TISSUE
THERAPY NANOPARTICLES ENGINEERING

SITE SPECIFIC

DRUG DELIVERY

)4

Fig 1.5 Schematic diagram showing the potential biological application of nanoparticles

2.1 Genesis of the Present Work

2.1.1 Choice of Nanomaterials for sensing, catalysis and biological functioning:
Iron oxyhydroxides (a- FeEOOH) and Copper Sulphide (CuS) nanoparticles

Semiconductor nanoparticles are widely employed for their several unique
contributions that arise mainly from their small size effect. At a very low
concentration they possess the quality to be effective even working at effectively mild
conditions of temperature [147]. Semiconductor nanoparticles includes their myriads
of forms ranging from transition metals both in the form of their oxides, sulphides,
various rare earth metals of diverse applications and other oxides of importance [148].
Their distinctive properties lie in their application in different electronic and other
physical and chemical properties. We here focus among all other semiconductor
nanoparticles one of the most prevalent contributions of semiconductor transition

metal nanoparticles. The usage of the transition metal nanoparticles has gained
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considerable momentum in recent years for their excellent contributions in an array of
domains being nano-catalysis, oxidation-reduction reactions, heavy metal sensing and
in diverse biological application. As a known factor it has been thoroughly an
accepted fact that nanoparticles of semiconductor category have their excellent ability
to perform in various redox reactions owing to their size effect. Transition metal
semiconductor nanoparticles and their contributions in the broad spectrum can be
discussed in the light of transition metal hydroxides and sulphides. Semiconductor
transition metals are widely been discussed in this thesis in the light of their role in

environmental remediation and in their biological applications.

The nanomaterials that are selected for carrying out the above three properties of the
nanoparticles are iron and copper-based nanomaterials. The reason for such a
selection is that these nanomaterials are quite cheap than those of the prevalent noble
nanomaterials carrying out these various properties. For the purpose of sensing the
nanomaterials of our choice is iron oxyhydroxide nanoparticles. The sensing of the
hexavalent chromium in waste water is accomplished by nitrogenous carbon dots (C-
dots) synthesized in situ. But these carbon dots suffer from aggregation and thus leads
to loss of fluorescence [149]. Thus, a suitable matrix is being selected to overcome
such a difficulty. Iron oxyhydroxide or goethite (a- FEOOH) are minerals and are
wide band gap semiconductor [150]. These nanoparticles were chosen as the first
choice for sensing in contrast to other matrices because of its effective
biocompatibility and easy handling [151]. Moreover, these nanoparticles when

conjugated with C-dots brings about biosensing within the living cells.

The next nanomaterial that was selected for catalysis and an effective antimicrobial
agent against coliforms like E.coli and biofilm forming S. aureus is a another
transitional metal semiconductor chalcogenide copper sulphide (CuS) nanoparticles.
Though there had been reports of synthesizing these nanoparticles [152] that carries
out the function of catalysing organic pollutants pNP this is a novel approach where
the nanoparticles were synthesized simply via reflux condensation method with the
help of a block copolymer Pluronic F-127. Pluronic capped CuS nanoparticles were
used for catalytic reduction of pNP using NaBH, as the reducing agent. This method
was in fact contrast to the conventional photocatalysis method where the source and
intensity of light is important. pNP with the help of NaBH, gets converted into para-

amino phenol (pAP) which have wide use in the pharmaceutical industries [153].
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Pluronic capped nanoparticles show brilliant capability of being dispersible in
aqueous media and thus these nanoparticles were harnessed to assess their
antimicrobial potential to be used in remediating the microbial pollutants from water,

to act against biofilms and also their use for topical purposes.
2.1.2 Instrumentation, Materials Required & Methods

There are several approaches undertaken to characterise the synthesized transition
metal nanoparticles. X-ray diffraction (XRD) has been employed to determine the
crystallite nature of the synthesized nanoparticles along with Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM) that are used to
determine the size, shape of the particles. Nevertheless, high resolution TEM along
with selected area electron diffraction, and have all been used to determine the crystal
structure of transition metal nanoparticles. UV-Vis and fluorescence
spectrophotometry are frequently utilised in the analysis of the distinctive optical
characteristics. Optical absorption and photoluminescence (PL) spectroscopy have
been used to explore the interaction pattern of the nanoparticles with different sample
molecules. Fourier Transform Infra-red (FTIR) and Raman spectroscopy have been
used to clarify the presence of different functional groups in the synthesized samples.
The parameters of mass loss, melting point and other phase transitions were achieved
by Differential Thermal Analysis & Thermogravimetric Analysis (DTA-TGA).

This chapter discusses all of the materials used along with the characterisation
strategies and experimental approaches.

e X Ray Diffraction (XRD)

The primary objective of x-ray crystallography lies to extract a three-dimensional
molecular structure of a crystal material. A high concentration of a purified crystal
material are then subjected to an x-ray beam and the processed diffraction patterns
can be used to deduce the crystal packing symmetry and the size of the repeating unit
that makes up the crystal. Structure of semi crystalline or polycrystalline materials can
be derived from X-ray Crystallography [154]. This is derived from the diffraction spot
pattern [155]. When molecules are organised in a regular crystalline array, X-ray
crystallography is frequently employed to image molecular structure at extremely
high resolution which does not require optics and place no strict demands on the

detector's resolution as shown in Fig 1.6. The signal is amplified by the specimen's
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many copies, and their regular positioning focuses the far-field diffraction pattern into
distinct Bragg peaks [156]. When a beam of light is passed through a sample crystal,
there is constructive interference seen in the scattered rays (shown in Figl.3) which

governs the different parameters of a crystal using Bragg’s law [157-158]
nAd = 2d iy sind ... eq (1)

where n is the order, A is the X-Ray wavelength, d k) is the inter planar spacing in
the atomic lattice of the crystal planes, and 0 is the measured angle between the

incident and scattering planes.

X-ray Crystal Diffraction pattern
source generated by the crystal

Fig 1.6: X Ray Crystallography Instrument and its brief working principle [157]
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The width of a powder X-ray diffraction reflection is related to the size of the coherent
diffraction domain and it also infers that the reflection width grows as the size of the coherent
diffraction domain decreases. This relationship is been given by Scherrer equation which is as

follows:
d=KMBcosH ... eq (2)

where d= the coherent domain size, A is the wavelength of the X-ray, K is the constant, i3 is

the full width at half maximum and 6 is the angle of diffraction.

In this work the crystallographic insight was characterized using a X-Ray Diffractometer
(Model D8 Advanced, Bruker AXS with a mono- chromatized Cu Ko radiation where
L is 1.5405 A. The scanning rate was fixed at 0.02 steps/ sec in 26 range of 10° to 80°.
The synthesized nano crystal was placed in a sample holder and an operating current

and voltage for collection of the X ray data was fixed at 35mA and 35kV respectively.
Rietveld analysis:

In powder diffraction analysis, there are a few other useful whole-pattern fitting
approaches. One option is to freely refine the two values and intensities of peaks to
characterise each reflection in the absence of a structural model for auto indexing to
find unit cell parameters [158]. Rietveld demonstrates the potential of recreating the
results of diffraction pattern measurements using pattern calculation that is made to
match the peak profile of the calculation with the peak profile of the observation
[159]. Nanomaterials are been employed for determination of their fine structures like
lattice parameters, bond angles, bond lengths with additional parameters of phase
purity [160]. The Rietveld analysis was carried out using the Rietveld-based
programme MAUD v.2.99 (Material Analysis Using Diffraction) and the refined
structures were shown using VESTA v.3.0 (Visualisation for Electronic Structural

Analysis).
e Fourier Transform Infrared (FTIR) Spectroscopy:

The technique of the infrared (IR) spectroscopy primarily rests on the different
molecular interactions and vibrations between the molecules [161] that roughly
translate of the fact that by absorbing IR radiation, a molecule can be excited to a
higher vibrational state. The likelihood of an IR frequency being absorbed is
determined by the interaction between the frequency and the molecule and the peaks

obtained thus can be counted as the “finger print” of the sample that arise mainly
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through the vibration of different functional groups associated with the molecule
[162]. This method is regarded as a workhorse for quantitative analysis as the amount
of infrared energy absorbed by a molecule is proportional to the concentration of the
analyte [162-163]. Infrared spectroscopy measures the intensity of an infrared
radiation beam before and after it interacts with a sample as a function of light
frequency and the obtained infrared spectrum is a plot of relative intensity versus
frequency [164].There is considerable change in molecular vibrations upon absorption
of the electromagnetic radiation in the IR region which is contributed by transition of
the vibrational and rotational energy at the lowermost energy level [162] along with

the quantification of impurities present by spectral measurements [163].

An Infrared spectrophotometer consists of three basic components of a radiation
source, an interferometer, and a detector. The interferometer generates radiant beams
producing an optical path difference between them, and interference signals that the
detector measures as a function of the optical path difference. The interferometer
commonly used Michaelson Inferometer generates interference signals that contain IR

spectral information generated after passing through the sample, illustrated in Fig 1.7.

fixed mirror
n 1
- .
12 -
frenr &leriin
EONFCE X _ l 8
mirrar

beam splitter  a—1,2 il
W

detector

Fig 1.7 : Components of Michaelson Inferometer [163]

The beam splitter divides a collimated light beam from the IR source that is directed
to the Michelson interferometer. One half of the beam is reflected by a fixed mirror,
while the other half is reflected by a moving mirror roughly shown in Fig 1.8. After
returning from the mirrors, the two light beams recombine to form a reconstructed

beam, which is optically an interference wave [164].
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Fig 1.8: A schematic image showing working action of a FTIR machine [165]

It is necessary to have a method of "decoding” the individual frequencies. The
intensity-time output of the interferometer is then converted to the familiar infrared
spectrum using a well-known mathematical technique known as the Fourier

transformation [166]. This is given by the following equation:

S(w) =2 fOOOI (x) cos(2n¥ x) dx ...... eq (3)

where S(v)is the spectrum, x isretardation, I(x) ,interferogram and v any

wavenumber.

While performing our experiments we typically followed the KBr pellet technique in
which the functionalized metallic nanoparticles were at first grounded well in a pestle
and mortar and then mixed with KBr at a ratio of 1:50. This mixture was then
subjected to pelletizing in a hydraulic press at 5tonns for 5mins. The obtained pellets
were again dried at 60°-70°C for to remove any remaining moisture that might hinder

the process of experimental analysis.

e Raman Spectroscopy

Raman spectroscopy is a type of spectroscopy that relies on the inelastic scattering of
monochromatic light, typically from a laser source which results in the change of the
frequency of photons in monochromatic light due to inelastic scattering when a
sample is present Laser photons are absorbed by the sample and then reemitted. The
Raman effect occurs when the frequency of reemitted photons is shifted up or down in

comparison to the original monochromatic frequency [167].
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Raman Spectroscopy differs from the infrared spectroscopy in the fundamental
principle where a sample gets irradiated by harnessing a single frequency of radiation
which is in contrast to the infrared spectroscopy where a range of frequencies are
being used to irradiate the sample of interest. In Infrared Spectroscopy vibrations
generated from the molecule coincides to that of the frequency of the incident beam
which is unlike Raman Spectroscopy where there is inelastic scattering where there is

transfer of energy from incident photon to the scattered photon [168].

A Raman spectrometer schematically shown in Fig 1.9 shows that the machine is
made up of four parts: a light source, a monochromator, a sample holder, and a
detector. High signal-to-noise ratio, for example, can have an impact on Raman
spectral analysis Instrument stability and adequate resolution. The design of an
effective FT Raman spectrometers uses NIR or red excitation and avoids the
phenomenon of fluorescence. Dispersive Raman spectroscopy and Fourier transform
Raman spectroscopy are the two major technologies used to collect Raman spectra,
with differences in their laser sources and how Raman scattering is detected and
analysed [169].

Dispersive Raman specirescapy |

Wnrenmmaber | Detecior
Sanuple A selectar [ (PMT) CCTH

Radiation
SMIETE

| FT - Rroma apectmscopy

LaserSomce

P T F T F T T T 0 %

Dhetecior | Stationsmy Minurl

Fig 1.9: Basic Instrumentation of a Raman spectrometer [169]

In our experimental work with transitional metal chalcogenide (CuS) nanoparticles were

being assessed through Raman Spectroscopy. Raman Spectra was recorded using Lab
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Ram HR Jovin Yvon Raman spectrometer equipped with a laser beam of 488nm
excitation of Argon laser light.

e Scanning Electron Microscopy (SEM)

A scanning electron microscope is a device that uses a focused beam of high-energy
electrons to image topography and obtain material information from conductive
specimens and to capture the surface of the specimens, a beam of electrons is
deflected in a magnetic field that performs a scanning movement in a raster pattern
[170] which is in contrast to optical microscopy technique where visible light is used
as the electron source [171]. Subsequently electrons interact with the sample,
producing a variety of signals that can be detected and displayed on the screen of a
cathode ray tube [172]. Scanning electron microscopy finds its practical applications
in various arenas like characterizing different internal structures of minerals [173], in
various fields of nanotechnology [174-176] in the field of biology [177-178].

SEM can provide qualitative detailed insights about a specimen such as its
topography, morphological details, crystallographic information. In other words, it
describes the surface features and texture, as well as the shape, size, and arrangement
of the particles on the sample's surface [179]. Certain requirements are must to be met
by the specimen before subjecting it to SEM. It must be able to withstand vacuum and
electron bombardment, as well as essentially it needs to be electrically conductive and
to be dried and cleaned [179].

SEMs typically operates with a 15KeV voltage originating from a thermo-ionic
cathode. Here the incident beam was focused in a 10-100 nm spot on the specimen
surface [180]

This scanning electron microscope is been equipped with a sample holder where the
stub has been fixed for the sample to be placed on its surface whereby a carbon tap is
generally used to adhere the sample to the stub. Then a thin layer or a small amount of
material should be applied to the carbon tap because the thin layer properly adheres to
the carbon tap, reducing the charging problem and assisting in obtaining a good
image. This is followed by sputtering with gold or other non- conductive elements

like platinum that minimises the chance of charging.
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Fig 1.10: Scanning Electron Microscope along with sputter coater

In our experimental work the morphological details of the synthesized C dot@
FeOOH and CusS nanoparticles were prepared by placing the powdered samples in a
carbon coated grid and the accelerating voltage was fixed between 10kV and 20kV

using a Inpect- F50 Field Emission Microscope.

e Transmission Electron Microscope (TEM)

Transmission electron microscopy forms the basis of elucidating the size and
structural details of the nanostructures. The application of TEM entails a wider
application not only for determining the size regime of materials but it also forms the
basis of imaging the structural details of the cytoskeleton [181] by utilizing the theory
of passage of electrons through a sample to be to be examined where the wavelength
of the electrons is way beyond high than that of the visible light. A thin sample is
passed through the TEM by a stream of high energy electrons with energies ranging
from 100 to 400 eV. High energy electrons are essential because they reduce
scattering. A high vacuum, approximately 10-6 mmHg, is also required because
electrons are easily scattered in air.
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For TEM analysis for particle size determination JEOL-JM 2010 was used and it
operated around 200kV. A diluted solution of few micro-litre of sample of both the
transitional metal nanoparticles was placed on a carbon coated copper grid and the

thin film was dried in a vacuum desiccator overnight before it is used for analysis.

Fig 1.11: Transmission electron microscope instrument
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e UV-Vis Spectrophotometer:

UV-Visible spectroscopy is a technique for measuring the amount of light absorbed
and scattered by a sample (a quantity known as the extinction, which is defined as the
sum of absorbed and scattered light). Because nanoparticles have optical properties
that are sensitive to size, shape, concentration, agglomeration state, and refractive
index near the nanoparticle surface, UV-Visible spectroscopy is an important tool for
identifying, characterising, and studying these materials. UV- Vis spectrophotometer
is based upon the Lambert - Beer that states absorption of light by a sample is

proportional to the path length and the concentration of the absorbing species.
Absorbance, A = log lo/l= €lc ... eq (4)

where |y is the incident radiation intensity and 1 is the transmitted radiation intensity
that emerges from the absorbing medium, c is the concentration expressed in mole
litre™, ¢ is the the molar absorptivity or molar extinction coefficient (units, litre mole-1

cm™), and I is the path length (units, cm).

The absorption measurements were carried out using Perkin EImer Lambda 365 UV-

Vis spectrophotometer. The samples for the experiment were first made a dilute

solution in Millipore water in a quartz cuvette and was subjected to experimentation.

Fig 1.12: UV- Vis Spectrophotometer used for analysis of the sample

e Fluorescence Microscopy:

Photoluminescence (PL) spectroscopy is a very efficient, non-destructive, and widely
used technique for analysing a material's optoelectronic  properties.
Photoluminescence is defined as the spontaneous emission of light from a material

under optical excitation, and it can thus be used to provide detailed information on
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discrete electronic states involving both intrinsic optical processes and the wide
variety of defects that are endemic in practical semiconductor materials, as well as
extrinsic optical processes (internal transitions involving defects and their energy

levels) by applying an external light with energy hv [182].

Fig 1.13: Fluorescence Spectrophotometer Instrument in the laboratory

The measurement of fluorescence spectra of the samples was carried out using a Cary
Eclipse Fluorescence Spectrophotometer, Agilent Technologies following the same
sample preparation protocol as that of the UV Vis spectrophotometer having

excitation slit 5nm and emission wavelength 2.5nm.

e Dynamic Light Scattering (DLS)

When light falls on a solution there is a propensity of random changes in the intensity
of the scattered light in the solution and this gives an idea about the particle size of the
material in the solution. The method is commonly known as Dynamic Light
Scattering (DLS).

There is thermal motion generated due to Brownian motion which is modelled by
Stokes-Einstein theory where size of the particle can be calculated using translational
diffusion coefficient.

DLS measurement of the samples were carried out using a Nano ZS Zetasizer,
Nanoseries Malvern where the source of light used was a He-Ne laser of wavelength

632.8nm operating at 4mW in a thermos stated sample chamber.
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e DTA-TGA

The change in the physical or chemical property of a sample against time can be
monitored through a quantitative method called thermogravimetric analysis [182].
The analysis stresses on the extent through which a material of choice can be stable
under the influence of temperature and changes in weight of a particular sample upon
increasing the temperature can be analysed [183]. DTA TGA stands as an important
parameter in judging the quality of a nanomaterial as transitional nature, stability in

oxidation and measurements like melting points can be assessed [184].

In our experiment DTA TGA analysis of FeOOH @Cdot were performed using DTG-

60H, Shimadzu under nitrogen rich atmosphere using platinum crucibles.
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CHAPTER 2

2.1 OVERVIEW

The rapid increase in population and industrialization have introduced several
potentially toxic substances into the environment. The accumulation of the effluents
released from the industries poses detrimental effects to living organisms and thus
becomes a challenge for sustenance. Apart from various organic compounds, these
xenobiotics encompass many metals that, at low concentrations, may impact air and
soil and subsequently percolate into water bodies disturbing flora and fauna of the
aquatic system. [1]. The efflux of toxic wastes into the marine realm needs thorough
monitoring, and advanced technologies are much in vogue to reclaim the water for
further use as globally, it has been observed that the supply of ground drinking water
is under the severe challenge of depletion [2,3]. Wastewater ruefully contains in
galore several drugs, organic compounds, organic dyes and, most importantly, a large
spectrum of heavy metals which are non-biodegradable. Heavy metal contamination
poses marked toxic effects to the ecological as well as to the environment. [4,5]. At
this point of agony, there are several initiatives undertaken with the introduction of
newer technologies to recycle water and replenish the quantity and quality of the
same. Even before the rightful approach to reclaiming water, the priority is to
ascertain the presence of heavy metals in water. Several sensing probes have been
developed so far, which are based upon several techniques like Atomic Absorption
Spectroscopy (AAS) [6-8], capillary electrophoresis [9,10], colorimetric [11-13]
electrochemical, and fluorometry, which are employed for the presence of trace
amounts of heavy metals in water [14-16] The choice of the sensor comes forth as a
pivotal factor as there always been a search of sensors which would be easily

procured, economically accessible along with meeting the criteria of biocompatibility.

This chapter focuses on preparing a fluorescent nano-sensor via facile hydrothermal
techniques. Several fluorescent probes are used in sensor devices which most of the
time suffer from toxicity, given the examples of semi-conductor nanomaterials [17-
19], rare earth dopants [ 20-22], and fluorescent organic dyes [23-26]. The majority of
these conjugating compounds are toxic and difficult to handle [27-29], and may cause

several pathophysiological reactions in the body. In this chapter, the sensing device
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has been tailored using Carbon dots on the goethite (a-FeEOOH) matrix. The carbon
guantum dots are of tremendous advantage as they can be procured naturally [30-35]
and do not suffer from the problem of solubility in the aqueous media as the
fluorophores mentioned earlier do. Owing to their small size and the advantage of
tuning the sp2 domains, these nanomaterials serve an excellent function in the sensing
arena. The C-dots chosen here as a fluorescent probe often suffer from the
disadvantages of aggregation, and several matrices were selected to prevent
aggregation and subsequent loss in fluorescence [36]. Several well-known matrices
like mesoporous silica [37,38] and boehmite nanoparticles [36] were chosen to avoid
it. Still, these materials are not refrained from being toxic as they adversely affect the
human body [39-43]. So here, we fabricate a-FeOOH nanoparticles, which have
already been reported to be biocompatible for their use as food supplements [44].
This nano-material is conjugated with C-dots via an in-situ technique and is checked

for its potential to detect hexavalent Cr (V1) in water.

2.2 METHODOLOGY
2.2.1 Materials Required:

Pure salt of Ferric nitrate [Fe (NO3)3;] (ACS grade), anhydrous citric acid and
Ethylene Diamine (HPLC grade) were purchased from Merck, India. To perform the
selectivity analysis of cations and anions in water, the salts of CaCl,.2H,0, NacCl,
HgCl,, MgCl,, CdCl,, NaNO3, Na,SO4. CaCOs, Ca (OH),, Pb (NO3),, KCI, NasS,
K2Cr,0O7 were purchased from Merck, Germany and As,O3; from Sigma Aldrich. For
the experiment, washing throughout was carried out with Ultra-pure Millipore water
having resistivity ~18.2 MQ-cm. Further, aqua regia was used to clean all the

apparatus, including the sample holders.
2.2.2 Synthesis of the Fluorescent nano probe

The synthesis process of the fluorescent nanoprobe was carried out following the
protocol of Roy et al. 2020 [36] with few modifications. A one-pot facile
hydrothermal technique prepared the in situ nitrogenous carbon dot decorated a-
FeOOH nanoparticles. At room temperature to 160ml of ultra-pure Milli Q water,

0.323g of citric acid was dissolved thoroughly using a magnetic stirrer. As a nitrogen
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source, ethylene diamine was added to make the solution alkaline and pH was

maintained at 12 at stirring for about a couple of hours.

This entire solution next is transferred next to a Teflon-lined stainless- steel autoclave
and was heated for about 12hrs at a temperature of 180°C. The setup was brought to
room temperature and subjected to centrifugation at 8000rpm, and the red brick
precipitate was obtained. Repeated washing of the residue with ultra-pure Millipore
water was done, and the red brick precipitate was dried in vacuum desiccator for a
day. The fine powder was made using agate mortar, The obtained fine powder was
labelled as FCD and was kept in an air-tight Eppendorf tube for subsequent

characterizations.

CITRIC ACID Fe(NO3);

Fig 2.1 : A schematic diagram to explain the formation of FeOOH@Cdot nanostructures

2.3 RESULTS & DISCUSSIONS
2.3.1 Material Characterization and Morphological analyses

The impregnation of the nitrogen-doped carbon dots into the goethite structure needs
to be confirmed. For this purpose, the XRD analysis was carried out to determine the
crystallographic parameter of the synthesized samples. The diffractogram depicting
the h k I planes indicates the successful orthorhombic oxyhydroxide phase of the a-
FeOOH. Obtained diffractogram well corroborated with the JCPDS data. The purity
of the samples was confirmed by the absence of any residual diffraction planes. As
depicted in the figure, the microstrain value was significantly high, which can be
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assumed due to the doping introduction of the C dot into the goethite matrix [36]. To
develop an idea about crystalline nature, bond length and other parameters of
anisotropic growth, Rietveld refinement has been performed using Maud v.299
(Material Analysis using Diffraction) and VESTA v3.0 (Visualisation for Electronic

Structural Analyses) for elucidating the finer structures.
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Fig 2.2: (a) Refined X-ray Diffractogram of the sensor sample(FCD),the experimental data
has been shown in black, the difference plot in blue and the computed data in red; (b) the

microstructural parameters of the prepared sample out of Rietveld measurement.

The presence of dopant nitrogenous carbon dots and surface functional groups in the
goethite matrix was determined through FTIR spectroscopy. The vibrational peaks
centered at 1035 and 1217 cm™ are attributed to the stretching vibrations of C-C, C-O
and C=0 bonds, indicating the incorporation of the C dot in the nanomatrix [45]. The
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asymmetric stretching vibrations of Fe-CO and Fe-O are assigned to 520 cm™ and 675
cm™ [46,47]. The presence of moisture absorbed by the sample is well established by
the absorption bands located at 774 cm™, 900 cm™ and 1635 cm™, mainly through O-
H stretching vibrations and CO-NH vibrations [47,48] and N-H bending sourcing out
of nitrogenous C dot are attributed to a slight vibration at 1525 cm™ [36].

The surface morphology and the particle size of the synthesized nanomaterial were
judged through FESEM, and further confirmation of the rightful doping of the C dot
was inferred through TEM. Images of FESEM Fig 2.3 (b) and (c) show agglomerated
nature of the C dot in the FeOOH nanoparticles, which are a mix of both spherical and
hexagonal particles. The TEM images confirmed the particle size of the nanosensor to

be ranging in an average diameter of 30-50nm, into which the impregnation of C dots
IS seen as dark spots.
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Fig 2.3: (a) FTIR Spectrum of the synthesized nanoprobe; (b) and (¢) FESEM and TEM

images of the nano sensor

2.3.2 Optical Quality Assessment:

As the present work aims at developing a fluorescent nano-sensor, it inevitably counts
for determining the optical ability of the tailored nanoparticle. The optical
performance was recorded using UV Vis Spectroscopy. The excitation energy
spectrum showed an absorption maximum at 240nm, sourcing out of the m-m*
transition of the sp2 hybridization present in the carbon dot [49]. The
functionalization of the surface molecules by the — NH; groups by ethylene diamine
resulted in a relatively strong absorption of the nanomaterial at 342nm, which can be
inferred by sourcing out of the n-n* transitions [50-52]. The Fe-Fe vibration of the
synthesized nanoprobe has been ascribed to 450nm and 572nm, which corroborates

with the data of Sherman et al. in a report published in 1985 [53].
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The prepared sample is a nano-sensor designed to sense Cr (VI) in water
fluorometrically. Thus, apart from the optical activity, the fluorometric ability was
also assessed. The nanomaterial exhibited an excitation peak at 345nm. It is also
excited at a series of wavelengths ranging from 300-400nm to probe the actual
excitation energy, whereby it was observed optimum fluorescence was exhibited at
345nm. At this excitation wavelength, the sample's emission was 460nm. This
particular emission was consistent when the sensor material was subjected to varying
excitation wavelengths, as seen in Fig 2.4. The enhanced fluorescence of the probe
can be explained by introducing a dopant nitrogenous carbon dot which enables the

phenomenon of charge localization [54-57].
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Fig 2.4: (a) UV- Vis Spectra of synthesized FCD nanomaterial; (b) and (c) Fluorescence
spectra showing Excitation and Emission spectra of the same sample (d) Emission of the

sample with varying wavelengths of excitation energies

The thermogravimetric analysis (DTA-TGA) graph (Fig 2.5) hinted at an endothermic
change followed by an exotherm which may be assumed for the loss of moisture in
this region. Nevertheless, at a given temperature range, no mass change was observed.
Further, a sensor must show stability at different environmental parameters of

temperature, time, and varying pH conditions. The synthesized probe functions best at
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room temperature (shown in Fig 2.6) when subjected to a temperature range of 30°-
50°C.

——DTA

‘l) 20 40 60 80 100 120 140 —TGA
« 120

12 b)

10

8

2 10

2 9

E ! <

; '(2) § 100

=, -

7 w

— @*

= -6 - %0

2 =

-10 =

12 4

20 40 60 80 100 120 140 20 40 60 80 100 120 140
0,
Temperature(°C) Temperature(°C)

Fig 2.5: a) and b) DTA-TGA graph of the synthesized nano sensor

Through the exposure of the nano-sensor to varying pH ranges of extremely acidic to
alkaline conditions, it was found that the fluorophores in the synthesized sample
remained relatively stable under all conditions. The fluorescent performance was
investigated over time at 10min for 2 hrs. No decline in fluorophore intensity occurred

during this period, confirming the stability of the sensor for further applications.
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2.3.3 FCD: An efficient Fluorescent sensor of Hexavalent Chromium (Cr (V1))

The sensing repertoire of a probe rests on its ability to detect a specific molecule in
the medium. This counts for two cardinal parameters of selectivity besides the
sensitivity of the sensing probe. Thus, the prepared sensor was tested against a wide
array of ions having a concentration of 500pM. These wide variety of cations and ions
include As+, K+, Ca** Mg, Pb?*, Hg**, Cd**, Cr®", OH", CI', $%, CO3%, SO4*, NO5.
The sensor material was added to the mentioned concentration of each of these ions.
A marked decrease in fluorescence intensity was observed due to the binding of Cr
(VI) with the sensor material, whereas no change was observed for other ions (Fig

2.7). The result thus hints that the sensor can detect the presence of Cr (VI).

The colorimetric analysis of the sample was validated by the CIE-1931 plot, which
depicted that the colour coordinate of the pure sensor sample is x= 0.15504 and y =
0.1344, whereas for a sensor with spiked Cr (V1) is found to have a slight deflection

in the blue region. Here the colour coordinates were x= 0.21875 and y= 0.1888.
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Fig 2.7: (a) Sensing activity of the probe against a range of cations and anions; (b) CIE-1931

showing colour analysis of the sensor material

The quenching ability of the probe as seen above is determined quantitatively for
varying concentration of chromium ions that ranges from 0-23.8uM. It was found that
there is a gradual decrease in the intensity of the quencher ions that shows an
exponential decay in fluorescence with varying concentration of Cr (VI). The
obtained sensitivity was calculated by plotting linear as well as linear Stern VVolmer
equations [58, 59]
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The quenching efficiency was calculated from the SV plots by using the following

equations:
lo/lI=1+Ksy [M] ... eq (1)
lo/1I= A exp(ksv[M]) ceeen€qQ (i1)

Where 1o and | are the fluorescent intensities of the sensor material recorded initially
and after the addition of Cr (VI) and [M] stands for the concentration of the
hexavalent chromium species, A is constant and SV constant is denoted by ksy. The
linearity of the plot was seen up to a concentration of 10uM of Cr (VI) beyond which
the exponential decay of fluorescence was observed (Fig 2.8)
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Fig 2.8 (a) Fluorescent quenching of the probe upon gradual increase in concentration of Cr
(VI); (b) Linear Plot (c) Exponential SV plot

Furthermore, the limit of detection (LOD) and limit of quantification (LOQ) was

calculated from the following equations:
LOD= 30/ksv eq.... (iii)
LOQ= 100/ksy eq ....(1v)

where o is the standard deviation of the sensor calculated from at least ten separate
experiments in the absence of the quenching molecule. The LOD and LOQ calculated

using the above equation were found to be respectively 81nM and 269.73nM.
2.3.4 Validation of the sensing mechanism of the nanoprobe

The SV plot and the fluorescence life time data (Fig 2.9) show that the quenching
phenomenon occurs when the fluorophores are in the excited state. There is
photoinduced electron transfer that occurs from fluorophores of the sensor molecule.
Quenching of a chemical moiety can source from a number of factors which includes

Inner Filter Effect, Forster Resonance Energy Transfer (FRET), static and dynamic
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quenching, Photoinduced electron transfer (PET) [60]. In this sensor based quenching
phenomenon PET phenomenon the electron transfer occurs from the fluorescent
molecule to the quencher molecule and further due to inadequate number of ions no
HOMO-LUMO transition has been observed. This qualifies photoinduced electron
transfer as has been explained by Roy et al 2020 [36].
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Fig 2.9: Fluorescence Life time data of the sensor material

Moreover, while probing the efficacy of the sensor material it was seen at >10uM
concentration the radiative pathway of the fluorophore is blocked by the quencher
ions thus establishing the idea of Inner Filter Effect (IFE) which is evident from Fig
2.8 (¢) [61,62, 63]. Thus, it can be assumed that the sensing ability of the material is
the joined collaboration of the Photoinduced Electron transfer and Inner Filter Effect.

2.3.5 Real life sensing application of FCD

The ultimate applicability of the sensor material was tested in real-life water samples.
Different potable water samples were collected from a water purifier, a nearby pond
within our university campus and drainage wastewater was collected from Jadavpur,
Kolkata. After collecting in sterile tubes, the water was passed through a 0.45uM
membrane filter, and two aliquots were made. One of the aliquots was kept as a
control, and the other was spiked with 50uM Cr (V1). Also, the sensing efficacy was
judged against wastewater collected from a nearby tannery factory. The ICP-AES data
showed an alarming concentration of 16.53 ppm of Cr (VI) with other toxic heavy

metals. The fluorescent intensity of the FCD sensor material was found to decrease
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drastically here too. As depicted in Fig 2.10, it is revealed that the sensing probe is

capable enough for application as a sensor for Cr (V1) contaminated wastewater.
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Fig 2.10: (a) Detection ability of Cr (V1) in various water samples (b) Radical decline in

fluorescence intensity of sensor in waste water collected from tannery

2.4 SUMMARY

This experimental work provided a strategy to employ a biocompatible matrix tailored
with nitrogenous carbon dots for rendering additional features of fluorescence. The
characterizations of the nanomaterial via X-ray crystallography and elemental
analysis by FTIR confirmed the successful synthesis of the nanomaterial. This nano
complex exhibited its functionality as a sensor material by virtue of its efficiency in
detecting the presence of hexavalent heavy metal chromium (VI) in water. The
sensitivity of the sensor material does not get hindered when exposed to variable
parameters of temperature, pH and time and all throughout, has been seen to show
adequate stability. The mechanism of sensing can be attributed to the photoinduced

electron transfer.

Additionally, it was seen that at a higher concentration of Cr (VI), the phenomenon of
the Inner filter effect had been seen to bring about quenching, as evident from the
Stern-Volmer plot. The sensor capability of the material was tested against real-life
water samples collected from a tannery industry, and marked sensitivity was
achieved. Thus, this nanomaterial is seen as a potent nano-sensor, whose effectivity in

the biological cells will be elucidated in the next chapter.
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CHAPTER 3

3.1 OVERVIEW

Iron nanoparticles and their various forms have long been in vogue for their
widespread applications in various avenues of science, right from heavy metals
remediation [1-3] organic dye removal [4-7], electrical and magnetic properties [8-10]
to their various sensing applications [11-13]. Besides, iron nanoparticles are valued
for their excellent biocompatibility and their role encompasses the various fields of
medical research right from tissue imaging, drug targeting, magnetic theranostics to
list a few. [14-19]. The use of iron nanoparticles for biosensing is well established and
there has been a lot of experimental work regarding the same and owing to the small
size regime, iron nanoparticles conjugated with fluorescent probes are pretty much
being utilized for sensing in biological cells. The fluorescent probes that have gained
prominence for biosensing are mostly prepared through surface functionalization
using semi-conductor nanoparticles, fluorescent materials, and polymer coatings [20-
23]. As a matter of fact, an ideal fluorescent nanoprobe should be safe for its use in
the biological system and the organic dyes and semi-conductor nanomaterials acting
as fluorophores render much toxicity and lack stability due to poor solubility in
aqueous systems, mostly due to the presence of hydrophobic groups that many
organic dyes possess. [24-26]. So, there have been many advancements in the choice
of the fluorescent probes [ 27-29].

The use of carbon dots has acquired considerable momentum in recent times for their
safer use in biological systems. In comparison to traditional cadmium and lead
quantum dots, carbon dots have acquired widespread popularity due to their
dispersibility, almost zero toxicity and marked conductivity and tunable
photoluminescent properties sourced from quantum confinement effects [30]. Less
than 10nm in diameter, the photoluminescence in carbon dots is mainly due to the
dominance of sp3 hybridizations in the amorphous core form that contains small
domains of sp2 hybridized carbon [32,33]. Carbon dots, besides their biomedical and
bioimaging applications, are finding their relevance in a number of important
biological interactions in living cells [34-36]. The use of hetero atoms in synthesizing

carbon dots as discussed in Chapter 2 changes the sensing properties of the carbon
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dots. It has been found that doping with nitrogen the PL properties drastically alters,
which has been attributed to the existence of five electrons in its valence shell [37].

As mentioned earlier, having all the qualities of an ideal sensor, the major conundrum
that leads to its instability is its aggregation at high concentration due to an inner filter
effect which subsequently causes a reduction in the quantum yield of the carbon dots,
thus hampering its sensing capability [38,39]. Thus, the choice of the matrix to avoid
aggregation forms a very important factor in reducing agglomeration. Since the
preceding chapter has already discussed the usefulness of the goethite matrix, further
introduction of this nanomaterial would seem like an exaggeration. But to add to the
existing knowledge, the choice of this matrix will provide an additional benefit while
performing the biosensing application. Oxides like sulphates of iron, like Fe3O,4 like
ferrous sulphate, are already in prevalence for their use in drug carriers and other
applications due to the leakage of iron, and also, these ions in high dosage cause
various side effects such as oxidative stress, inflammation and subsequently cell death
[40, 41] while FeOOH nanoparticles are been used as iron supplements and are used

to treat several haematological parameters [ 42-44].

So, the same matrix that was used by our group to sense the presence of hexavalent
chromium (V1) is now being tested for its additional efficacy in sensing chromium in
living cells. Heavy metal detection in living cells rests on the fact of their interactions
with several important biological components present inside the cell. Chromate
compounds have serious deleterious effects when they enter the cell. These
compounds pose cytotoxic and genotoxic effects when they interact with several
biomolecules inside the cell. Considered a nephrotoxic compound, Cr (VI) triggers
DNA double strand breaks which majorly leads to apoptosis inside the cell via
production of intracellular reactive oxygen species (ROS), and alters gene expression

by changing histone modification with subsequent miRNA expression [45-47].

Due to the structural similarity, entry of hexavalent chromium into the cell interior via
the sulphate ion transporters [ 48,49]. Cr (VI) undergoes reduction to its lower
intermediates like Cr (V), Cr (IV) and Cr (Ill) by interacting with a number of
antioxidants present in the cell like cysteine, ascorbic acid, glutathione, flavoenzymes,
cytochrome b5 and cytochrome P450 [50-56]. Such activity culminates in the
formation of cancer, the path of which can be traced by probing it with powerful

biosensors [57].

Page | 62



Chapter 3 Biosensing Potential ... Living Cells

Thus, the performance of the C-dot decorated a-FeOOH sensor is judged by its
efficacy using fluorescent microscopy techniques using human cervical cancer cells,
HeLa cells. Further, a theoretical model for binding of the sensor with the

haemoproteins is confirmed through molecular docking techniques.

3.2METHODOLOGY

3.2.1 Materials Required

Human Cervical Cell Lines (HelLa) were bought from National Centre for Cell
Science (NCCS Pune, India), Dulbecco Modified Eagle’s Medium (DMEM), Fetal
bovine serum was brought from Thermo Fischer Scientific, Waltham, MA, USA,
Phosphate Buffer Saline (PBS) was bought from Hi Media, Pvt Ltd, India. The
reagents and solvents used entirely in the experiment are of pure analytical grade and
were used without further purification. Pure Millipore water having a resistivity of

~18.2MQ-cm was used for performing the experiment.
3.2.2 In vitro sensing and molecular docking experiment

The HeLa cells were cultured in DMEM medium, which was further treated with
Foetal Bovine Serum of a concentration of 5% and was kept in an incubator at 37°C
for 24hrs in a 5% CO, atmosphere. Following incubation, these cells are taken out and
subjected to rounds of washing with 1X PBS buffer to dilute the cells and prevent
them from getting ruptured due to osmosis. The medium in which the cells were
cultured had been constantly changed to avoid nutrient depletion and to maintain
confluent growth and the incubation step was repeated again at 5% CO; at 37° C in

the cell culture incubator.

The cells for the experiment were divided into two equal aliquots and were named IA
and 1B and accordingly, the sensor material, FCD, was added to the culture plates and
was kept at 37° C for incubation at the already mentioned optimum conditions
overnight. The next day, the samples were treated with 50uM Cr (VI) solution and
were kept at incubation conditions for 2hrs. After that, the samples were checked for

any alteration in fluorescence with the help of fluorescent microscopy.

Besides, the intra-cellular biosensing mechanism of the FCD probe was assessed
using the molecular docking technique. This technique will hint at the early-stage

cancer detection ability of the sensor material. The interaction between the sensitizing
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probe and the cellular metabolic proteins cyt b5 and P450, is being theoretically
judged with the help of this docking study. With the help of Autodock Tools v.1.5.6,
the protein and the C dot decorated a-FeOOH ligand molecule is prepared. For
performing, certain modifications were made in which the water molecules are

deleted and the addition of the hydrogen bonds and the Kollman charges were made.

3.3 RESULTS AND DISCUSSIONS

Fig 3.1 reveals the sensor-treated material gives out blue fluorescent emission when
subjected to UV radiation. This indicates that sensor material has successfully been
integrated into the treated HelLa cells. However, with the addition of Cr (VI), the
fluorescent intensity is seen to get quenched, which hints that the interaction of the

cell with the fluorescent probe and its subsequent attachment with the hexavalent Cr
(V1) ion.

Bright Field Image Fluorescence Image  Merged Image

Fluorescent cells

oY ®

f‘\

Cells + FCD

Cells+ FCD + Cr (VI)

Fig 3.1: Biosensing images of sensor treated and non-treated HeLa cells. (a) and (d) are bright
field images (b) and (c) shows fluorescent He la cells where quenching takes place (e) and (f)
after Cr (V1) addition.

The result of the binding affinities of the sensitized probe with that of the two
different flavoproteins cyt bs and cyt P450. In total there had been nine poses obtained
out of which the ones having lowest binding energies are chosen. It has been observed
that the glycine amino acid present in cyt b5 by virtue of C=0 and N-H bonds with

the -OH groups of the synthesized sensor material (Fig 3.2). In addition, significant
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binding affinity between tyrosine present in the enzyme molecule and the sensor is
established which is evident from the binding affinity which was found to be -
7.8kcal/mol.

The ligand protein binding was also exhibited while performing docking studies of cyt
P450 with the sensor material. As shown in Fig 3.2, it is observed that the terminal
nitrogen group in the sensor binds to the carboxyl group of threonine and alanine
moiety present in the protein cyt P450 via weak hydrogen bonding and the binding
affinity for these two amino acids with the sensor was found to be -8.0kcal/mol.

(a) (b)

e

a1
§h2213(e\)
3: Phe304(A)

ki Ala305(A)
SKCA

Fig 3.2: Binding of the fluorometric sensor with respective amino acids in cyt b5 (a) and (b)
and cyt P450 (c) and (d) is shown
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3.4 SUMMARY

This thesis aims at creating nanomaterials for their applications in waste material
remediation and also in elucidating their biological activities for being a
multifunctional nanomaterial to be harnessed both in industrial as well as in medicinal
fields. The successful synthesis of the nanoprobe prepared through facile
hydrothermal technique is efficient not only as a waste water sensing device to trace
out heavy metal Cr (VI) contaminant, but at the same time, by utilizing its already
established biocompatible property, it was substantiated that the sensor material can
be used for a stable “On -Off “biosensor device to be used in early- stage cancer
detection. The binding affinity of the nanoprobe with the cellular proteins was
assessed using molecular docking. Thus, this infers that the sensing probe can have

bimodal functions of being utilised both as a chemo sensor as well as a biosensor.
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CHAPTER 4

4.1 OVERVIEW

In recent years, d- block transitional metal chalcogenides have gained wider
prominence owing to their promising and novel attributes due to their unique
properties having shape morphology, compositional and crystalline varieties. Of the
various p-type semiconductors known as CuS, a metal chalcogenide has been shown
to possess a number of properties encompassing its applications from industry to
pharmaceutical fields.

Industrial dyes and organic compounds like phenol are being used indecisively in
modern life for a variety of applications [1-3]. The dyes of industrial uses are seen to
be toxic, non-biodegradable and can’t be degraded by direct sunlight [4] and posing
threat to the flora and fauna being exposed to such organic chemicals. The
photodegradation of such organic compounds in the presence of photocatalysts can to
some extent mitigate the crisis of water pollution. Nitrophenol and phenol are one of
those organic pollutants which pose vital threat as they are been extensively used in
the pharmaceutical, printing and painting industries [5, 6]. pNP is produced as a
byproduct of the production of pesticides, herbicides and synthetic dyes [7].
Photocatalysis is a cost-effective method in photodegradation of organic degradation

by chemical oxidation, ozonation [8].

Till recent times, a number of methods have been employed for the successful
synthesis of CuS nanoparticles by a number of chemical routes like hydrothermal [9,
10] sol- gel [11, 12], chemical precipitation [13, 14], microwave irradiation [15, 16],
chemical vapour deposition [17, 18]. The said methods are robust and the materials
used are mostly harsh chemicals and lack traits of biocompatibility. Herein we report
a cost-effective low temperature driven colloidal synthetic route of CuS nanoparticles

using biocompatible block polymer Pluronic F127.

For use in biological systems, the cardinal point that has to be addressed in the
synthesis of nanomaterials is its surface functionalization. The surface

functionalization using polymers, ionic and non- ionic detergents further restrict the
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disadvantage of aggregations. A wise choice of biocompatible surface
functionalization should be made thus for the successful synthesis of the
nanomaterials. Of recent advancement, block copolymers have gained profound
importance for this particular parameter. Apart from the conventional use of
biodegradable homopolymers like starch [19,20] gelatin [21,22] PVA [23,24], PVP
[25] PEI [26,27] Block copolymers can act as intriguing alternatives as they allow
the use of combinations of various chemical structures without macroscopic phase
segregation[28-31] along with additional advantages of increased crystallization [32]
and its subsequent applications in stabilization of the nanoparticles by self-assembly
and attending myriad of important morphological structures [33,34]. The
fundamental idea behind block copolymer-based techniques is that functional groups
in one polymer block provide a guided site for the nucleation and development of
particles, while the other block functions as a capping ligand to prevent the
nanoparticles from aggregating as well the altering the morphological details by
adjusting the molecular weight of the polymer used in the block [35] that often
employs a hydrophilic and hydrophobic core that stabilizes to form a micellar
structure [36,37]. Furthermore, because of varied changes in environmental factors
such as changes in solvent properties, concentration, pH fluctuations, and temperature
changes, linear block copolymer micelles' sizes and forms are dynamically stable and

may deform or entirely disassemble [38].

4.1.1 CuS nanoparticles to CuS nanocatalyst: An apt candidate for catalytic

reduction of organic pollutant p-nitrophenol

Of all the organic pollutants and dyes, para nitrophenol (pNP) is most widely used in
fungicide [39,40], in the preparation of the well- known insecticide parathion and
paraoxon [41,42] and in leather industries as a fungicide [43] and in various other
industrial applications. pNP is a derivative of phenol and is highly a skin irritant and
can cause extreme levels of water contamination when the influx in water occurs at a
concentration of 37.3mg/l [44]. Erstwhile reports about various nitroaromatic rings
have thrown much light regarding their genotoxic potential for their propensity of
getting converted to arylhydroxy amines or to esters of hydroxyamine via reduction,
and this hints at pNP also as the cellular DNA contains nucleophilic centres as in the
guanine residues which are a bull’s eye for electrophiles like nitrogen atoms

predominant in the pNP ring [45]. Besides, pNP is also reported to be one of the
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vicious endocrine disrupting agents interacting with various androgen and estrogen

receptors and typically binds with androgen co-regulators like FK1 [46].

Thus, it necessitates the search for agents that will either degrade the anthropogenic
contaminant or may transform it into a comparatively less toxic product.
Photocatalysis is already in vogue for such a phenomenon and the source of light and
choice of catalyst have thus become two cardinal factors in meeting such a mammoth
challenge. Encompassing right from natural solar light, other visible sources like
mercury lamps, halogen lamps and Ultraviolet radiation- the method to degrade the
pollutant becomes not just time - consuming but uneconomical. Solar light, though
natural, is discrete and discontinuous and degradation ventures will depend largely on
the intensity of the solar irradiation. Secondly, the choice of a number of different
commercially available catalysts is being used for the possible remediation of the
carcinogen. In an approach to convert a contaminant from one particular product to
the other there has been the development of Advanced Oxidation Processes (AOPS)
which completely degrades or destroys the pollutant [47-49]. In this process of
heterogeneous catalysis keeping various adsorbents at bay that serves to work via
adsorption, a number of transitional metals are recruited to effectively carry out the
function. Moreover, oxides and chalcogenides, by virtue of their band gap under the
action of sources of light energy, bring about a series of either oxidation or reduction
reactions. Here, an electron hole gets generated when the photonic energy is received
when an electron from the valence band gets transferred to the conduction band,

initiating a redox reaction [50].

Keeping in mind the above drawbacks of using an external source of light to initiate a
catalytic reaction, a reduction process is being carried out using sodium borohydride
(NaBH,4) which triggers the reaction at room temperature by liberating out H, gas
which aids in the reduction reaction [51] and consequently it converts the genotoxic
pNP into Para aminophenol (pAP) that has wider applications in the field of sensing

and pharmaceutical industries [52, 53].
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4.2 METHODOLOGY
4.2.1Materials Required

Block Copolymer Pluronic F127 was purchased from Sigma Aldrich, Copper
Chloride dihydrate (CuCl,. 2H,0), Sodium Sulphide (Na,S), Sodium Borohydride
(NaBH,) and Para Nitrophenol (pNP), was obtained from Merck India. The reagents
are all of analytical grade and were used throughout the experiment without any
further purification. Millipore water (resistivity ~ 18.2 MQ-cm) was used throughout

the experiment.
4.2.2 Preparation of CuS nanopatrticles

Colloidal CuS was synthesized via the reflux condensation method using the
biocompatible copolymer Pluronic F127. The colloidal solution was prepared by
adding 20ml of 0.1ml CuCl; to previously prepared 60ml of 1% block copolymer
solution. The entire solution was heated at 70°C for lhr in a reflux condenser kept in
an oil bath. After that, slow addition of the same volume of 0.1ml Na,S solution was
added and reflux was continued by further stirring a magnetic stirrer for 2hrs. A
subsequent colour change was noticed from blue to brown and ultimately green sol.
The resulting colloidal solution was centrifuged at 18,000rpm and washed repeatedly
with deionized water to remove excess impurities and the resulting greenish black
precipitate was dried at 60°C and grounded in a pestle mortar to obtain fine powder.

About 1000mg of the powdered sample was obtained from this batch synthesis.
4.2.3 Characterizations of synthesized Pluronic F-127 Capped CuS NP:

The formation of the chalcogenide nanomaterial was determined through X-ray
crystallography, the percentage distribution of the nanoparticles was judged through
Dynamic Light Scattering (DLS), the presence of different functional groups was
determined via Fluorescence spectroscopy (FTIR) measurements, the optical
characterizations as well as the degradation of organic compounds was assessed
through UV- Visible spectrophotometry. The morphological structure and the average
size of the nanomaterial were confirmed through scanning electron microscopy
(SEM) and Transmission electron microscopy (TEM) techniques. Dynamic light
Scattering was performed using Nano ZS Zetasizer, Nanoseies Malvern.
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4.2.4 Catalytic reduction of pNP to pAP

For successfully carrying out the reduction of pNP in a quartz cuvette to a 150 pL of
15mg/mL of pNP solution, about 100 pL of freshly prepared NaBH, solution at a
concentration of 0.1M solution was added dropwise that contains 2.5ml of Millipore
water. To initiate the reduction process, CuS nanoparticles at a concentration of
0.5mg were added to initiate the reaction. The variation of different concentrations of
catalyst (0.5mg/ml, 1mg/ml, and 2mg/ml) was monitored at a fixed pNP concentration

of 50mg/ml. The entire reaction was conducted at room temperature.

The intensity of the reaction was monitored through UV-Vis spectrophotometer for
the conversion of pNP to pAP. The conversion percentage was measured using the

formula:
% of Degradation = (1- C/Cy) x 100.... eq (4.1)

Where C, is the initial intensity of absorption of pNP and C is the intensity of

absorption of pNP at varying intervals of time.

4.3 RESULTS & DISCUSSIONS
4.3.1 Material Characterization and Morphological Analyses

The successful synthesis of the chalcogenide nanomaterial and its subsequent
crystallinity and phase determination was confirmed through X-ray diffraction
measurements. The X-ray diffraction pattern in Fig 4.1 showed the major diffraction
peaks at 27.85°, 29.51°, 32.17°, 48.07° corresponding to the lattice peaks (101), (102),
(006) and (110) which matches with the JCPDS 06-0464 [54] and confirms well
indexed and perfect hexagonal covellite nature of CuS nanoparticles. The smaller
deflections as shown in the table can be assumed due to the presence of block

copolymer functionalization.
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Fig 4.1: XRD spectrum of the synthesized CuS nanoparticles with reference to JCPDS 06-
0464 [54]

However, the tentative reaction mechanism as speculated from earlier reports can be
deduced as Na,S is used as a sulphur source. It can be understood that the Na,S
undergoes dissociation between Na+ and S,- which at once react with the copper ions
present as Cu2+ released from Copper Chloride salt (CuCl,. 2H,0) to form CuS
nanoparticles [55]. This eventually leads to a mixture of nanoplates and complex
microstructures [56]. Na,S being water soluble and used in a 1:1 ratio with and
Pluronic F-127 being used as a stabilizer, Na,S forms a micelle droplet with CuCl,

[57]. The reaction can be presumed as:

Cu®" + Pluronic F-127 — [Cu-Pluronic F127]* .... eq (4.2)
Na,S— Na' +S%....eq (4.3)
[Cu-Pluronic F127]*" + S — CuS .... eq (4.4)

Raman spectroscopy of the nanomaterial was carried out that showed a sharp peak at
468cm™ which corroborates with earlier literature reports that point out the fact that
the peak arises due to the stretching vibrations of the S-S stretching arising due to the
sulphide released out of Na,S and a feeble band at 263cm™ was due to the A;TO
stretching mode [58] conspicuous that can be assumed due to the surface

functionalization of the Pluronic F-127.
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Fig: 4.2: The Raman spectroscopy of the synthesized CuS nanoparticle

The surface morphology of the synthesized nanoparticles was ascertained using
FESEM. The nanoparticles show the aggregated nature, most of which are mostly
spherical form and range in nano regime and further the tentative size of the
nanoparticle was judged through TEM which was found in the range of 10nm when
viewed with a JEOL-JEM 2010 Transmission electron microscope when the sample

was fixed at a carbon-coated copper grid material.

Fig 4.3: a) and b) FESEM photographs of the synthesized CuS nanoparticle; c) and d) TEM and
HRTEM micrographs showing the particles are in nano-regime.
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The elemental composition of the synthesized nanomaterial was judged through
EDAX analysis and the individual atomic percentage of copper was found to be
58.46% whereas the atomic concentration of sulphur was found to be 41.54%. The
average hydrodynamic size of the CuS nanomaterial established through Dynamic
Light Scattering (DLS) results is revealed to be centring around 7.84 nm.
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Fig 4.4: a) The EDAX spectrum of the CuS nanoparticles b) Average distribution of CuS
nanoparticles as depicted by the Dynamic Light Scattering

4.3.2 Optical Quality Assessment:

The synthesized nanoparticle is primarily aimed at studying the degradation of an
organic compound. With this target, the optical quality of the synthesized nanoparticle
was recorded using an UV-Vis Spectrophotometer. The spectrum revealed that the
synthesized nanomaterial has a small discernible hump between 400-500nm that
corroborates with the earlier reports that the CuS nanostructures absorb the
wavelength of ultraviolet radiation and consequently the atoms constituting the
nanoparticle reach the excitation state [59] while a strong absorption peak was
observed at >800nm at the infrared region, which is a typical characteristic of the
covellite nature of the CuS nanoparticle. This absorption at greater wavelength is
explained by the fact that as the size of the particle gets diminished, the wavelength
gets increased, a phenomenon associated with the free electron carriers that undergo
considerable scattering effect [60]. Moreover, as reported in earlier texts, the presence
of the free electron carriers in metal systems exhibits surface plasmon resonance

(SPR) peak [61]. Thus, this phenomenon of absorption at both the visible as well as in
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the infrared region makes CuS nanoparticles an excellent candidate for dye

degradation and reduction applications.
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Fig 4.5: a) The UV-Vis spectroscopy and the b) Tauc plot determining the optical band gap of

the CuS nanomaterial

The Tauc plot for estimating the band gap of the synthesized semi-conductor
nanomaterial was done with photon energy vs a plot of (ahv), . The calculated direct
band gap was found to be 1.98eV. This narrow band gap obtained makes the

nanomaterial an efficient candidate for subsequent catalytic reaction.
4.3.3 Reduction of pNP to pAP

pPNP when dissolved in water has an absorbance maximum of 317nm. Upon addition
of NaBHy, there is generation of p nitrophenolate ion and that shifts the absorbance
spectra upon deprotonation. This is brought about by a change in pH of the solution
and the absorbance peak gets a bathochromic shift to 400nm [62, 63] a characteristic
of the p-nitrophenolate ion with a concomitant deep yellow colouration of this
nitrophenolate ion. The addition of only NaBH, to the pNP solution was made and no
reduction in the peak was observed when monitored for 30mins hereby proving that
the reduction process is a catalytic dependant reaction. Subsequently the addition of
the nano-catalyst caused a reduction in the intensity of the 400nm peak and the
emergence of a new peak at 295nm, a characteristic attributed to the formation of pAP
formation by 15mins there is almost 97% reduction of the pNP as shown in Fig 4.6 a.
The kinetics of the reaction was seen to follow a pseudo first-order reaction using the

following equation:

In (C/Co)=kKt ......eq (4.5)
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Fig 4.6: a) Catalytic reduction of pNP to pAP within 15 mins after addition of the
nano-catalyst, a decrease in the absorbance peak at 400nm was observed with
subsequent addition of the catalyst; b) Absorption kinetics of the nanoparticles

depicting the pseudo first order reaction

Where C; indicates the concentration of pNP at a given time t, Cy denotes the
concentration at time 0, i.e when no catalyst was added and the rate constant was
given by k which is a reciprocal of t. The value of k can be obtained by the decrease
in the intensity of the 400nm peak of the phenolate ion over time. The pseudo first-
order reaction kinetics showed that the rate constant k of the reaction is 238x10 min
(Fig 4.6b).

OH OH

NaBH4

NO> NH>

Fig 4.7: Structural representation of conversion of p Nitrophenol (pNP) to p- Aminophenol
(pAP) under the action of NaBH, (Structural presentation was drawn through ChemDraw

Software)
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4.3.4 Effect of varying concentration of the pNP, catalyst and pH:

The evaluation of the rate constants was also observed at a fixed lowest nano-catalyst
concentration of 0.5mg and a varying concentration of pNP (15g/ml, 25mg/ml,
50mg/ml). It was observed the rate of reduction decreased with increased
concentration of pNP. The plausible explanation for such a phenomenon can be given
by the explanation that the active site of the catalyst gets occupied with the increase in
the concentration of the pNP molecule [64] [ Fig 4.7 a)]. The rate constants are all

depicted in Table 4.1
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Fig 4.8: a) Kinetics for the reduction of pNP with increasing dye concentration at a fixed
concentration of the nano-catalyst, b) Kinetics at a fixed concentration of dye at varying
concentration of the nano-catalyst ¢) The percentage of degradation was observed at different

pH ranges that shows that stability of CuS nanoparticles to perform at different pH conditions

On the contrary by increasing the concentration of the nano catalyst (0.5mg-2mg) and
keeping the highest concentration of the pNP (50mg/mL), the rate of reduction as
depicted from the dye degradation increases as the accessible nanoparticle catalytic
sites becomes exposed for the interaction of dye molecules with more surface to
volume ratio of the nanoparticles [65] and hence enhanced rate of degradation was

observed which is shown in Fig 4.7 b.

The stability of the nanoparticles to perform as a catalyst was tested under different
conditions of pH. At a constant pNP concentration of 156mg/ml it was seen that the
nanoparticles work best at an alkaline pH (Fig 4.7 c). Previous reports have hinted,
about this phenomenon, that the deprotonation of the pNP is reduced when the pH of

the medium is increased above pH 10 [66].
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Table 4.1: pNP degradation and rate constants at varying conditions

a) Varying concentration of pNP

Concentration Rate Constant(k)
(mg/ml) (min™)
15 238 x 107
25 185x 107
50 7.54x 107

b) Varying concentration of the catalyst

Concentration (mg) Rate Constant (k)
(min’")
0.5 7.54 x107
1 38.47x10°
2 115x 10°?

4.3.5 Possible Reaction Mechanism:

The putative reaction mechanism of the reduction process can be explained through
the Langmuir Hinshelwood model. The NaBH, acts as a hydrogen source and
participates in the process of transferring the hydrogen to pNP and thereby converting
it into a para- nitrophenolate ion. There occurs. The BH, ion serves as an electron
donor where it transfers electrons to pNP. The CuS nano-catalyst has on its surface
the absorbed [67]. It is seen that the catalytic action is best at low pH values, the BH,4
ions are negatively charged and it gets adsorbed on the surface of the nano-catalyst.
The porous structure of the CuS nanoparticles further facilitates the transfer of
electrons that readily aids in the formation of p amino phenol (pAP) from pNP.
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4.3.6 Recyclability of the nano-catalyst:

Recyclability counts as one of the most important parameters to judge the efficacy of
the nanoparticle in performing the catalytic reaction. Our synthesized nanomaterial
was tested for its catalytic stability. After one round of catalytic action, the
nanomaterial was separated out of the reaction mixture, washed thoroughly with
Millipore water and was centrifuged at about 8,000rpm to remove residual impurities
and then dried in vacuum. After drying in vacuum, the sample was further pestled and
mortared and then a second round of catalytic performance was done. There was no
significant change in catalytic efficiency observed and it was about 80 %, but in the
3rd and 4th cycles the reduction efficiency was 76% and 72% respectively, as
depicted in Fig 4. This gradual decrease can be explained by the fact that some
reduced product of the contaminant has blocked the catalytic sites of the

nanomaterial, yet even after this, much of the catalytic efficiency has been retained.

80

0 | I | l
1 2 3 4

Number of cycle

% of Reduction
s =
i T

[
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Fig 4.9: Recyclability of the Pluronic F127 capped CuS nanocatalyst against
pNP after 4 cycles.

4.4 SUMMARY:

This experimental work deals with the synthesis of a biocompatible block copolymer-
based chalcogenide nanoparticle via low temperature reflux condensation method.
The characterization of the synthesized nanomaterial with the help of X-ray
Crystallography, Raman Spectroscopy and morphology analysis via SEM and TEM
has been successful in establishing the successful synthesis of the nanomaterial. The

polymer-based nanomaterial has been harnessed in the process of catalytic reduction
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of an organic pollutant pNP. A spectrophotometric monitoring of its reduction was
observed that the nanomaterial is efficient enough in reducing anthropogenic
carcinogens, thereby proving itself to have a significant candidate in water
remediation strategies. Though earlier reports have thrown a lot of light regarding the
potential of the nanomaterial in reducing the mentioned, contaminant, this work
mainly focus on the multifaceted ability of the nanomaterial where the synthesis has
been via use of cheap and harmless precursors at low temperatures and also the
functionalization of a biocompatible polymer will further facilitate its use in
biological applications which will be discussed in the next chapter.
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CHAPTER 3)

5.1 OVERVIEW:

Nanoparticles are almost always abundant in their applications in the field of
biological sciences. From their omnipresence in the field of being potent
antimicrobials and drugs in cancer cell remediation semiconductor nanoparticles have
made their significant contributions in pharmaceutical industries. Due to the
persistence of high multidrug resistance, there is a search of new antimicrobials to
meet the conundrum of the resistance. Antibiotics in vogue are currently target three
cardinal “bull’s eye” related to the bacterial growth - cell wall synthesis, interfering
with enzymes of translation and DNA replication. But a matter of fact fatefully none
of them can efficiently carry out the function as resistance pattern further resurrect
[1]. Nanoparticles because of their large surface to volume ratio has now been chosen
as a drug by researchers as there is close immediate contact of bacterial cell wall to
that of the nanoparticles without having the need for it to enter into the cell’s interior
[1]. Of late, an array of transition metals has been utilized in the form of their oxides
and sulphides that are used for antimicrobial activity as well as for drug delivery

applications [2-4].

Transition metal chalcogenides in contrast to their oxide counterparts have a low band
gap by virtue of the sulphide anion having larger radius and their well dispersed 3p
orbits. This desirable band energy forms a Trojan horse in its application for
photodynamic damage to bacteria [5]. Copper is used as a nutritional supplement [6]
in diet, besides copper nanoparticles have wide gained popularity for their vast arena
of biological applications [7-10]. Thus, the green covellite form of CuS nanoparticles are
long been a preferable choice as antimicrobial agent unlike cadmium sulphide (CdS)
of their low toxicity. Additionally, its absorption in the near infrared region CuS
nanoparticles form good candidates in photothermal ablation of tumor cells [11]. In
the previous chapter, we have seen the performance of the synthesized nanomaterial
as a catalyst against waste water remediation from organic phenol derivatives. The
nanoparticle is also been judged for its used in filtration purpose by testing against a

Gram- negative faecal coliform, Escherichia coli (E. coli) and a notorious biofilm
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forming Gram positive bacteria Staphylococcus aureus (S.aureus). The nanoparticle
potency against the latter one may further augment its application in topical purpose
and wound healing as an alternative to noble nanoparticles like silver and gold
[12,13].

With this knowledge there also begins a hunt for exploring antioxidants so that from
performing as a good antimicrobial the nanodrug can also behave as a good
antioxidant. Before delving into the details of the antioxidant nature of the
nanoparticles a brief overview is required about the free radical prevalence arising out
of metabolism. Cytochrome oxidase forms the terminal electron acceptor in the
electron transport chain where it readily transports the reducing equivalents produced
during aerobic oxidation for successful electron transport chain to function with the
concomitant production of energy in the form of ATP. In the course of such a reaction
an electron is been accepted by the oxygen that should get accepted by an electron
carrier in the transport chain, the iron-sulphur centers being the central position for

such a catastrophe resulting in the production of a free radical of oxygen (O;") [14].

Out of cellular respiration the highly reactive endogenous species that are produced in

the body are reactive oxygen species (ROS) like hydroxyl radicals (OH"), hydrogen
peroxide (H,O,) and several reactive nitrogen species (RNS) (NOy) like nitric oxide

radical (NO’), nitrogen dioxide radical (NO,) [15]. The generation of these free
radicals that takes place in the body of the organism may initially augment cellular
ageing [16,17] and consequently may lead to serious consequences like neuro-

degenerative disorders [ 18,19] culminating in cancer [20].

To combat these oxidative challenges inside the cells a number of antioxidants are
available which are in taken in the form of food materials and supplements that
protects the cells against lipid peroxidation [21,22]. These antioxidants may trigger in
the generation of certain cell signalling pathways or releases enzymes that degrades
the production of ROS [23]. For the annihilation of different abnormalities inside the
cells an alternative of medicines in the form of nanodrugs has been formulated [24]. A
wide array of nanoparticles besides there antimicrobial and anticancer activities as
now been harnessed for their broader application as antioxidants. Noble nanomaterials

like gold, silver and platinum are been utilized for their use as antioxidants [25, 26].
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Our quest in designing a nanodrug that will have multifaceted properties with
ancillary properties of biocompatibility is being accomplished by fabricating the CuS
nanoparticles with Pluronic F- 127 block copolymer. Pluronics block copolymers are
used invariably for their biocompatibility and moreover to mitigate the drawbacks of
insolubility of hydrophobic drugs [ 27]. The Pluronic coated CuS nanoparticles is thus
being assessed for scavenging free radicals using 1,1,Diphenyl 2picrylhydrazyl
(DPPH).

Lastly in vitro investigations of the cytocompatibility of the nanoparticles for its use
in the living system was evaluated through haemolytic prevention assay. The percent
haemolysis will provide information about the toxicity profile of the nanoparticles but
also will give an idea about the extent of the concentrations of the nanoparticle to be

used for the above biological applications.

5.2 METHODOLOGY
5.2.1 Materials Required:

Luria- Bertani (LB) media, anhydrous Dextrose ,L-Ascorbic acid, Tris Base, Sodium
Chloride (NaCl), Potassium Chloride (KCI) and Magnesium sulphate (MgSO,4) was
purchased from HiMedia Pvt Ltd, Na-citrate, Citric Acid and 1,1,Diphenyl
2picrylhydrazyl (DPPH) was purchased from Sigma- Aldrich, absolute ethanol
(99.9%) was purchased from Merck Germany, Triton X-100 was purchased from
Sigma Aldrich, for the preparation of phosphate Buffer saline (PBS) [ prepared using
disodium hydrogen phosphate (Na;HPO,) and sodium dihydrogen phosphate
(NaH,PQO,4) was purchased from Merck Germany] bacterial strains used for the
investigation of antimicrobial testing were E. coli (ATCC 25922) and Staphylococcus
aureus (ATCC 25923). The reagents that were used for the assessing the different
biological aspects of the block copolymer capped nanoparticle was thoroughly used of
analytical grade. The entire biological experiments were performed using Millipore
water of resistivity ~18.2 MQ-cm. For to maintain aseptic conditions throughout the
experiment in case of antimicrobial experiments, glass apparatus including water was

autoclaved.
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5.2.2 Preparation of starting stock solutions and buffers for biological

experimentations:
a) Preparation of PBS saline:

Phosphate Buffer Saline (PBS) being a physiological buffer needs to be prepared for
to maintain a stable pH and to aid to carry out different biological experiments. A
PBS buffer at a pH of 7.4 was prepared for cytocompatibility testing of the

nanoparticles against erythrocytes.

For this 35.6g Na,HPO, (0.2M) was dissolved in 500mL water and 0.85% NaCl was
added to it and the pH was adjusted with 31.2g Na,H,PO, (0.2M) to pH 6.8, and the
final volume was then made up to 1L (it was observed that addition of NaCl changes
the pH slightly so it was added before) the solution was diluted to 1X checked for pH
(7.2-7.4) and stored at 4°C.

b) Preparation of DPPH solution

3.3mM of standard DPPH solution was prepared in absolute ethanol using a weighing

balance and kept in a coloured bottle in dark.
c) Preparation of Alsever’s Solution:

To test for the cytocompatibility of the nanoparticle’s haemolysis assay was checked
and for that Alsever’s solution is required as an anticoagulant. Alsever’s solution
besides other available anti-coagulants. Alsever’s solution is an isotonic solution and
has been routinely used for the preservation of red blood cells [28]. Alsever’s solution
is prepared with slightest modifications using 2.05% dextrose, 0.18% Na-citrate,
0.055% citric acid an 0.42% sodium chloride. About 50mL of Alsever’s solution was

prepared and was stored in the refrigerator.
5.2.3 Determination of Antimicrobial Activity of the nanoparticles

In an aim to the determine of antibacterial activity of the synthesized nanomaterial,
one Gram- negative Escherichia. coli ATCC 25922 and another Gram-positive
Staphylococcus aureus ATCC 25923 was taken. Prior the start of the experiment, all
the glass apparatus and the media were thoroughly autoclaved to ensure sterilization.
The bacterial cells were first synchronized before the beginning of the antimicrobial

assay. For that purpose, test bacteria were grown in a synchronized Luria Broth
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Medium and synchronization of the cells were done by a method proposed by
Chakraborty et al 2015 [29]. The Luria Broth medium was separately inoculated with
the said Gram positive and Gram-negative bacterial cells overnight at 37°C. The very
next day, the cells were diluted in freshly prepared LB medium and was placed in a
rotatory shaker at 37°C and growth of the culture was monitored
spectrophotometrically until the optical density (O.Dgoonm) reaches 0.2. The cells were
diluted to reach a McFarland standard of 0.5 that corresponds to about 10° cells /mL.
These cells were washed and centrifuged using 1M starvation buffer at pH 8.0
(prepared through adding KCI, NaCl, Tris Base, MgSO, and CaCl, in 1000mL of

Millipore water).

An initial stock solution of 1mg/ml CuS nanoparticle was prepared and different
concentrations of the nanomaterial starting from, 5upg/ml  15pg/ml,
25ug/ml,35ug/ml,50pug/ml and 100ug/ml for both the bacterial cultures were made.
The nanoparticles of the above varying concentrations were added to test tubes
containing 3mL of the inoculum containing synchronized broth cultures. A control
tube was also kept as a reference which only contains the respective inoculum without
the nanomaterial. The tubes containing the broth cultures with the treated and control
tubes were incubated overnight in a rotatory shaker. This was also done in an aim to
ensure proper mixing of the nanoparticle with the inoculum. The O.D value of each of
the samples were taken in triplicate to obtain the standard error. The IC 5, The viable

number of cells was counted using the formula below:
% of Viable bacterial Cells= (C-T) x 100 ... eq 5.1

where C is the mean of the control samples and T denotes the mean of the treated

samples.
5.2.4 DPPH Free Radical Scavenging Assay by CuS nanoparticles:

For antioxidant assay of the synthesized nanomaterial, DPPH an artificial free radical
has been utilized to study about the scavenging activity of the synthesized
nanomaterial. DPPH is categorized as a stable free radical due to the delocalization of
the electron throughout the molecule [30]. A purple colour is yielded when DPPH
reacts with either absolute ethanol or methanol. There will be a reduction in the purple
colour when DPPH in its oxidized gets scavenged by any polyphenols or flavonoids

or nanoparticles.
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Ascorbic acid (Vitamin C) is taken as the positive control for the DPPH free radical

scavenging assay.

N—N NO, ————— N—N NO,
axr axr
DPPH : Purple DPPH-H : Colorless

Fig 5.1: DPPH free radical reacting with antioxidants [31]

e Radical scavenging Assay of DPPH with Pluronic F127 stabilized CuS

nanoparticles

For the assay procedure Ascorbic acid was taken in a test tube and is used as a
positive control for the entire experiment following the protocol of Bhattacharya et
al 2014 with slightest modifications. Varying concentrations of the CuS
nanoparticles labelled as test samples (0.5,1mg, 3mg, 5mg, 10mg, 15mg,20mg)
were added to 3mL solution of 3.3mM DPPH containing tubes. The entire mixture
was thoroughly vortexed for 10-15secs. The tubes are then incubated at room
temperature for 30mins in the dark. Meanwhile the spectrophotometer was set up
at 517nm and the after proper incubation at the stipulated time the absorbance was

read.

The percentage scavenging activity or Inhibition ratio (%) was recorded using the

formula below:

% Scavenging Activity/ Inhibition Ratio (%) = (Absorbance of Control-Absorbance
of Test Samples/ Absorbance of Control) x 100 .... eq (5.2)

e Determination of the ICs, of the test samples

The ICso of the test samples was calculated following the method of Xiao F et al
2020[31]. A regression line was drawn using the graph plotted using inhibition ratio
against the sample concentrations. The ICs, value was determined using the

regression line plotted using the regression line equation y= ax + b where by
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substituting the value of y with 50 the unknown IC 5, concentration of the test sample

can be traced out.
5.2.5 Cytotoxicity assessment of nanoparticles by Haemolysis Assay:

The principle of haemolysis is rested on the release of haemoglobin from the damaged
mammalian erythrocyte membranes by the action of a haemolytic agent. In this
experiment to judge the efficacy of the nanoparticles to be used as an antimicrobial

agent the synthesized nanoparticles are been subjected to haemolytic assay.

The haemolysis experimental protocol was followed as reported by Bhattacharya K et
al 2014 [32]. In a typical experiment sheep blood was collected using new sterilized
syringe. To 9mL of blood sample collected in a sterilized container, 1mL of freshly
prepared Alsever’s solution was added and was thoroughly mixed to prevent
coagulation of blood. The anticoagulant containing collected blood samples were
immediately transferred into ice for storage until further use.

The blood sample was then centrifuged at 3,000 rpm for 5mins at 4°C after which the
supernatant was discarded and the cell pellet was resuspended in already prepared
PBS buffer maintained at a pH of 7.4. It was washed twice or thrice with the PBS
buffer and ultimately kept in the 30mL of the same. 100uL of nanoparticle solution of
different concentrations (500 pug/mL,1mg/mL, 2mg/mL, 5mg/mL) along with 1900uL
of erythrocyte suspension was tested for haemolytic activity. In mild shaking
condition the entire mixture was kept in a rotatory shaker at 37°C for 90 mins. For the
purpose of comparison positive and negative controls were taken by mixing
respectively the same amount of erythrocyte suspension to 5% Triton X 100 that

serves as the positive control and PBS buffer kept at a pH 7.4.

After the required incubation time the samples were again subjected to centrifugation
at 3,000rpm for 5mins which will pellet out the RBC cells. The supernatant after
being carefully separated out was used to check absorbance at 540nm in a UV Vis

Spectrophotometer using PBS buffer solution as blank.

The percentage of haemolysis or in other words the haemolytic index was calculated
by

Haem0|ySiS (%) = (AbS Test — Abs Negative Control / Abs Positive Control -- Abs Negative Control ) X
100 ...... eq (5.3) [32]
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5.3 RESULTS & DISCUSSION
5.3.1 The antimicrobial potential analyses of the synthesized nanomaterial

The antimicrobial activity of the test sample was evaluated statistically using one way
ANOVA (Post Hoc Tukey HSD) using SPSS 11 software package. The HSD test
allows us to find pairwise comparison, to be precise to have an idea about any
significant difference present within the given ANOVA data. The p value chosen is
<.05 indicates about any significant difference exists between the control samples and

the test samples.

Table 5.1 indicates the result obtained after the analysis, suggested that there is a
significant difference (p < .05.) in between the mean value of control set (C) and the
treatment set 5 ug/ml concentration of nano-particle. Further data obtained from the
analysis (compared mean between control and others treatment sets 15ug/mL,
25ug/mL, 35pg/mL, 50ug/mL, 75pug/mL and 100ug/mL) revealed that the decrease in
bacterial growth after the treatment with these subsequent concentrations of nano-
particle, suggesting the significant changes (p < .05) in the growth pattern of E.coli
ATCC 25922.

Table 5.1: p values and comparison chart of the level of significance between Control and
CuS Nanoparticle Treated Samples containing E.coli ATCC 25922

Control (C) vs Treatment | P value (taken <.05) Remarks for level of significance
Concentrations
C vs 5ug/mL P value is <.00001 The result was found significant at p<0.5
C vs 15pg/ml P value is <.00001 The result was found significant at p<0.5
C vs 25ug/ml P value is <.00001 The result was found significant at p<0.5
C vs 35pg/mi P value is <.00001 The result was found significant at p<0.5
C vs 50pg/ml P value is <.00001 The result was found significant at p<0.5
C vs 75ug/ml P value is <.00001 The result was found significant at p<0.5
C vs 100pg/ml P value is <.00001 The result was found significant at p<0.5
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Another analysis was also performed using the one-way ANOVA where two
subsequent data sets were taken into consideration. Table 5.2 gives us the idea that
that 5 ug/ml concentration of nano-material was sufficient to significantly reduce the
bacterial growth. Similarly, significant variation was also observed in case of further
treatment sets, i.e 15ug/mL, 25ug/mL, 35ug/mL,50pg/mL,75ug/mL and 100pg/mL
On the contrary, there was no significant variation observed in between 35ug/mL and
50ug/ml. This indicates that the changes in the treatment regime, particularly, after
the treatment with 35 ug/ml of nano-material was found to be insignificant decrease in
bacterial growth. This value can be rightfully chosen as the Minimum Inhibitory
Concentration (MIC) of the sample. Further the test of significance was checked up to
the concentration of 100ug/mL and the results indicate that there are no level of
significance observed in these values. The statistical values are further plotted in Fig
5.2 a) points out the cell viability pattern of the nanoparticle against E.coli ATCC
25922 whereas from Fig 5.2 b) the ICso value can be found out using intercept
equation which was found to be 24.92ug/mL that can be roughly translated to the
concentration of 25pg/mL.

Table 5.2: Comparison between different concentrations of nanoparticles treated sets
containing E.coli ATCC 25922

Comparison between P value Remarks

treatment sets

C vs 5pg/ml P-value is < 0.00001. | Result is significant at p<0.05

5ug/ml vs 15ug/ml P-value is < 0.00001. | Result is significant at p<0.05

15pg/ml vs 25ug/ml

P-value is < 0.00001.

Result is significant at p<0.05

25ug/ml vs 35ug/mi

P-value is < 0.00001.

Result is significant at p<0.05

35ug/ml vs 50ug/mi

P-value = 0.579584

Result is not significant

50pg/ml vs 75pug/ml

P-value=0.095452.

Result is not significant

75pg/ml vs 100pg/ml

P-value =0.397204

Result is not significant
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Fig 5.2 a) Cell viability of the E.Coli ATCC 25922 cells when treated with nanoparticles; b)
Determination of 1Cs, value from a scatter graph

The antimicrobial efficacy against Gram positive bacterial strain S.aureus ATCC
25923. Similar to E.coli ATCC 25922 the statistical analysis was done through one
way ANOVA Post Hoc Tukey HSD where levels of significance was determined first
through comparison with control sets and then with individual treated samples were
tested according to their increasing concentrations. The results for comparison for the
levels of significance of the control samples with the treated samples are abridged in
Table 5.3.

Table 5.3: Comparison of the p values of Control with nanoparticle treated samples
containing S.aureus ATCC 25923

Control vs Treatment | P value (taken <.05) Remarks for level of significance
Concentrations
C vs 5ug/mL P value is <.00001 Result found significant at P<0.05
C vs 15pg/ml P value is <.00001 Result found significant at P<0.05
C vs 25pg/mi P value is <.00001 Result found significant at P<0.05
C vs 35pug/ml P value is <.00001 Result found significant at P<0.05
C vs 50pg/ml P value is <.00001 Result found significant at P<0.05
C vs 75ug/mi P value is <.00001 Result found significant at P<0.05
C vs 100pg/ml P value is <.00001 Result found significant at P<0.05
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The result of synthesized nanoparticle treated S. aureus ATCC 25923 showed that
when compared with the control sample all the treated concentrations (5ug/mL,
15pug/mL, 25pg/mL,35ug/mL,50pg/mL,75ug/mL and 100ug/mL) there is a
significant difference between the control mean to that of the nanoparticle treatment
concentrations which is also evident from Fig 5.3 a). The ICs, value of the
nanomaterial against the Gram positive bacteria was obtained from Fig 5.3 b) which

was found to be 40.2 pg/mL.

Just like the Gram- negative bacteria a second set of analyses was also performed
where gradual treatment concentrations were compared against Gram positive S.
aureus. This will clearly hint at the Minimum Inhibitory Concentration (MIC) of the
synthesized sample. As depicted in Table 5.4 it was found that p value is not
significant after 75 pg/mL. Thus from the level of significance 75pug/mL was chosen
as the MIC of the CuS nanoparticles against S.aureus ATCC 25923.

Table 5.4: Comparison between nanoparticles treated sets containing S.aureus ATCC

25923

Comparison between | P value Remarks

treatment sets

C vs 5ug/ml P-value is < Result is significant at P<0.05
0.00001.

5ug/ml vs 15ug/ml P-value is < Result is significant at P<0.05
0.00001.

15pg/ml vs 25ug/mi P-value is < Result is significant at P<0.05
0.00001.

25ug/ml vs 35ug/ml | P-value is < Result is significant at P<0.05
0.00001.

35ug/ml vs 50ug/ml | P-value is < Result is significant at P<0.05
0.00001.

50pg/ml vs 75ug/ml | P-value is < Result is significant at P<0.05
0.00001.

75ug/ml vs 100 | P-value =0.331909 | Result is not found significant at P

pg/mi <0.05
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Fig 5.3 a) Plot of Cell viability of S.aureus ATCC 25923 when treated with varying
concentrations of nanomaterial; b) Determination of 1Cs, value of the nanomaterial

against the same.

e Probable mode of action of the nanoparticle with the bacteria

The suggested mechanism of action of the nanodrug with that metal nanoparticles
initially interact with the bacterial cell wall upon attachment and consequently
disrupts the cell membrane via pit formation [33,34]. The cell wall surface of both the
Gram positive and Gram- negative bacteria is also inhabited with a number of anionic
species’ Literature reports hints at the larger concentrations of nanoparticle binding
with these negatively charged species increases the repertoire of cidal activity of the

nanoparticles [35].

The justification of the MIC value of the Gram- positive bacteria being higher than
the Gram- negative bacteria found in the experimental data can be explained by the
fact that the differential inhibition arises from the discrepancies in the cell wall
thickness. The Gram-positive bacterial cell has a thick peptidoglycan layer compared
to that of a Gram-negative bacterium that is refractory to most of the bacterial targets
[33].

5.3.2 Antioxidant Activity of the nanoparticles against DPPH free radical
Pluronic F127 stabilized CuS nanoparticles when tested for the unbound DPPH free
radical scavenging assay it was found that the nanoparticle has strong antioxidant

activity. The nanoparticles were judged for their scavenging activity against Ascorbic

Acid taken as the positive control. Fig 5.4 shows that the scavenging activity between
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15-20mg of the nanoparticle. After 15mg almost there is a plateau reached and thus
no notable change is not observed.
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Fig: 5.4 Dose dependant scavenging activity of nanoparticles against DPPH

The 1Csp value of the scavenging activity was also estimated from the regression line
equation was found to be 1.356 mg shown in Fig 5.5.
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Fig 5.5: The ICs scavenging activity of Pluronic F127 capped CuS nanoparticles
against DPPH free radical
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With increasing in the concentration of the nanoparticles the purple-coloured solution
of the DPPH free radical is found to fade slowly DPPH molecule gets reduced to a

diamagnetic molecule due to pairing of the lone pair of electrons [32].
5.3.3 Evaluation of cytocompatibility through Haemolysis Assay

The toxicity of the nanoparticles assessed through haemolysis assay. The results
evaluated from Eq 5.3 indicated that the nanoparticle can be safely used up to a
concentration of 5.0mg/mL (Fig 5.6) after which there is considerable release of
haemoglobin from the erythrocytic cells since 5% haemolysis is considered as the
acceptable haemolytic index [ 36,37]. Thus, the synthesized nanomaterial can be used

safely for biological applications as an antimicrobial and as an antioxidant.
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Fig 5.6 Haemocompatibility assessment of synthesized nanoparticle by haemolysis assay

5.4 SUMMARY

This chapter focusses on further utilizing the synthesized transitional metal
chalcogenide for biological application. This apart from its catalytic nature in waste
water treatment may simultaneously broaden the opportunity of using it in treating
faecal coliforms as the nanomaterial has proved itself to be a good candidate in
inhibiting Gram negative E.coli ATCC 25922. Additionally, the synthesized
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nanoparticle can also be used as an alternative to conventional antibiotics and other

remedials. It has proved itself to be a broad- spectrum antibiotic and can be applied

topically in treating wounds as it can combat against Gram positive S.aureus ATCC

25923 which is also supported by the biocompatible nature of the nanoparticle when

tested in mammalian erythrocyte cells.
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CHAPTER 6

CONCLUSION & FUTURE PERSPECTIVES

Two global predicaments that dwell and interfere with the lives and overall well
beings of lives of masses are scarcity of pure drinking water and a new drug that will
be an alternative over the existing antibiotics that meets the shortcoming of resistance
due to their overuse. The world- wide potable drinking water crisis can be envisioned
from two point of view- Primarily various heavy metal contaminants are being
dumped into the aqueous milieu that sources out of injudicious anthropogenic
activities in turn largely out of rapid industrialization are putting a big question to
poise between civilization and its aftermath that is culminating into disastrous side-
effects afflicting not only to the human community but to other living aqueous cohorts
like phyto-planktons and zooplanktons as well. Of largely contaminating arsenic,
chromium, cadmium, mercury etc heavy metals the prime important task lies in
estimating their quantity in water and thereby the treatment for reclamation may be
devised. Thus, determining the presence of heavy metals in waste water need the
requirement of a good sensor that will give one the possible direction of fabricating a
material for its further removal. Though a huge number of sensors are available, most
of these aren’t eco-friendly and are toxic if not handled properly. So, it demands the
choice of a good biocompatible material that could be mobilized in the built of a good

sensor device for heavy metal detection.

The second major issue apart from heavy metals contamination are organic pollutants
which too harbour in the water realm posing serious threats to mankind and piscean
communities as well. The removal of organic pollutants through photocatalysis

method is one of the most efficient strategies of retrieving potable water.

In this thesis in an aim to deal with heavy metal detection in water and reducing the
organic phenol contaminants transitional metal nanoparticles in the form of iron
hydroxides and chalcogenide metal sulphide nanoparticles respectively are been
chosen. Furthermore, the biological applications in an aim to meet biocompatibility

was also assessed.
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In a nutshell a navigation to the thesis as an epilogue of the same is resonated below:

Chapter 1 is a briefing regarding water pollution, its various causes like heavy metal
pollution, organic pollutant and microorganism mediated pollution along with their
sources and a discussion on the transitional metals with the light of application of
transitional metal hydroxide nanoparticles in waste water remediation, the sources of
heavy metal contamination in the light of chromium contamination along with the
discussion of transgenic metal nanoparticles their function as chalcogenides in
degradation of organic dyes and phenol derivatives. Since all of these applications are
rested upon the proper synthesis of nanomaterial so the basic instrumentation system

for qualifying the nanoparticle has also been narrated in detail.

Chapter 2 focuses on the synthesis of a fluorometric nano-sensor via hydrothermal
method in which carbon dots are impregnated on a goethite matrix (a- FEOOH), a
transitional metal oxyhydroxide, which can be seen as an effective alternative of the
conventional fluorophores as well as other nanoprobes of abundant usage that suffer
not only from the disadvantage of solubility but also from the major violation of
biocompatibility. The synthesized nanomaterial was subjected to sensing of
hexavalent chromium, Cr (V1) in waste water after the nanomaterial was thoroughly
characterized by X-ray crystallography, FTIR, SEM, TEM. The fabricated sensor
material had a LOD of 81nM and a LOQ of 269.73nM. The nanomaterial further has
been proved to be unaffected and stable at various parameters of temperature, pH,
time. The mechanism that is responsible for such a fluorescence-based system has
been seen to be attributed by photo induced mode of electron transfer. Based on low
cost and using biocompatible materials this nano sensor can be seen to address one of

the alarming issues related to global health which is water pollution.

The central goal of Chapter 3 is to investigate the biological potential of the nano-
sensor that has been discussed in Chapter 2. The sensor apart from its ability to sense
Cr (VI) in contaminated water was equally capable in sensing early- stage cancer
detection. A theoretical model was established through molecular docking techniques
which showed the sensing device to interact with the metabolic proteins like
cytochrome b5 (cyt b5) and cytochrome P450 (cyt P450) of the cell. The synthesized
nanomaterial thus has dual functions of performing both as a nano chemo-sensor as

well as a nano bio-sensor.
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Since the focus of the thesis lies on water pollution, so the aim was to identify the
pivotal cause of water pollution as well as it is an endeavour to remove the pollutant
through the benevolence of transitional metal nanoparticles. Chapter 2 was about
designing a transitional metal hydroxide fluoro-sensor fabricated with carbon dots that
can be harnessed for heavy metal detection in waste water.

Chapter 4 introduces another important aspect of water pollutant caused due to
organic pollutant para nitrophenol (pNP). Here to reclaim the waste water the known
water pollutant is removed using transitional metal sulphide (CuS) nanoparticles. This
widely used semi-conductor has been prepared via reflux condensation method using
biocompatible copolymer Pluronic F-127. The nanoparticle was thoroughly
characterized and reduction of pNP was monitored using UV-Vis spectrophotometer
that showed rapid reduction of the pNP to para aminophenol (pAP). The rate kinetics
for the entire reduction system was also monitored and varying parameters of pNP as
well as catalyst concentration and pH varying were studied. This synthesized
nanoparticle was thus seen to perform as a chemical catalyst having recyclability
sustaining efficient reduction efficiency up to 4™ cycles of its use.

Chapter 5 can be seen as a both as a continuation of Chapter 4 as well as a
termination of this research work. The nano- catalyst used was further explored for its
biological potential of judging antimicrobial efficacy against the most notorious faecal
coliform E.coli ATCC 25922, a Gram negative bacteria and Staphylococcus aureus
ATCC 25923, a Gram- positive bacteria. The nanoparticle was seen to perform well
as an effective antimicrobial against E. coli ATCC 25922 and thus it can be said apart
from pNP reduction the nano-system will also combat against the major coliform
producing bacteria. The efficient activity of the nanoparticle against Staphylococcus
aureus ATCC 25923 also proved that the nanomaterial can used as a topical agent

fighting against skin infections.

As a part of the biological activity the nanoparticle exhibited excellent antioxidant
activity against DPPH free radical. The cyto-compatibility of the nanoparticle towards
red blood cells proved further that the nanomaterial is safe and can used both in the

aqueous milieu as well as in the living systems.
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With these knowledge the future prospects for the application for both the

nanomaterials can be addressed herein:

= Turning nano-sensor into a device: The transitional metal oxyhydroxide
fabricated with C- dots can be tuned in the form of a device and amends can
be made to make it potable for detecting heavy metal contamination in water.

= Enhancing reusability of the nano-sensor through hydrogel entrapment:
The fabricated nano-sensor for its long term usage can be trapped into a
biopolymer based hydrogel thereby increasing its sorption activity and
enhancing its reusability.

= Turning nano-catalyst into water filter candles: The synthesized
transitional metal sulphide nanoparticles can be utilized in the preparation of
filter candles for waste water remediation in industries as well as for
household purposes as an alternative to silver- based filtration systems used
nowadays.

= Using metal sulphide nanoparticles in catheter mediated infections: The
transitional metal sulphide nanoparticles since have the capability to fight
against both Gram positive and Gram negative bacteria can be utilized for its
use in medical devices that often suffer from the formation of biofilms. The
inbuilt nanoparticle coating systems will inhibit formation of biofilms and
therefore will prevent several nosocomial infections and increase the shelf life

of several medical devices.
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Abstract

This article reports the fluorometric detection of toxic hexavalent chromium Cr (VI)) in wastewater and Cr (VI) contaminated
living cells using in-situ grown carbon quantum dots into the goethite (a-FeOOH) nano-matrix. The synthesized nano-hybrid
shows enormous potential in determining the chromium contamination levels in various types of water samples. This selec-
tive fluorometric probe is enormously sensitive (LOD 81 nM) toward hexavalent chromium, which makes it a dedicated
chromium sensor. Moreover, the sensing mechanism has been assessed using Stern—Volmer’s equation and fluorescence
lifetime experiments showing the simultaneous occurrence of photoinduced electron transfer and the inner filter effect. This
chromium sensor has also been employed to assess the contamination level in real-life industrial wastewater. The performance
of this probe in a real-life wastewater sample is quite commendable. Further, this biocompatible fluorometric probe has been
used to demonstrate the in-vitro sensing of Cr (VI) in HeLa cells. The rapid detection mechanism of hexavalent chromium
in living cells has been validated using theoretical docking simulations. Henceforth, this fluorometric sensor material could
open new avenues not only in wastewater monitoring but also in biomedical applications.

Keywords Hexavalent chromium - Fluorometric sensor - Stern—Volmer plot - Molecular docking

Introduction

Natural sources like weathering of rocks, volcanic eruptions,
and mining are counted to be potential sources of heavy
metal contamination [1]. Heavy metals are those that have
a specific density of Sgm/cm? and have the ability to affect
the environment and living organisms [2].
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Of all the heavy metals known chromium is one of the
most toxic heavy metals, commonly prevalent in nature as
trivalent chromium Cr (III) and hexavalent Cr (VI) [3]. Cr
(VI) has been regarded as 100-fold toxic and mutagenic than
its lower oxidative counterpart Cr (III) [4]. As an effluent, it
is often improperly discharged mainly into waterbodies from
printing, electroplating, and tanning industries and thereby
promoting biomagnification, scale rot, and osmoregulatory
dysfunction of fish [5]. Cast iron pipes and ductile iron pipes
are mostly lined with cement mortar that contains a consid-
erable amount of chromium and thus chromium leaches out
from the cement mortar lining into the drinking water [6]. It
has been seen that Cr (VI) exposure to Swiss mice causes a
sharp decrease in leucocyte and erythrocytes with an addi-
tional deforming of echinocyte formation from erythrocytes
[7]. Cr (VI) has been recognized as a group-1 carcinogen by
World Health Organization (WHO) as it can disrupt DNA
via reactive oxygen species (ROS) generation, a maximum
limit of 50 ugL.™! has been set by WHO [8, 9].

Considering the toxicity of the numerous organic and
inorganic fluorophores and chromophores there is a need
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for a cost-effective and biocompatible sensor that can detect
Cr (VI) in water samples [10]. Besides, almost all of the
methods of preparation were mostly two-step reactions for
conjugating the fluorophores and employed robust detection
techniques using the electrochemical method. Thus, it neces-
sitates the use of quick, cheaper methods and biocompatible
fluorophores that could be procured easily fabricated with
the nanoparticle for the detection of chromium.

Herein, a-FeOOH nanoparticle has been modified with
in situ grown C-dots to detect hexavalent chromium in waste-
water fluorometrically. C-dot has a tendency to form agglom-
erates and thereby loses its fluorescence property rapidly.
Thus, there is a pressing need to restrict such agglomeration
for better fluorometric applications. There are earlier reports
on C-dot immobilized on oxyhydroxides and mesoporous
silica-like matrices for sensing, [11] but those matrices are
way too toxic to handle as they can diffuse through the skin
and pulmonary routes [12—14]. FeEOOH nanoparticles have
been approved and used widely as food and iron supple-
ments [15, 16] thereby its bio-safe property makes it advan-
tageous in employing as a heavy metal ion sensor. Further, a
molecular docking study has been performed with the probe
and two flavoproteins (cytbs and cyt P450) to estimate the
intercellular biosensing pathway of the sensing probe. The
theoretical docking studies have been experimentally veri-
fied using fluorescence microscopy revealing the early-stage
cancer detection property of the probe.

Experimental Section
Materials

The ferric nitrate, anhydrous citric acid and ethylenedi-
amine were purchased from Merck, Germany. The chemicals
were all of the pure grades and did not require any further
purification. Ultra-pure Millipore water (resistivity ~ 18.2
MQ-cm) was used throughout the experiments. The glass-
ware and sample holders were cleaned using aqua regia
before and after each experiment.

Synthesis C-Dot Doped a-FeOOH (FCD)

In a one-pot synthesis process, 6.464 g of ferric nitrate was
taken along with 0.323 g of citric acid in 160 mL of Mil-
lipore water and was thoroughly mixed using a magnetic
stirrer at room temperature until all the chemical contents
were dissolved. To this, ethylenediamine was added drop-
wise until the pH of the solution reached 12. The mixture
was then stirred for another 3 h and then transferred to a
Teflon-lined stainless-steel autoclave. The autoclave was
then heated at 180 °C for 12 h and thereafter cooled to room
temperature to collect the brick red precipitate through

@ Springer

centrifugation. After proper washing, the precipitate was
dried in a vacuum chamber for 24 h and ground in an agate
mortar to obtain the fine powder. Finally, the synthesized
sample is named FCD and sent for characterization.

Material Characterization

To provide a detailed insight into the crystallographic
details of the synthesized materials, X-ray crystallogra-
phy was employed using X-Ray Diffractometer (Model D8
Advanced, Bruker AXS) with Cu-K_ target (A=1.5405 A)
from 10° to 80° in the 20 range and the scan speed was
fixed at 0.02 steps/sec. The operating tube voltage was fixed
at 35 kV and 35 mA to generate the X-rays. Further, the
refinement of the diffractograms has been done by using
the Rietveld-based program MAUD v.2.99 (Material Analy-
sis Using Diffraction) [17] and the refined structures were
visualized using VESTA v.3.0 (Visualisation for Electronic
Structural Analysis) [18, 19] for better understanding.
Additionally, a FTIR-8400S, Shimadzu was employed in
the wavenumber ranging between 500 and 3000 cm™! to
observe the bonding networks present in the samples. The
samples were mixed and homogenized in KBr media in a
1:50 sample to KBr ratio.

The morphological features of the synthesized materi-
als were ascertained by an Inspect-F50, FEI Field Emis-
sion Scanning Electron Microscope (FESEM). Very small
amounts of samples were placed on carbon-coated grids and
used for observing the microscopic details. The accelerat-
ing voltage of the electron gun was set in between 10 and
20 kV for taking the micrographs. Further, the size of the
nanoparticles was investigated by employing a Jeol-2000FX
Transmission Electron Microscope (TEM). A homogenous
solution of the sample was prepared by dissolving the sam-
ple in acetone and the sample was kept under ultrasonication
for 2 h. The solution was then drop-casted to form a thin film
over a carbon-coated copper grid (300 mesh) and then dried
under a vacuum before microscopy. The TEM micrograph
was taken under an excitation of 200 kV.

The optical absorption properties of the samples were
analyzed using a 1900i, Shimadzu spectrophotometer.
Whereas, all the fluorescence characteristics and fluores-
cence lifetime of the samples were performed in a Cary
Eclipse, Agilent fluorescence spectrophotometer equipped
with a Cary single-cell Peltier accessory, Agilent in an exci-
tation wavelength (\.,) 345 nm. The excitation and emission
slits were set at 5 nm throughout the experiments.

Biological Experiments and Cell Culture
Autodock Tools v.1.5.6 was used to prepare the proteins

and the ligand molecule (cdot). The water molecules of the
protein have been removed and polar hydrogen bonds and
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Kollman charges were added to the protein structures [20].
Autodock vina v.1.1.2 was used to estimate the binding affin-
ities between the protein-ligand complexes [21, 22]. The
binding pockets were identified and visualized using PyMol
v.2.0.7 program [23, 24].

A human cervical cancer cell line (HeLa) was purchased
from National Centre for Cell Science (NCCS Pune, India).
These cells were cultured in DMEM (Dulbecco’s Modified
Eagle’s Medium) medium and treated with 5% FBS (fetal
bovine serum) followed by incubation at 37 °C in a 5%
CO, atmosphere for 24 h. Further, the cells were washed
with 1 XPBS (phosphate buffer saline) buffer to avoid any
contamination. The fresh medium was then added to the
washed cells and incubated again at 37 °C with a 5% CO,
atmosphere. HeLa cells were then divided into two parts
(namely, IA and IB) and placed over two separate PV/BH@
CD membranes, those have already been mounted over cell
culture plates and sent for overnight incubation (37 °C with
5% CO, atmosphere). On the very next day, the IB sample
was treated with a small drop of Cr (VI) solution of 50 uM
and incubated for another 2 h to interact. After incubation,
the samples were sent for microscopy under a fluorescence
microscope (Leica, Germany).

Results and Discussion
Structural and Morphological Analyses

The structural information of the synthesized sample has
been collected by employing X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR). The diffrac-
togram show numerous diffraction lines (h k 1 planes) of the
orthorhombic oxy-hydroxide phase of iron (a-FeOOH) cor-
roborating the successful synthesis of the goethite. Figure 1
shows the diffractogram having diffraction maxima located
at 17.69°, 33.34°, 35.85°, 40.99°,49.57°, 54.35°,62.82° and
64.18° corresponds to the (h k 1) planes of (0 2 0), (1 3 0),
(101),(121),(150),(240),(250) and (0 6 1) respec-
tively that well matches with the Joint Committee on Powder
Diffraction Standards (JCPDS) data card no. 81-0464. The
absence of any other diffraction planes suggests the purity
of the sample. Further, Rietveld refinement of the diffracto-
gram has been performed in order to estimate the crystallite
dimension, microstrain, bond angles, bond lengths, and other
phase parameters like anisotropic growth. It is observed that
the microstrain value, in this case, is quite high (1.26 X 107,
which could arise due to the incorporation of carbon quan-
tum dots. The microstructural parameters have been men-
tioned in Supplementary Table S1 for better understanding.

The presence of carbon quantum dots in goethite has also
been confirmed by using FTIR spectra of the synthesized
sample shown in Fig. 1. The C-C, C-O, and C=O0 stretching

bands are assigned to the vibrations centered at 1035 and
1217 cm™! respectively depicting the presence of carbon
content in the sample [25]. While the absorption bands at
520 and 675 cm™! are attributed to the Fe-CO and Fe-O
symmetric stretching vibrations [26, 27]. The vibration
maxima between 774 and 900 and 1635 cm™ are ascribed
to the O-H bending suggesting the adsorbed moisture and
presence of CONH vibrations respectively in the sample [27,
28] A small vibration centered at 1525 cm™' is assigned
to the N—H bending arising from the nitrogenous carbon
quantum dots [11].

The morphology and particle size of the sample have been
estimated by using FESEM and TEM micrographs depicted
in Fig. 1. The FESEM image of the sample shows an admix-
ture of spherical and hexagonal particles. The hydrother-
mally grown carbon dot contained goethite sample (FCD)
is quite agglomerated and found to be in the nano regime.
In order to estimate the particle size, transmission electron
microscopy has been assigned. The TEM micrograph shows
30-50 nm hexagonal/ spherical particles containing 5—7 nm
dark spots. These dark spots are assigned as carbon quantum
dots as seen in previous characterizations. In reality, the in-
situ hydrothermal treatment successfully incorporates the
carbon dots within the goethite matrix, which is visible in
the TEM image.

Optical Properties of the Synthesized Sample

The optical quality of any sample can be verified by using its
absorbance and emission properties shown in Fig. 2.
Herein, absorption spectroscopy has been performed
to estimate the excitation energy of the nanostructure. It
is observed that a small absorption maximum is located
at 240 nm, which is usually ascribed to the n-n" transi-
tion of the sp>- hybridized carbon atoms of the carbon dot
moiety [29]. Additionally, a relatively stronger absorbance
has been achieved at 342 nm, suggesting the n-x* transi-
tion related to the surface defects of the carbon dots in
C-N bonds in sp? hybridizations sourcing from the amine
(-NH,) groups from surface functionalization [9, 30, 31].
The broad absorbance bands centered between 450 and
572 nm are sourced from the Fe—Fe transitions. A similar
observation has also been made by Sherman et al. in their
1985 work [32]. Further, the excitation and emission spec-
tra have been recorded to assess the fluorescence quality
of the sample. The excitation spectrum in Fig. 2 shows a
significant peak centered at 345 nm, which is in accord-
ance with the absorbance spectrum of the FCD sample.
Additionally, the sample has been excited manually with
a series of wavelengths ranging between 300-400 nm in
order to validate the exact excitation energy. It is found
that the energy which corresponds to the 345 nm wave-
length is providing the optimum fluorescence emission
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Fig. 1 a Refined X-ray diffractogram of the prepared material; b FTIR spectrum of the synthesized material; ¢ FESEM and d TEM images of

the synthesized nanostructure

at 460 nm shown in Fig. 2 and thus this wavelength is
selected to excite the fluorophores of the sample for fur-
ther fluorometric experiments. Under the 345 nm exci-
tation, the FCD sample glows with an outstanding blue
fluorescence and does not alter the position of the emis-
sion peak under varying excitation wavelengths as shown
in Fig. 2. In reality, the surface functional groups of the
nitrogenous carbon dot introduce new energy levels and
control the bandgap causing enhanced fluorescence inten-
sity. The presence of nitrogenous dopant, which in this
case has been introduced by using ethylenediamine, causes
charge dislocation and efficiently promotes the electron
transfer capacity of the carbon quantum dots [33—-36]. This

@ Springer

validates the FCD to be a promising fluorescent material
in the blue region of the spectrum and could be employed
in fluorometric applications.

Dependence of the Fluorescence Quality
on Different Ambient Conditions

The fluorescence stability of the nano-engineered sample
(FCD) is evaluated against varied ambient conditions to
justify its real-life applicability. Initially, the fluorescence
stability of the sample has been measured over a period of
2 h at an interval of 10 min to check for any fluorometric
decay of the fluorophores. It is evident that no noticeable
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Fig.2 a UV-Vis absorption spectrum of the synthesized probe; b excitation and ¢ emission spectra of the synthesized material; d emission of

the sample with respect to different excitation energies

alteration has occurred in the fluorescence intensity inferring
the photo-stability of the sample (Fig. 3). The FCD sam-
ple has been exposed to a varying pH environment, ranging
from extreme acidic 1.8 to extreme alkaline 12.7 conditions
as seen in Fig. 3. The fluorescence quenching intensity of
the synthesized FCD takes place when subjected to different
pH conditions. This suggests the fluorophores of the FCD
sample are highly stable at these varying pH conditions.
Additionally, in Fig. 3 the thermal response to the photo-
stability has been assessed by varying the working tempera-
ture (10-70 °C) of the FCD sample while measuring the
fluorescence level. The fluorescence intensity does not seem
to fluctuate much, but it turned out that room temperature
conditions (at about 30-50 °C) are the best working tem-
perature for the fluorescent FCD sample. The DTA-TGA
(Fig. S1) results revealed there is almost no mass change

over the entire range of temperature. However, the DTA
results that at 40 °C there is an endotherm followed by an
exotherm. The possible explanation for this can be due to the
release of the adsorbed moisture in this region.

FCD as a Fluorometric Sensing Probe for Hexavalent
Chromium (Cr (V1))

Selectivity and Sensitivity Assays of the Synthesized Probe

Selectivity and sensitivity are the utmost important param-
eters to rationalize the sensing efficacy of a probe. Figure 4
shows that the synthesized fluorometric probe (FCD) has
been exposed to a wide range of cations and anions (As*,
Ca’*, Cd**, Mg?*, Pb**, Hg?t, KT, Cr®*, CI7, CO; 7,
SO42_, OH-, §*-, NO; 7) in order to assess its selectivity.
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Initially, each ionic solution has been separately prepared at
500 uM concentration and added to the sensing probe (FCD)
to measure the fluorescence intensity. Although no notable
changes have been observed in the fluorescence intensity of
the probe for any ionic environment, however in the case
of Cr (VI) the fluorescence intensity quenches drastically,
which can be visualized even through naked eyes. Addition-
ally, in Fig. 4 the colorimetric analysis of this sensing phe-
nomenon has been validated using the CIE-1931 plot. The
fluorometric colour coordinates of the chromium-induced
sample are x=0.21875 and y=0.1888 whereas it is found

@ Springer

to be x=0.15504 and y =0.1344 in the pure sensor mate-
rial. Such dramatic quenching makes this fluorometric probe
(FCD) a potential Cr (VI) sensor.

Alternatively, a quantitative quenching experiment has
been conducted to determine the amount of chromium con-
tamination in water. In this experiment, the varying con-
centration of hexavalent chromium has been added to the
fluorometric probe (FCD) separately and the correspond-
ing fluorescence intensities have been measured. It is found
that the fluorescence intensity has been gradually quenched
upon Cr (VI) addition. Further, the fluorescence intensities
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material

at higher concentrations follow an exponential decay which
is quite significant in this type of sensing probe evident in
Fig. 5. The concentration-dependent fluorescence intensities
have been plotted and further fitted with linear and exponen-
tial Stern—Volmer equations [37, 38].

The Stern Volmer plot (S-V) was used to estimate the
limit of detection (LOD) and limit of quantitation (LOQ)
using the following expressions,

I,/1 = 1+ Kgy[M] (1

Iy/T= Aexp(Ksy[M]) (@)

where I, and I are taken as fluorescent intensities of the
probe before and after the Cr (VI) addition, [M] stands for

the concentration of respective ions, A is a constant term
and Kgy is the Stern—Volmer constant. The linearity of the
plot was found up to 10 uM concentration beyond this con-
centration of Cr (VI) exponential decay of the fluorescence
occurred.

The LOD and LOQ of the probe have been estimated
using Eqs. 3 and 4 and found to be 81 nM and 269.73 nM
respectively.

LOD = 100 /Kgy 4)

where ¢ and Kgy are the calculated normalized standard
deviation of the fluorescence of the sensing probe without
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Fig.5 a Concentration-dependent quenching experiment; b linear and ¢ exponential S-V Plots of the sensing probe upon Cr (VI) addition
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any quencher (taking at least ten separate experiments)
and S-V quenching constant respectively. Such a compe-
tent selectivity and low detection limit (LOD 81 nM) with
moderately high Kgy values suggest the fluorescent FCD is
an effective sensing probe for hexavalent chromium in the
aqueous medium (Table S2).

Detection Mechanism of the Sensing Probe

The fluorometric detection of hexavalent chromium is ascer-
tained by using the S-V plots and the fluorescence lifetime
data of the sensor material. The simultaneous decay of the
steady-state fluorescence (from S-V plots) and fluorescence
lifetime upon chromium addition suggests that the fluores-
cence quenching mechanism takes place in the excited state
of the fluorophores. The linear S-V plot (up to 10 uM con-
centration) in Fig. 5 of the sensor material also validates
the photoinduced electron transfer from the fluorophores to
the quencher moiety [38—40]. Such electron transfer defi-
nitely restricts the radiative transition during the emission
of the fluorophore molecule (precisely carbon dot). Thus, no
emission occurs during the LUMO-HOMO transition of the
fluorophores due to an insufficient number of electrons. This
phenomenon has been reported by various other groups in
their recent papers [11].

Moreover, at higher quencher concentrations (> 10 uM
concentration), the fluorophores are surrounded by the
quencher ions, which block the radiative path of the fluoro-
phores causing rapid fluorometric quenching. Such a phe-
nomenon is known as the inner filter effect [41-43]. Herein,
the simultaneous occurrence of the photoinduced electron

Bl cp
EFC+Cr(VI)

Pond water

Potable water

Water Sources

Tap water

transfer and inner filter effect is obtained at higher Cr (VI)
concentrations, which justifies the exponential S-V plot.

Application of Sensor in Real-life Water Samples

The efficacy of the synthesized probe was analyzed for an
array of water samples collected from different sources.
Potable drinking water was taken from a water purifier,
pond water was collected from a nearby small pond within
the Jadavpur University campus and the wastewater was
collected from drainage near the Jadavpur area, Kolkata.
The water samples were collected in fresh sterile tubes and
were further passed through 0.45 um membrane filters and
divided into two parts. One part is treated with 50 uM Cr(VI)
and the other remained untreated. The physical parameters
of the collected freshwater samples have been assessed
using a Hanna-HI991300 portable pH/TDS/Temperature
meter prior to the fluorescence assay (Table S3). The fluo-
rescence intensity in all the cases is recorded and depicted
in Fig. 6. It is found that the fluorescence intensity of the Cr
(VI) treated water samples get quenched irrespective of their
source. Such sensing characteristics of the sensing probe in
various real-life water samples certainly reveal the real-life
applicability of the probe.

The sensing efficacy of the synthesized probe was fur-
ther tested against real-life tannery wastewater, which was
collected from a canal adjacent to a tannery factory. Ini-
tially, the elemental analysis was performed by employing
an inductively coupled plasma atomic absorption spectros-
copy (ICP-AES) showing an alarming amount of chromium
(16.53 ppm) (Table S4) besides other toxic heavy metals.
Further, the fluorescence intensity of this wastewater sample
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Fig.6 (a) Detection of hexavalent chromium in different water samples (b); Real-life sensing of Cr (VI) in tannery wastewater
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has been experimented with using the synthesized sensing
probe (FCD). The fluorescence intensity is found to decrease
rapidly after the addition of the wastewater sample into the
probe solution. This proves the fact that our synthesized
nano-probe can detect Cr (VI) in real-life industrial waste-
water samples.

In-Vitro Biosensing of Cr (VI) using the Probe

Hexavalent chromium Cr (VI) enters into the cells via an
array of enzyme mediating reactions with the generation of
intermediates and free radicals like hydroxyl and peroxide
ultimately culminating in the production of Cr (III). This
reduction of chromium can be extracellular or intracellu-
lar, the latter piles up ultimately in the cell to give rise to
genotoxicity, its intercalation within the DNA through Fen-
ton’s reaction, causing oxidative stress via p53 generation
[44-50]. Thus, it is necessary to detect hexavalent chromium
in living cells in order to assess the rate of contamination.
Herein, the experimental verification of the biosensing
efficacy of our probe (FCD) has been performed using a
simple fluorescence microscopy technique [51-54]. HeLa
cells have been used to determine such activity of the sens-
ing probe. Initially, HeLa cells were segregated into two
segments. One segment is treated with hexavalent chromium

Cells + FCD

v»a‘( “’ /-:»ﬂf ‘.:- l.f.ﬁ : 2
B Ny P

LRGN

. e

Cells+ FCD + Cr (VI)

I
Q
~

Fluorescence Image

and the other one remained untreated. Both the treated and
untreated cells were additionally treated with the sensor
material prior to the Cr(VI) treatment. Finally, the cells are
seen using a fluorescence microscope and the images are
depicted in Fig. 7. The fluorescence microscopy images
show a promising blue emission in the untreated sample
under UV excitation. This suggests the permeability of the
nano-sensor (FCD) through the cell membrane. Whereas,
the Cr(VI) treated samples do not show any fluorescence
under the UV excitation energy. Such drastic quenching
of fluorescence suggests the successful sensing efficacy
of Cr(VI) in living cells. In order to validate such bio-
sensing activity, a theoretical molecular docking study
was performed involving the probe (FCD) with that of
cytochrome-bs (cyt bs) and cytochrome-P450 (cyt P450)
as shown in Fig. 8. There is a total of nine poses obtained
for both cyt bs and cyt P450 separately, among which the
initial poses have been selected as they are providing the
lowest binding energies. In the case of cyt b, there was
weak hydrogen bonding resulting from C=0 and N-H
interaction between the glycine residue and the OH-group
of the carbon dot moiety of the sensing probe. Addition-
ally, the tyrosine moiety of the enzyme is well attached to
the probe resulting in a binding affinity of -7.8 kcal/mol
between the sensor and cyt bs.

Merged Image

Bio-imaging of pure and Cr (VI) contained He La cells using the synthesized sensor material
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Fig.8 Molecular docking simulation of Cyt b5 (a, b) and Cyt P450 (c, d) respectively showing binding of the fluorophore with the respective

amino acids

On the other hand, the carbon dot moiety of the fluo-
rescent probe is attached to the crevices of the cyt P450
by weak hydrogen bonding. This interaction with amino
acids like threonine and alanine resulted in a binding affin-
ity of -8.0 kcal/mol between the sensing probe and the

@ Springer

enzyme. The terminal nitrogen of the sensor moiety in this
case forms weak hydrogen bonds with both the carboxylic
groups of the hydrophobic threonine (Thr 309) and ali-
phatic alanine (Ala 305) for interaction.
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Conclusions

In this work, a fluorescent carbon quantum dot incorporated
biocompatible a-FeOOH nanoparticle has been synthesized
through a facile hydrothermal method. The x-ray crystal-
lographic studies coupled with elemental and morphologi-
cal analyses infers the successful synthesis of the hybrid
nanoparticle. The synthesized nanosystem acts as a selective
and sensitive probe for hexavalent chromium ions in waste-
water with a pronounced sensitivity (LOD 81 nm). It can be
presumed that the fluorescence quenching is taking place
at an excited state, which is a case of photoinduced elec-
tron transfer, where with the addition of Cr (VI) quenches
the fluorophores rapidly. In higher Cr (VI) concentrations,
the fluorescence intensity seems to decrease a way faster
and can be attributed to the simultaneous possessions of the
inner filter effect and photoinduced electron transfer. The
efficacy of the probe has been validated by using various
types of Cr (VI) contained waters showing uninterrupted
sensing efficiency of the probe in all water types. Addition-
ally, a sensing experiment has been conducted in chromium-
containing industrial tannery wastewater, which also depicts
the successful detection of hexavalent chromium irrespective
of other heavy metals present in the sample. Such an efficient
and rapid fluorometric probe has been employed in biosens-
ing studies to detect Cr(VI) in living cells. The sensor mate-
rial shows an excellent blue fluorescence in cells, whereas
it gets quenched upon chromium addition. Such sensing
activity has been theoretically demonstrated using molecu-
lar docking simulations showing that the cyt bs and cyt p450
are primarily responsible for such sensing phenomenon in
HeLa cells. Such excellent bioimaging capability, especially
in the cancer cell line confirms the potentiality of the sensor
in early-stage cancer detection. Such natural mineral-based
cost-effective but efficient sensor can have the immense pos-
sibility as a tumor marker and in biopsy applications as an
alternative to the expensive medical techniques. Moreover,
this sensor can be useful for tracing the pathway for bio-
magnification and in bioaccumulation studies. Hence, this
fluoro-sensor is a promising candidate in wastewater moni-
toring systems but also creates an opportunity to evaluate
chromium toxicity in living systems.
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tary material available at https://doi.org/10.1007/s10895-022-02962-x.
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Abstract

Coronaviruses have been posing a serious threat to mammals and birds and a new class of SARS-CoV is creating havoc
to the world after its first incidence in Wuhan City in China in December 2019. These viruses are mainly responsible for
causing serious respiratory tract infections which generally appear initially as the common cold and can be lethal just like
SARS-CoV. The problems seem to vary and worsen from one person to another depending on age, gender, ethnicity,
blood groups, host genetics, and associated comorbidities. Complications should also arise as this virus keeps mutating
and evolving. This review points out the various underlying causes behind the severity of the illness and the mechanisms
associated with it. This review will help society to understand the risks and severities associated with COVID-19.
Individuals with health complexities and predispositions listed in this review are the most vulnerable in terms of severity
and should take every possible measure to protect themselves from getting infected. As a consequence, this will lead to a
decrease in mortality rates arising from COVID-19.

Keywords: SARS-CoV-2; COVID-19; Coronavirus; Severity; Comorbidity.

1. Introduction

The newly evolved SARS-CoV-2 that had originated in the Wuhan City, Hubei Province in China in December
2019, has by now affected almost 218 countries of the globe [1]. Initially World Health Organization (WHO) named
the disease 2019 novel coronavirus (2019 n-CoV) on 12th January 2020, and on 12th February 2019 they coined the
term coronavirus disease 2019 (COVID-19). The name SARS-CoV-2 was finally issued by the Coronavirus Study
Group (CSG) and this sudden outbreak was declared by WHO as Public Health Emergency of International concern by
January 30th 2020 [2, 3]. As per the reports of WHO of March 20 2021, there are 121,969,223 confirmed cases of
COVID infection, 2,694,094 deaths worldwide [4]. The patients were reported to have pneumonia like symptoms with
other ancillary clinical SARS-CoV like symptoms such as dry cough, dyspnoea, fever, myalgia, and fewer having
symptoms like fatigue, diarhhoea, haemoptysis, abdominal pain [5, 6]. Bilateral pneumonia was recorded in 75% of
the patients [5]. In this review, we discuss the newly emerging SARS-CoV-2 virus, its origin, trying to address the
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underlying causes of severity due to gender, genetic and molecular differences, existing diseases as well as socio-
demographic factors that further exacerbate the disease.

2. Structural, Genomic Composition, And Sequence Homology Of SARS-Cov-2 Virus-
Relation To Pathogenesis

Coronaviruses are one of the two genera besides toroviruses of the Coronaviridae family [7, 8]. Coronaviruses and
Toroviruses are regarded now as a family in the order of Nidovirales that has an envelope in which the genome is a
positive-sense single-stranded RNA. Coronaviruses are considered much more powerful compared to HIV-1 as the
infectivity of SARS-CoV is high and remaining viable for 1-4 days compared to MERS-CoV virions which are
comparatively fragile than SARS [9]. SARS-CoV-2 is closer to SARS-CoV sharing about 79.5% maximum sequence
homology, and 94.4% identity with SARS-CoV in the ORFlab amino acid sequence carrying seven conserved
sequences of replicase [10] and just 50% with MERS CoV [11].

Cats, ferrets [12], rodents [13] can be considered as intermediate host reservoirs for SARS-CoV-2, barring pangolin
and Civet cats which cannot serve as direct intermediate host because the full length genomic homology of the
pangolin coronavirus is 90.3% with that of SARS-CoV-2 and Spike glycoprotein (S) [ SRR10168377] homology
about 75% with SARS-CoV [13, 14], and lacking polybasic cleavage site required for ACE2 receptor expressed in
human cells [15] On the other hand, the sequence homology of the S protein of Civet cats to that of humans SARS-
CoV-2is 75.4% [13].

The 2019 COVID SARS-CoV-2 has been found to have 14 ORFs encoding 27 proteins as was proposed by Wu et
al. The four structural proteins for spike surface glycoprotein (S), small envelope protein (1), matrix glycoprotein (M),
and nucleocapsid protein (N), along with eight accessory proteins 3a, 3b, p6, 7a, 7b, 8b, 9b and orf 14 is present in the
3’ terminus of the genome (Figure 1).
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Figure 1. Spike protein development of coronavirus and its binding with ACE2

The 5’ terminus of the genome contains orflab and orflb genes encoding pplab and ppla protein respectively.
Further phylogenetics and Molecular Evolutionary Genetics analysis (MEGA version 7.0) in their study showed the
SARS- CoV-2 2019 virus can be placed in parallel to SARS Bat CoV as almost all encoded protein of pplab, ppla,
envelop, accessory protein 7a in the 2019 SARS-CoV-2 have similarity with SARS- CoV along with the spike gene
and 3ab and 8b have closest resemblance to SARS-CoVs [16]. However, their study revealed that there are marked
differences between SARS-CoV and SARS-CoV-2 (2019) virus in terms of their accessory proteins, their presence,
and relative amino acid composition. The 8a protein is present in SARS-CoV and not in SARS-CoV-2, the 8b protein
in SARS-CoV-2 is 121 amino acid long but is only composed of 84 amino acids in SARS-CoV. The 3b protein is 154
amino acid long in SARS-CoV while it is only 22 amino acid long in SARS-CoV-2 virus [16]. How this amino acid
variation in the accessory protein composition of SARS-CoV-2 contributes to being more virulent than its counterpart
SARS-CoV is still needs to be elucidated. However, as it has been seen the degree of binding patterns of the S
glycoprotein of the newly evolved SARS-CoV2 with the ACE2 receptor expressed on the lung cells strikingly differ
from that of SARS-CoV [17]. Earlier reports suggest spike protein of SARS-CaoV contains a receptor-binding domain
(RBD) that specifically binds to ACE2 [18]. Joseph Thomas et al. proposed via molecular docking techniques that the
increased binding capability of the viral spike protein with the ACE2 is due to the several amino acid substitutions in
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the RBD domain of the SARS CoV-2. They showed the two longer cappings of the RBD of the SARS-CoV-2 is
providing tight binding to the receptor ACE2 [19].

3. Role of ACE2 Receptor in Virus Adherence, Its Presence — A Boon or Bane? Immune
Cells Playing a Peekaboo?

ACE2 is a type | glycoprotein [20] which acts as a key component in RAS signalling. In the RAS signalling
pathway, Angiotensin | (Ang 1) is metabolised by ACE, a dipeptide carboxypeptidase which leads to Angiotensin Il
(Ang I1) which is then metabolised by ACE2 that forms Angiotensin 1-7 [21]. The ACE2 receptor thus regulates the
balance of angiotensin Il (Ang 1) that induces pulmonary vasoconstriction. ACE2 is expressed almost in all types of
cells but the presence of it is more in type Il alveolar epithelial cells of the lungs, and thus it efficiently facilitates the
adhesion, translocation, and replication of the SARS-CoV and the new SARS-CoV-2 responsible for the outbreak in
2019-2020. Therefore, it can be said that heightened ACE2 expression is associated with an enhanced risk in COVID-
19 cases [22]. Increased levels of Ang Il cause vascular permeability which causes pulmonary oedema [23]. The
etiology of the SARS-CoV-2 2019 has been seen to be largely associated with differential ACE2 expression. Jiawei
Chen et al. performed a study of the ACE2 expression in 30 different tissues among thousand individuals by Gene
Tissue Expression (GTEX) and found that high levels at about 100 % of ACE2 expression are seen in East Asian, and
>30% in other ethnic groups. Their study further pointed out two important findings: a) higher ACE2 expression is
seen in Asian females than in Asian males. It has been related to the secretion of estrogen levels in female, which
decline with age and thus decreasing the levels of ACE2 expression and thus making them more prone to infection; b)
The study pointed out that transgender males who sought estrogen therapy and androgen therapy for a year show high
levels of ACE2 expression and the Sertoli cells of their body showed a large number of ACE2 expressing cells [24].
Zhao et al. pointed out via single-cell RNA sequencing that the expression of ACE2 expression in the lung cells is
more in the Asian race compared to those belonging to African-American ethnicity [25].

However, Vinciguerra et al. put forward a hypothesis that lack of ACE2 expression may be a protective factor
against SARS-CoV-2 as the virus enters by binding to the ACE2 receptor and thus they proposed that black people has
an advantage over other ethnic groups but also it was concluded that once contracted with the virus it may pose
detrimental effects to the host. As it was seen that in the black people, 20 out of 31 individuals by April 2020 was hit
hard by the infection due to reduced ACE2 expression and subsequent rise in Ang Il levels and thereby contributing to
the ancillary risk of comorbidity [22]. However, there emerge contrary explanations that say though the SARS-CoV-2
virus employs the ACE2 as a podium to demonstrate its dramatic effects, the worsening effects are largely contributed
due to differences in ACE/ACE2 races among individuals irrespective of gender, and have comorbidities. The
ACE/ACE2 expression is downregulated in pathological conditions and also with associated comorbidities like
hypertension, diabetes, cardiovascular diseases [26, 27] Alzheimer’s disease [28, 29] and is upregulated in cigarette
smokers [30]. The three different macrophage population that predominates in the lung cells has got a huge role to
play because of its differential activation, and its subsequent response via inflammation varies largely following
decreased ACE2 expression once the virus enters the cells further aggravating the predicament [31]. Older age is
related to “inflammaging” which is a surge of the proinflammatory cytokines like 1L-1 [32], IL-6, and TNF-a [33]
COVID-19 patients have been diagnosed with higher number of immune cells like macrophages and also monocytes.
Also, the neutrophil-monocyte ratio gets substantially elevated in the course of infection with increased
proinflammatory cytokines [33]. A point to be considered here is that the dubious role of ACE2 is directly linked to
monocytes and macrophages as they both express ACE2 on their cell surface and both SARS-CoV-1 and SARS-CoV-
2 causes downregulation of ACE2 and its reduction with age further flares up the susceptibility of infection [34]. It has
been seen that aged monocytes contribute to a proinflammatory phenotypic appearance brought about by reduced
mitochondrial functioning [2, 34]. Further aging has been seen to directly impair with the phagocytosis of alveolar
macrophage cells and thereby promoting the death of mice when infected with influenza virus by downregulation
CD204 responsible for the internalization of apoptotic cells [35]. This has been accompanied by cellular changes in
the endoplasmic reticulum which are associated with an increased amount of misfolded or unfolded proteins. Reduced
activity of these misfolded protein degradations by unfolded protein response capacity (UPR) and reduced autophagic
potential can lead to increase in production of these vicious cytokines, TNF and C-reactive protein [36].

4. Vitamin D can Influence COVID-19 Infection and Severity

Another important aspect that needs to be pointed out in this regard is the disparity of Vitamin D deficiency among
different races. Ronald Evans et al. pointed out that the deficiency of Vitamin D may fail to activate the Vitamin D
Receptor (VDR) that has a role to negatively regulate TGFR signaling by interfering with Smad 3 transcriptional
silencing in the hepatic stellate cells (HSC) [37]. Vitamin D plays a key role in suppressing pathologic responses to the
virus [38]. Vitamin D has been seen to play effective action in reducing the proinflammatory cytokines by the
inhibiting factors of the NFBkB pathway and in turn suppressing immune-mediated injury in the body [39-41]. High
levels of TGFR has been seen in COVID-19 patients [42] and thereby initiating several inflammatory cytokine release
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(IL-181, IL-6, TNF) which causes alveolar damage [43]. There had been evidence that African people have low
circulating 25 (OH) D compared to that of the Caucasians and are at high risk of Vitamin D deficiency [44]. This has
led to the connection that SARS-CoV-2 is associated with Acute Respiratory Distress Syndrome (ARDS) individuals
with low (27.6nmol/L) to very low (13.7nmol/L) 25(0OH) D concentration in their blood levels [45, 46]. In a
retrospective cohort study conducted by Eboni G et al. it was revealed in Lousiana between March 1 and April 11
2020, 59% of COVID-19 mortality rates was related to the black non-Hispanics though they comprise only 33% of the
population besides white non-Hispanics and about 80% received mechanical ventilation [47]. Variations in the genes
encoding Vitamin D binding protein, VDBP (GC), vitamin D 25-hydroxylase (CYP2R1), genes encoding enzyme 7-
dehydrocholesterol reductase and 1,25-hydroxyvitamin-D3-2 4-hydroxylase (the region around DHCR7 and
CYP24A1 respectively) and variance in either of these four genes may result in a total variance of 1.5% in these
genes. This may appear insignificant but may largely affect 25 (OH) D levels. A variant of the rs4588A allele has been
seen to contribute to low 25 (OH) D in the European population which however is not seen in individuals of African
ethnicity. So, to conclude it is clear that COVID-19 incidence has a clear connection to vitamin D deficiency, with a
majority of COVID-19 patients are found to be deficient in this particular vitamin [48, 49].

5. Impact of Ethnicity, Gender and Age

There is a differential gender-related epidemiology in the SARS-CoV-2 infection and men can be seen as more
affected than females. During earlier times, in case of viral infections like Ebola and Zika, women have been seen to
have least affected than males though serving roles as frontline caregivers during 2014-16 Ebola virus outbreak in
West Africa [50]. A study carried out with COVID-19 confirmed 1,190 adult patients in Wuhan Infectious Disease
Hospital and it was found that 635 (53.4%) patients were male and 555 (46.6%) were females although there had been
more female health workers than male. There had been marked differences in not only laboratory reports but also in
immunological biomarkers. Male patients had higher leucocyte and neutrophil counts, lower lymphocyte, and platelets
count and comparatively lower CD4/CD8 ratio, and high levels of inflammatory cytokines than females [51]. There
had been previous reports of “cytokine storm” generated due to high plasma levels containing an array of
inflammatory interleukins-1L-18, IL-6, IL-7, IL-8, IL-18, Granulocyte Colony Stimulating Factor (GSF), and Tumor
Necrosis Factor (TNF-a) which results from macrophage activation ultimately leading to mortality (Figure 2) [52].
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Figure 2. ACE2 downregulation in Aged macrophages: a putative pathway that leads to increased inflammation
due to SARS-CoV-2 infection. Cellular pathway alteration leading to defective ER and Mitochondrial
dysregulations are important markers in the pathway. The ER releases Ca?" which is taken by mitochondria
leading to cytosolic Ca?* pool and ultimate inflammasome formation. Downregulation of ACE2 leads to neutrophil
infiltration. Further increased levels in proinflammatory cytokines are consequences of severity of lung distress.

An additional 15 cytokines namely M-CSF, 1L-10, IFN-02, IL-17,1L-4, IP-10, IL-7, IL-1ra, GSF, IL-2, IFN-y, IL-
lo, IL-2, HGF and PDGF- BB have been identified as biomarkers who increased level causes lung severity when 48
cytokine levels in blood were checked in a case study with 12 COVID-19 patients [53]. In a study conducted by Satis
et al. with 58 individuals, it was found that the concentrations of 11-8 along with other inflammatory biomarkers had
shown to worsen up the situations in SARS- CoV-2. The concentrations of IL-8 along with IL-6 was found to be
higher in males than in females [54].
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Expression of differential TMPRSS2, an androgen-responsive gene, which affects fusion of the viral membrane
with the ACE2 receptor has given rise to sexual dimorphisms. It has been seen that TMPRSS2, a transmembrane
serine protease 2 cleaves viral S-glycoprotein, and its expression is higher in males than in females. Single nucleotide
polymorphisms in the TMPRSS2 gene play a pivotal role in general population (rs2070788, rs7364083, rs99745890)
and gender-related perspective (rs8134378) [55]. This has got a direct relation to the secretion of sex hormones, as
estrogen (E2) has been seen to be affected by TMPRSS2 expression, and estrogen in turn, regulates ACE2 expression.
E2 treated NHBE cells has been seen to lower ACE2 expression [56, 57]. However, this discrepancy in the infectivity
can be attributed to the X-chromosome in humans. The genes for ACE2 (locus Xp 22.2) and Ang-1I receptor Type 2
(AGTR2, alias AT2, locus Xq23) happens to be located on the X-chromosome. Females have two X chromosomes and
are heterozygous than males who have only one chromosome and are hemizygous [58]. One of the X chromosomes in
females is inactivated by a process called Lyonization or X-inactivation by which the RNA transcribed from the Xist
gene spreads to coat the whole chromosome [59]. The inactivation is however skipped in the Xp22.2 where the ACE2
gene is located on the X chromosome [60]. The sixteen residue binding of SARS-CoV-2 RBM with 20 residues of
ACE2 is somewhat different due to this difference in the X-chromosome inactivation. Out of the two X chromosomes
in females, only one X chromosome has the ACE2 which recognizes the SARS-CoV-2 receptor, the chance for the
second X chromosome for binding is low and thus the chance for pulmonary oedema in COVID-19 is lowered. This
can be seen as a boon for the females in contrast to males having a single X chromosome [61].

6. Role of Blood Groups in COVID-19 Infection

There had been a correlation with Landsteiner’s ABO Blood grouping system with SARS-CoV-2 infection. The
ABO blood grouping system is based upon the difference in the carbohydrate residues on the RBC cell surface which
is inherited following Mendelian inheritance [62]. A close view of the common ABO blood groupings out of the 29
blood group systems reveal that ABO antigens are oligosaccharides formed of conjugates of carbohydrates and
proteins. ABO antigens are biosynthesized when fucose gets attached to the terminal end of galactose via al—2
linkage, which results in the H antigen that determines the O phenotype. A and B antigens are formed via enzymatic
modification of the H epitope when the D isotope of the N-acetylglucosamine or galactose gets attached to the
galactosy!l residues [63, 64].

The difference in carbohydrate residues can be accounted to the difference in infections caused due to different
pathogenic organisms. The RBC cell surface of different carbohydrate residues serve as receptors for toxins produced
from the body of the microorganisms, it can be a rich habitat where they can colonize and multiply; pathogens like
bacteria stimulate antibodies against RBC antigens [65]. ABO Blood Groupings are based on the surface antigens on
the RBC which are either sugars as in the case of the RBC surface markers or proteins as seen in Rh blood group
(encoded by the Rh D gene) [66, 67] Some studies indicate there is a high incidence of infection among non-O blood
group types [68]. The risk of intubation was highest in B and AB types, and less for individuals with A blood groups,
and least for type O individuals [68]. The risk of death was most for AB and less for A and B type individuals [68].

6.1. Role of Adhesion Molecules and Blood Groups

The explanation of the discrepancy of blood groups with COVID infection, however can be attributed to the
participation of the adhesion molecules, their binding with the leucocytes, subsequent inflammation [69]. Reduced
blood flow results as hemodynamic changes occur due to inflammatory or pathogenic response in the capillaries. This
may drive leucocyte adhesion upon activation via chemokines like IL-8, released from the cells of the endothelium
which activates neutrophils, MCP-1 and MIP-a that activates Monocytes, leading to their adhesion, subsequent
extravasation and diapedesis. Effective receptor- ligand interaction is however mediated by an array of cellular
adhesion molecules expressed on the surface of the endothelium cells [70, 71]. Intercellular Adhesion Molecule
(ICAM-1) is a transmembrane glycoprotein and member of the immunoglobulin superfamily [72], facilitates immune
cell adhesion to the surface of endothelium. ICAM-1 undergoes proteolytic cleavage to form soluble sSICAM-1 which
inhibits leucocyte-lymphocyte adherence to capillary endothelial wall [73]. B2 -integrins are expressed largely on the
leucocytes and they bind to ICAM-1 in the endothelial cells. ICAM-1 binds to B integrins like LFA-1 and Mac T
expressed on leucocytes that enable them to roll , and the adhesion process is further augmented by a set of selectin
molecules like, L-Selectin (expressed on the leucocytes), E-Selectin and P-Selectin (expressed on the endothelial cells)
[74, 75]. Al allele of Blood group A has been seen to have low sSICAM-1 and P-selectin levels which is an important
biomarker that indicates increased adhesion of leucocytes promoting vascular inflammation [73, 76]. Further
glycosylation of sSICAM and cellular ICAM-1 is required for P Selectin binding with P-Selectin receptor ligand 1. The
glycosylation activity of the Al allele of Blood group A is seen to be more producing more glycosyltransferases that
transfer sugar moieties to H-antigen. This glycosylation process mediates adhesion molecule clearance and the low
sICAM1 and P-Selectin concentration in A blood group is strongly indicative of the clearance ability of the Al allele
unlike the O blood group which being devoid of the A and B antigens does not have transferase activity. Low sICAM1
concentration leads to less cellular adhesion of the leucocytes, promote vascular diseases and inflammation [69].
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6.2. Difference in the Distribution of Blood Groups in the World

Blood group O considered as “universal donors” are known as the most common type of blood group and the
frequencies of their incidence are extremely high among Central & South America, and Australian aborigines. Blood
group A is widely distributed in Central Europe and in America. The Asian population is inhabited with Blood group
B and Blood group AB which are “universal recipients”, is least found in a population and are found in Japan, Korea,
and in some regions of China [66, 67].

6.3. Probable Role of Sialic Acids in the Difference in SARS-CoV-2 infection among the Blood Groups

Sialic acids (Sia), are hydrophobic, negatively charged acidic sugars having 9 carbon backbone formed by the
acetylation of N-acetyl glucosamine. They are almost ubiquitous in all cells on all cell surfaces and secreted proteins
and serve as binding sites for pathogens and toxins. Cell and host-specific interaction by viruses is accomplished by
binding with selective sialic acid subtypes [77]. Sialic acids determine half-life of glycoprotein in circulation and its
absence causes the glycoprotein to clear away. Besides, Sia regulates cell-cell interactions and immune responses.
They are recognized by toxins and pathogens by their specific linkages with the sugar chains thus posing detrimental
effects to the host cells. Beta CoVs OC43 CoV, HKU1 CoV use 9-O acetylated sialic acid (9-O-Ac-sialic acid) as the
substrate for the haemagglutinin esterases (HFs) which are glycoprotein in the viral envelope that act as receptor
destroying enzymes (RDEs) and arise from influenza C like HE fusion protein (HEFs). The O-acetyl residues are
detached and that is how viruses are released from host cells and virus aggregation is prevented [78, 79].

The spike protein of coronaviruses responsible for the typical “crown” structure emerges from the viral envelope.
Bibliographical review suggests this spike protein yields two subunits S1 and S2 when cleaved by host protease from
three equal monomers that compose the spike protein. The subunits are essential for the attachment of the virus with
that of the host cell membrane. Prior virus-host interactions indicate that the amino acid bridging the two subunits are
cleaved by TMPRSS2 in coronavirus species. However, SARS-CoV-2 virus has an additional furin priming in its
spike protein which is a serine endoprotease that can cleave R-X-(R/K/X)-R|(S)(V/A/L) multi basic protein which is
not seen in other coronavirus species like bat coronavirus strain (Bat-RaTG13, Bat -ZXC21 or Bat-ZC45) and SARS-
CoV which are not cleaved due to absence of furin [80]. The N- terminal of the S1 monomer has 48 rich domain A, B,
C, D. A or B domain acts as a receptor-binding domain. Coronaviruses use sialic acid residues for binding. Cryo-M
studies have revealed a conserved siaglycan binding site in a groove in the A domain that attaches 9-O-acetyl-sialic
acid (9-O-Ac-Sia) which is attached to the glycoprotein and gangliosides in the host cell membranes [81].

Expression of 7,9- O- Ac, 9-O-Ac, and Neu5Gc sialic acid are seen in mouse tissues. Sialic acids are predominant
in body secretions and it is seen that with age the concentration of sialic acids increases. In the case of diabetes
patients the sialic acid concentration has been seen to be more in the retina, iris, and vitreous humour compared to that
of normal patients. Case studies have even revealed that tears and ocular fluids contain viral load of SARS-CoV-2 [82-
85].

A hypothesis was put forward by José Caetano Silva Filho et al. that sialic acid distributions in RBC can be
determined by A, B, AB, O antigens, whereby A and B antigens through cis- carbohydrate-carbohydrate interaction
can trigger sialoside cluster formation in cells which in turn may promote the SARS-CoV-2 interaction with the ACE2
and CD147 via their RBD and NTD domains [63].

7. Comorbidity

Along with the virus, the associated array of symptoms, and illness, several existing diseases may flare up the
severity of COVID-19 requiring absolute hospitalization and intensive care admission. It has been seen though
mortality rates resulting from comorbidities are associated with old age and gender, but also significantly younger
populations and neonates having pre-existing diseases are highly susceptible to infection. Countries with less
economical advantage have received the maximum blow from the pandemic along with healthy realms like USA [86].
According to the recent global epidemiological reports by WHO, as of 22" November 2020, the African region had an
increase of 15% in new cases and about 30% increase in deaths. In India, cumulative deaths as of 22" Nov 2020 count
to almost 1,33,227 according to WHO. Centres for Disease Control and Prevention has enlisted comorbid diseases
according to high increased risk and probable chance list of infectivity by COVID-19. In India, however, it has been
seen that about 10-20% of patients receive intensive care unit (ICU) admission and 3-10% require intubation and
mechanical ventilation [87].

In a retrospective study conducted in the early months in India around April 2020, it was seen that in 206 deaths,
diabetes and hypertension tops among other comorbidities, contributing to about 27.8% and 22.1% deaths
respectively. Diabetes prevalence is comparatively seen to be highest in India than in any other country [86, 88]. Not
only for aged patients, but in fact, children from neonates to up to 16 years of age has been seen to be in the risk zone
for COVID-19 complexities who have pre-existing comorbidities. Those include cerebral palsy, Wilson’s disease,
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dilated cardiomyopathy. Intensive care support and invasive mechanical ventilation have been given to children
affected with COVID-19 who had been previously suffering from hydronephrosis, leukemia, and intussusception [89,
90].

Other autoimmune diseases like AITD (Chronic autoimmune thyroid disease) lead to altered immune function as
human lymphocytes express nuclear receptors for thyroid hormones. B cell development has been seen to be impaired
in the bone marrow of C.RF hyt/hyt mouse where TSHR was defective and TSH production was impaired and mouse
was hypothyroidic and subsequent treatment of T4 leads to increase in pro B cells in the S-G2/M phase of the cell
cycle [91, 92]. Thyroid gland has been seen to have the highest expression of ACE2 along with other vital organs like
the kidney, heart, and small intestine [93]. In a retrospective cohort study conducted on 251 COVID-19 patients who
had hypothyroidism as comorbidity, it was seen that 68.1% received hospitalization but not in an increased risk of
mechanical ventilation. However, their study indicated that hypothyroidism if well managed will not lead to
deleterious extremities like death but the chance of infection remains high for poorly controlled hypothyroidism [94].
Other than this, obese Polycystic ovary syndrome (PCOS) women are also susceptible to higher risk for COVID-19
infection accounted for hypercoagulable state induced due to elevated BMI and insulin resistance.

7.1. Chronic Obstructive Pulmonary Disease (COPD) and COVID-19

A case related study showed that COPD patients who received prescribed inhaled corticosteroids (ICS) were at high
risks of COVID-19 infection [95]. In China, patients experienced pneumonia-like symptoms at the onset of December
2019 which was basically the symptoms of the rising COVID-19. It was seen about 7% of patients in China and about
13.7% of patients in Italy who contracted COVID-19, had COPD as pre-existing disease [96]. The expression of
ACE2 receptors had been found to increase which contributes a major factor in contracting the disease leading to
hyper mucous formation [97]. Tobacco smoking has been correlated with the severity of SARS-CoV-2 when
contracted. COPD npatients have been recognized by the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) as the worst affected individuals who contract COVID-19. Not only current smokers but individuals having a
previous history of smoking are equally susceptible to infection. There is differential ACE2 expression like the whole
Cigarette smoking largely culminates in upregulation of ACE2 expression while a research group showed that nicotine
present in cigarette causes disruption in RAS pathway and both ACE2 and AT1R (Angiotension type 1 receptor) gets
downregulated [30, 98, 99]. Second-hand smoking (SHS), use of snuff and air pollution both indoor pollutants like
cooking in kerosene and other biomass fuels in village areas, smoke of mosquito coils and exposure to outdoor
pollutants like automobile emissions can be other important ancillary causes of COPD [100, 101].

7.2. Cardiovascular Disease, Hypertension and COVID-19

Worldwide about 1.4 million people are affected by hypertension [102]. The 3™ report of Joint National Committee
on Detection Evaluation, and Treatment of High Blood Pressure in 1984 (JNC Il1) proposed that normal bp counts to
systolic blood pressure (SBP)<140 mm Hg and diastolic blood pressure (DBP)<90 mm Hg [103]. High cardiovascular
risk is seen in patients who have elevated SBP and a low DBP [104]. As per the WHO, in September 2019, it was
reported that the African population has the highest incidence of hypertension about 27% while the prevalence is low
in America which is about 18%. (World Health Organization, Hypertension (13" September 2019)). It is
prognosticated that by 2025 the number of hypertensive patients will increase to 1.56 billion worldwide [105]. Women
are seen less to suffer from hypertension compared to males (12% vs 27% respectively). Menopausal women and men
are at high risk of cardiovascular diseases can be due to various biological factors like sex hormones, chromosomal
differences, behavioural and lifestyle factors like high body mass index (BMI), smoking habits, limited physical
activity. Intra-abdominal adiposity has a relationship with high BP and the levels are higher in males compared to
females and this relates to increased sympathetic activity in males consequently leading to cardiac arrhythmias,
cardiovascular hypertrophy [106-109]. High androgen levels as of testosterone, is associated with noradrenaline
synthesis and subsequent vasoconstriction [110]. Low levels of serum androgen promote hypertension and
cardiovascular anomalies in males while the reverse is true in females where hypertension and CVD arise from
elevated androgen levels. A study conducted on 5a-dihydrosterone (DHT) treated male rats showed intrarenal
expression of CYP4A and 20HETE (Hydroxyecosatetraenoic acids) and elevated BP level via NFkB activation and
increased production of reactive oxygen species (ROS) and decreased nitric oxide (NO) production paving the way to
renal vasoconstriction [111, 112]. Another important factor involves salt levels in the diet, an increased salt
consumption leads to an increase in water retention thereby increasing BP levels [113].

SARS-CoV-2 affected patients already having pre-existing cardiovascular diseases are prone to heart attack or
myocarditis characterized by high leukocyte count with concomitant IL-6, ferritin levels due to elevated troponin
concentration resulting in cytokine storm and in its worst death [114, 115]. Alongside hypertensive patients,
contracted with SARS-CoV-2 has been seen to have high sensitivity to CRP compounded with procalcitonin and IL-6
suggesting heightened inflammation [116].
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Coronary heart disease is also a major disease of concern in the wake of the COVID-19 pandemic. An imbalance
between the ACE2 vasoprotective axis (ACE2-Ang (1-7)- Mas axis) and ACE- Ang Il -Angll type 1 Receptor (AT1R
axis) leads to pulmonary hypertension-related CHD (CHD-PAH). Though the concentration of ACE2 has been
associated with increased inflammatory cytokine levels, however, a new explanation suggests that higher ACE2
expression at baseline can be seen from a vantage point of view as the viral molecules engage in a competition binding
with angiotensin 11 and that maintains angiotensin 1-7 levels which inhibit the proinflammatory action of ACE2. This
can be a plausible reason for the disparity of infection and severity across children and young generation with that of
adults [117]. In a study conducted with 104 CHD patients (35 men and 69 women) with an age greater than 14 years,
it was seen that ACE2 concentration was higher in patients with non-pulmonary hypertension while in patients with
pulmonary hypertension ACE2 concentration decreases [118]. But, whether children and new-born with congenital
heart disease are least susceptible to COVID-19 remains to be a debatable issue and needs to be further elucidated.

8. Mutations in Virus

Virus mutations are common and the influence of such mutations in the changing facets of SARS-CoV-2 viruses is
not a surprise [119-120]. Although, there are more questions than answers at this moment for the mutation(s) that are
observed currently, and how it impacts the spreading of the virus. However, there is no denial that already researchers
across the world have recorded as many as 12,000 mutations to date (Figure 3).

D614G of the spike protein

Receptor-binding domain of the SARS-CoV-2 MNon-Structural Protein 6 and the
spike protein Mutations adjacent Open Reading Frame

Deletion of 382 nucleotides in RNA

Figure 3. Range of SARS-CoV-2 mutations

It seems that there are no direct correlations between the recorded mutations and faster spreading hitherto [120].
However, the emergence of 12,000 mutations shows how the virus has evolved in the last year (three major variant
types — A, B, and C) [121]. On the contrary, it also must be highlighted that this virus is evolving at a slower rate than
other RNA viruses due to the presence of a proofreading enzyme which corrects any error(s) during the replication
[122]. It is also believed that the virus might have already optimally evolved from the very beginning as it was able to
infect such a huge number of people around the world and further mutations may not be so necessary until it faces any
resistance from the host.

The most popular mutation that has been recorded for SARS-CoV-2 is the D614G (aspartic acid to glycine) that
had incidence from Germany and China [123]. The D614G is reported to change the architecture of the spike protein
to a more relaxed structure that might facilitate the chance of infection [124, 125]. Other reports suggest mutations in a
receptor-binding domain of the spike protein [126, 127]. Moreover, deletion of 382 nucleotides in RNA has also been
studied which potentially reduces the severity of COVID-19 infection [128]. In a separate study, two mutations were
detected in the Non-Structural Protein 6 and the adjacent Open Reading Frame, of which one of the mutations might
be contributing to the altered intracellular survivability of the virus, but that needs further investigation [129]. So,
there must strict vigilance on this and further mutations which might lead to evolution and any alterations in the
phenotype. That would ensure successful designing and modifications in upcoming therapeutic strategies.

9. Host Genetics

SARS-CoV-2 infections can exhibit a wide range of consequences in different individuals. Normally, it has more
severe outcomes in old individuals with underlying health issues [130]. However, young adults are also prone to
varying impacts of disease severity. Patients show grave symptoms like renal and cardiac injury, loss of smell and
taste, persistent fever, gastrointestinal malfunctioning, and even hepatitis, among others [131-134]. Others may be
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asymptomatic altogether [135]. For many infectious diseases, it is understood that allelic polymorphisms and genetic
loci variations have contributed to such differences in disease susceptibility among individuals.

As already discussed in this review, ACE2 is the primary attachment and entry point of SARS-CoV-2. The
scientific community thus started to investigate whether any ACE2 polymorphisms impacted viral binding and entry.
There were several variants of ACE2 (S19P, 121V, E23K, K26R, T27A, K31R, N33I, H34R, E35K, E37K, D38V,
Y50F, N51S, M62V, N64K, K68E, W69C, F72V, Y83H, T92l, Q102P, G326E, L351V, G352V, D355N, H378R,
Q388L, P389H, 1468V, D509Y, N720D) that could change the ACE2 conformation thus altering (positively or
negatively) interaction with SARS-CoV-2 [136-138]. Again, patients with hypertension, diabetes, and chronic
obstructive pulmonary disease (COPD) show a much higher ACE2 expression than healthy counterparts explaining
how comorbidity can influence disease severity [139].

TMPRSS2, a serine protease, has a role in viral membrane fusion. There are reports that single nucleotide
polymorphism (SNP) results in higher expression of TMPRSS2, which further increases the susceptibility of an
individual towards SARS-CoV-2 infection [140].

HLA-typing can be another important factor that determines SARS-Cov-2 infection and disease progression.
Research groups have deciphered that HLA-B*46:01 binds to fewest number of peptides of SARS-CoV-2, which
suggests that individuals who have this allele can generate a feeble immune response and thus more prone to severe
manifestations [141]. On the contrary, individuals with HLA-B*15:03 are more protected from the severity as they
have a high capacity to present well-conserved peptides of SARS-CoV-2 and other pathogenic coronaviruses to the
immune cells [141].

“Cytokine storm” mediated by increased release of cytokines such as IL-6, TNFa, IL-1f is another complication
associated with SARS-CoV-2 infection [138]. Patients with severe clinical symptoms have been associated with
hyper-secretion of these cytokines, along with increased levels of C-reactive protein, D-Dimer, ferritin, etc. [138]. The
consequence of such a rise in the levels has been related to excessive alveolar damage which ultimately leads to acute
respiratory distress syndrome [142]. These events are absent in asymptomatic or patients with milder symptoms.
Studies also state that certain immune responsive genes like AHSG, CCL5, CCL2, IL4 variants have a role in disease
severity [143].

10. Natural compounds: Alternatives to Mitigate the Overlooked Side Effects of Common
Antivirals in COVID-19

The ever-increasing rates of SARS-CoV-2 pandemic has necessitated the search for effective therapies as no
proven appropriate remedy or proper prophylaxis in the form of vaccination is available so far. Nevertheless, to
combat the worsening situation, several drugs and antivirals were proposed and administered for treatment. But these
drugs have been seen to pose considerable side effects to the body and it calls for urgent need for alternative medical
treatment. We discuss certain available chemical drugs used in spite of their known side effects to combat the
increasing predicament of the disease.

Antimalarial Drugs: Chloroguine and Hydroxychloroquine — Its mode of action and possible side effects

At the very start of the SARS-CoV-2 pandemic crisis, antimalarial remedial drugs like chloroguine and
hydroxychloroquine were used and still in vogue for treatment. Both being 4-aminoquinoline derivatives, chloroquine
itself is effective against a spectrum of RNA viruses like Ebola, Zika, polio, influenza A and B viruses, HIV as well as
an array of DNA viruses [144]. Chloroquine and its analogue hydroxychloroquine are used as a medicine for lupus
erythematous, arthritis, etc. autoimmune diseases and functions by interfering with a) glycosylation of the ACE 2, the
receptor for SARS-CoV-2 thereby altering the binding of the virus with the same [145], b) it raises the endosomal pH
that blocks viral infection [146], ¢) a hypothesis suggests possibly the interaction of SARS-CoV-2 with the host cell is
interfered with chloroquine treatment that brings about the inhibition of MAPK like kinases and reduces prion
inflammatory cytokines [144]. However, via molecular docking studies, it has come to light the enhanced effectivity
of hydroxychloroquine. It binds more efficiently to the 32 amino acids present in the four helices of the N-terminal
domain (NTD) of the nucleocapsid N protein with a binding energy (-7.28 kcal/mol) much higher than the binding
energy of chloroquine (-6.30 kcal/mol) [147]. Hydroxychloroquine causes S protein breakage due to the formation of
autophagosomes brought about by the rise in pH of lysosomes and endosomes [145]. Hydroxychloroquine has also
been seen to intervene with the antigen processing and presentation brought about by MHC Class 1 leading to a fall in
T-cell production and thereby preventing cytokine storm [148]. Hydroxychloroquine has been reported to block toll-
like receptor (TLR9) signalling by binding with nucleic acids and reducing cytokine production [149].

Side effects: Though potentially capable of inhibiting the virus, hydroxychlorine has been reported of inducing
fulminant hepatic failure and ventricular arrhythmias [150] and causes more renal toxicity than chloroquine does
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[151]. Both these drugs have been associated with delayed action potential in the nerves and prolonged QT interval in
myocytes [152].

Antiviral Drugs: Remdesvir, Lopinavir, Ritonavir — A re-evaluation of its effectiveness and toxicity

Chloroquine and hydroxychloroquine are advised not to be used with Remdesvir as the activity of the latter may
decrease with the concomitant use of these antimalarial drugs [153]. Remdesvir, an antiviral nucleotide analogue has
long been used for a myriad of RNA viruses like MERS-CoV, SARS-CoV, Ebola, Nipah viruses, and other zoonotic
viruses [154-157]. Remdesvir is formed by intracellular conversion and its mode of action is competitive binding by
mimicking the structure of nucleotides [158]. Also, Remdesvir can halt the inhibition of viral RNA dependant RNA
polymerase replication [159]. Remdesvir interestingly has been found to be effective in inhibiting SARS-CoV-2 in
human liver cancer Huh 7 cells [160]. Other drugs of choice being a protease inhibitor of SARS-CoV-2 is a
combinational therapy of lopinavir-ritonavir that was previously used in the treatment of SARS-CoV and MERS [154,
161]. This therapy targets 3Clpro, a 3chymotrypsin like protease that aid in the processing of viral RNA [162, 163].

Side effects: These antiviral drugs are being complained of serious side effects. Remdesvir is associated with
cutaneous side effects [164], hepatocellular injury with increased levels of AST/ALT upon remdesvir [165], cardiac
side effects causing hypertension, arterial fibrillation and sinus bradycardia [166]. Lopinavir-ritonavir on the other
hand is not refrained from causing adverse effects. Ritonavir induces porphyria, haemophilia and is to be used with
much caution for individuals with cardiac ailments [167] and are seen to cause gastrointestinal troubles with ancillary
nausea, vomiting and diarrhoea [168, 169].

Natural Compounds: Its beneficiary action — Natural Compounds targeted against 3CLpro, PLpro, Spike protein,
ACE?2 receptor

With side effects of these practicing remedial soaring high, search necessitates for alternative treatment and natural
compounds can be a judicious choice to minimize the exacerbation of the severity brought about by the same as well
as providing an economical advantage for the developing countries.

A number of phytochemicals and natural compounds can be used in lieu of these antivirals. Where Lopinavir-
Retonavir are targeted against the 3Clpro, molecular docking studies have revealed high receptor binding (docking
score S= -16.35) of a phytochemical extracted from Psorothamnus arborescens having an isoflavone moiety [ 5,7,3’,
4’- tetrahydroxy-2’-(3,3- dimethylallyl) isoflavone] with that of Cys-145-His-41 catalytic dyad of the 3Clpro much
higher than a potent non-competitive inhibitor ML188 (having docking score S= 8.31) when used as a reference.
Besides, legume like kidney beans Phaseolus vulgaris having 3,5,7,3°,4’,5’-hexahydroxy flavonone -3-O- beta -D
glucopyranoside and Indian gooseberry, Phallanthus embellica having (2,S)- Eriodictyol 7-O-(6”-O-gallolyl)-beta D-
glucopyranoside, myricitin group from Myrica cerifera has been seen to show similar reactivity against the 3Clpro
residues of the virus [162]. A variety of potential inhibitors for SARS-CoV-2 are found in the rhizomes of Zingiber
officinale and galangal (Alpinia officinarum) [170]. From earlier reports based on coronavirus inhibition, apart from
the chymotrypsin enzyme 3Clpro, there are a number of natural compounds found to be effective against another
papain protease, PLP®, that functions by hampering post-transcriptional modifications of host proteins, cleaving
ubiquitin and attenuating interferon that aids largely on innate response of the body and thus the enzyme facilitates in
the viral replication by assembling replicase complex for viral replication [171]. A number of natural compounds are
seen to have inhibitory action against this Plpro protein. Examples can be cited for Curcumin obtained from Curcumin
longa which is an easily available medicinal herb and spice, along with tanshinone derivatives obtained from an array
of Salvia sp., [172] baicalin from Scutellaria baicalensis, and Theaflavin 3,3'-di-O-gallate from Camellia sinensis
[173]. There are several phytochemicals like Phyllaembillin A, Punigluconin, Punicafolin and Emblicanin A from
Indian Gooseberry, Phyllanthus embilica, Rutin from Neem, Azadirichta indica, Lithospermic acid from Salvia
multiorrhiza, and Kuwanon X from Mulberry plant , Morus alba is considered efficient for simultaneously inhibiting
all the three drug targets, that is, PLP™, 3CLP™ and IS -spike, a mutational variety of the spike protein of SARS-CoV-2
seen in India [having surface glycoprotein A930V, (24351C>T) [174].

Some common food items, spices, and condiments are seen to be functionally ACE2 inhibitors. A number of
flavonoids scutellarin, nicotanamine can be seen as ACE2 inhibitors over conventional ACE2 blockers like
telmisartan, losartan'™ as these ACE2 blockers causes upregulation of Angiotensin Type Il receptor (AT1R) in
diabetic and hypertensive patients thus ramifying further the severity and fatality of infection [175]. Peptide
nicotinamine from Glycine max, anthraquinone extracted from Rheum officinale, apigenin from Apium graveolus,
Delphinidin and Cyanidin from Hibiscus sabdariffa are found effective in ACE2 inhibition [174]. Theaflavin extracted
from Camellia sinensis of Assamica variety has been seen to inhibit both protein ACE2 and TMPRSS2 expression at
50ug/ml concentration [176].

Besides, essential oils like limonene composed of volatile terpene compounds extracted from lemon and geranium
can reduce epithelial ACE2 expression [177]. In silico study showed that isothymol, an essential oil extracted from an
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annual herb of Western Algeria, Ammoides verticillate of the Apiaceae family has high binding energy and thus may
block ACE2 interfering with the entry of SARS-CoV-2 [178]. Several compounds in the form of essential oils isolated
from medicinal plants like basil, cinnamon, thyme, clove contain monoterpenes, terpenoid phenols which can be
targeted against Spike S glycoprotein of SARS-CoV-2. Cinnamaldehyde, cinnamyl acetate, these two phenyl
terpenoids have been found to show high chemical reactivity with a molecular dipole moment of 4.53 Debye and
lower electronegativity of -4.34 that signifies its capability of inhibition [179]. Resveratol found in grape skin along
with piceatannol found in berries, grapes are stilbenoids which are a class of phenolic compounds found in grape skin
formed a stable complex with the amino acid residues of the S protein ACE2 Receptor complex via hydrophobic,
hydrogen and ionic interactions [180, 181]. Taraxerol, Friedlin, Stigmasterol isolated from a perennial herb
Clerodendrum spp. have high binding capacity with the amino acid residues of the SARS-CoV-2 spike protein.
Friedlin interacts with Lys 444, Tyr 449 and Asn 450 while Stigmasterol with Tyr 449 and Phe 490. These compounds
can be employed to target the spike protein and inhibit its further interaction with the ACE2 receptor [182]. An
unbiased molecular docking study finds potential heparin-binding profiles on coronavirus spike glycoproteins,
suggesting the possibility of SARS-CoV-2 interventions through the use of heparins.

Microbial metabolites and compounds from Marine microorganisms targeted against SARS-CoV-2

Recent in silico molecular interaction studies have revealed cyanobacterial metabolites like deoxycylindrospermin
isolated from Cylindrospermopsis interacted with the residues of the main protease 3Clpro/Mpro through hydrophobic
and hydrogen bond interactions. Cylindrospermopsin, and eucapsitrione from Eucapsis sp. reacts with the Plpro
protein [183]. Sulphated polysaccharides from marine microorganisms like sea cucumber Stichopus japonicus and
Fucoidan from brown algae can have an excellent inhibitory effect on SARS-CoV-2 [184]. Recent reports revealed a
T3 terpenoid isolated from marine sponge Cacospongia mycofinensis inhibits the action of Mpro via hydrogen bond
interactions [185].

Microbial dysbiosis is a common predicament in patients contracted COVID-19 with declining gut bacteria like
Lactobacilli and Bifedobacterium as SARS-CoV-2 disrupts largely the gastrointestinal system where the ACE2
receptor is expressed. Thus treating patients with Lactobacilli casei and Bifedobacterium can be a suitable way as they
are seen to enhance inflammatory signals and promote heightened phagocytosis and increase levels of interferons and
immunoglobulins like IgA [186]. A molecular dynamics simulation study predicts an interaction between the
secondary fungal metabolite Pyranonigrin A and Mpro, thus proposing this metabolite to have an effective potentiality
against the SARS-CoV-2 virus [187].

11. Conclusion

This review entails the factors that lead to severity associated with COVID-19. Coronaviruses can cause a range of
manifestations in different individuals — from being asymptomatic, to milder versions, and even resulting in
catastrophic symptoms that ultimately leads to the death of an individual. This review explains these fine margins,
thus explaining each factor’s mechanisms, and how each factor contributes to the severity. Also, this helps to
understand which individuals are more prone to infection. Every individual carrying a certain level of these
predispositions should be more cautious and should take every step to protect themselves from being exposed to this
disease.
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Papiliotrema laurentii strain RY1

Stress response due to the lack of essential nutrient(s) for an organism has been a focal point of several scientific
investigations. The present study investigates the cellular adaptations behind the ability of Papiliotrema laurentii
strain RY1 to perpetuate without added nitrogen and propagate robustly in growth- limiting amount of nitrogen.
We executed phenotypic (using scanning electron microscopy, differential interference contrast microscopy and
transmission electron microscopy), microbiological and computational analyses to show multiple responses of
dimorphism, capsule formation and autophagy as a survival strategy by the yeast upon nitrogen starvation. The

roles of phosphomannose isomerase, phosphomannomutase and several autophagy-related transcripts aiding in
such a response have been discussed.

1. Introduction

The essentiality and involvement of nitrogen in metabolic circuits of
diverse living organisms has been a subject of active research over the
years (Cooper, 1982; Chen et al., 2018; Wiame et al., 1985; Magasanik
and Neidhardt, 1987; Magasanik, 1992; Yang et al., 2015). Nitrogen
depletion primarily retards the growth rate of cells and promotes cell
cycle arrest (Johnston et al., 1977; Brown et al., 2014). Yeast and fungal
cells typically exhibit two fundamental responses to deal with nitrogen
limitation: (1) morphological modifications such as pseudohyphae
generation (2) over-expression of the nitrogen transporters to maintain
nitrogen homeostasis within the cells (Montanini et al., 2006).

The basidiomycetous genus Papiliotrema (Syn. Cryptococcus) has
been reported to be isolated from decayed wood inside Ficus religiosa
tree trunk hollows, avian excreta, tomato rhizosphere and even from
soil samples. Papiliotrema laurentii is ubiquitous in soil rhizospheres as
this yeast can assimilate pentoses, hexoses and organic acids that are
present in root secretions. Synergism of Papiliotrema laurentii with
Funneliformis mosseae (arbuscular mycorrhizal fungi), Agathosma betu-
lina and Lupinus angustifolius L. enhanced uptake of nitrogen, phos-
phorus and induced photosynthesis in the respective organisms.
Therefore, this yeast could have microbiological applications in
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E-mail address: ratangachhui@yahoo.com (R. Gachhui).

https://doi.org/10.1016/j.micron.2019.102708

rhizospheres by stimulating plant growth (Leguina et al., 2019). Papi-
liotrema laurentii strain RY1, was isolated from Kombucha tea together
with strains of nitrogen-fixing bacterial species in the medium that had
no combined nitrogen. Probably a small amount of nitrogen in the tea
infusion, but the high amount of carbon source will cause it to be ex-
hausted quickly (Dutta and Gachhui, 2006; 2007). Yeasts in their nat-
ural habitats typically encounter an environment of low and limiting
nitrogen and carbon levels most of the time (Tanghe et al., 2006). So,
insights into the alteration of morphology and physiology of yeast
under nitrogen depletion could be useful to understand how yeasts
respond to such changes in environmental cues.

The yeast showed an ability to perpetuate without nitrogen and
propagate robustly in the presence of growth-limiting amount of ni-
trogen (Chakraborty et al., 2016). The strain has been deposited in the
Microbial Type Culture Collection, Chandigarh, India (MTCC 6930).
RY1 was understood to adapt to low levels of nitrogen with different
mechanisms. Under nitrogen stress, the yeast repressed translation ap-
paratus and up-regulated the expression of transmembrane transpor-
ters, fatty-acid oxidation and lipid homeostasis (Sarkar et al., 2018).
There was an over-expression of a chitin deacetylase leading to the
modification of cell wall in response to nitrogen availability which
might be instrumental to provide additional integrity to the cells
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ABSTRACT

Background: Free radicals are known to cause severe damage to most of
the biomolecules in the human system and are responsible for various illness-
es including neurodegenerative, cardiovascular and autoimmune disorders.
Antioxidants can reduce effects of free radicals and are given to patients
suffering from such diseases. There are certain natural antioxidants like
flavonoids which possess free radical scavenging activities. The flavonoid
quercetin is one such compound among naturally occurring antioxidants.
The present study has been designed to determine the antioxidant activity
in the synthetic antidepressant drug imipramine which is structurally similar
to quercetin. Method: Specific standard procedures like ferric ion reducing
capacity by FRAP assay, phosphomolybdenum assay and cupric ion reducing
(CUPRAC) assay were carried out keeping ascorbic acid as the known
standard. Results: Ferric ion reducing property of imipramine by FRAP
assay revealed that reducing power of imipramine augmented with increasing
amounts of the drug. In the phosphomolybdenum assay antioxidant capacity
of imipramine increased in a dose dependent manner. In both these studies
imipramine showed greater antioxidant action than ascorbic acid. In CUPRAC
assay as the amount of imipramine was increased there was a definite

INTRODUCTION

Transfer of an electron from electron rich to electron deficient entity is
termed as oxidation. The common natural oxidizing agents include
metals and metallic compounds that are present naturally in all eco-
systems.! A large number of studies have repeatedly proved the toxi-
genic and carcinogenic potentialities of heavy metals.? Such toxic met-
als have been found to interact with deoxyribonucleic acid (DNA) as
well as proteins resulting in oxidative denaturation of biological mac-
romolecules. Several heavy metals like lead, arsenic, mercury, iron,
cadmium, chromium and cobalt are capable of producing reactive free
radical species that may finally terminate in lipid peroxidation and
oxidation of DNA and ribonucleic acid (RNA).* Prevention and slow
reduction of such oxidative processes can be carried out by a variety
of agents termed as antioxidants. An antioxidant is able to trap free
radicals resulting in termination of a chain reaction by chelating the
respective metal ion or by inhibiting the process of free radical genera-
tion and also direct scavenging of free radicals by preventing the reac-
tion of biomolecules with the Reactive Oxygen Species (ROS). Along
with ROS Reactive Nitrogen Species (RNS) is also capable of damag-
ing biomolecules both in vitro and in vivo. Various harmful effects of
ROS can be neutralized by non-enzymatic antioxidants as well as anti-
oxidant enzymes.* Generation of free radicals is balanced by the anti-
oxidative defense system in healthy individuals, but oxidative stress is
revealed in individuals suffering from various ailments that favour free
radical generation due to depletion of antioxidant levels.” Antioxidants
are primarily of two types, enzymatic and non-enzymatic. Among the
non-enzymatic antioxidants apart from vitamins C, E and carotenoids
there is a large variety of flavonoids that are important antioxidants.

Free Radicals and Antioxidants, Vol 6, Issue 2, Jul-Dec, 2016

elevation in antioxidant activity; however, it was comparatively less active
than ascorbic acid. Conclusion: The highly potent antioxidant property in
the antidepressant synthetic compound imipramine may be recognized
by physicians involved in treatment of psychosis since patients receiving
this drug regularly will certainly be in an advantageous position. The parent
structure of imipramine can be modified further to potentiate antioxidant
property of the drug.

Key words: Antioxidant, Antidepressant drug, Flavonoids,
Quercetin, Reactive Oxygen Species.
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One of the most important properties of flavonoids is their protection
against oxidative stress.® Flavonoids are polyphenolic compounds pos-
sessing 15 carbon atoms, two benzene rings which are joined by a lin-
ear three carbon atom chain. The flavonoid quercetein is known to be
present in many fruits, vegetables, olive oil, red wine and tea.” During
the past few years presence of quercetin has been reported in different
parts of several higher plants.®'* Mishra and Flora observed further
that administration of quercetin could successfully protect arsenic in-
duced oxidation in experimental animals.' Based on these studies, the
tricyclic antidepressant drug imipramine which is structurally similar
to quercetin and a member of the dibenzazepine group of compounds
was selected to determine its antioxidant potentiality.

MATERIALS AND METHODS

Drug: The drug imipramine (Sigma Aldrich, USA) was received as a
gift from Dr. J. Christensen, University of Copenhagen, Copenhagen,
Denmark.

Chemicals

Allthe chemicals and reagents used in this study were of analytical grade.
Ascorbic acid was purchased from Sisco Research Laboratory (SRL,
India). For ferric ion reducing assay ethanol, hydrochloric acid, potas-
sium ferrocyanide and ferric chloride were obtained from Merck, India;
and sodium dodecyl sulphate was from SRL, India. For phosphomo-
lybdenum assay the chemicals ammonium molybdate and phosphoric
acid were received from Merck, India. For cupric ion reducing assay
cupric chloride, trisodium citrate and neocuproine were procured
from Loba Chemie, India.
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ABSTRACT

Objective: Oxidative stress contributes to the pathophysiology of exposure to environmental pollutants and to different free radical generating
biochemical reactions in a human system leading to various types of age-related ailments. An antioxidant is a substance capable of preventing
or slowing down oxidation of other molecules. Administration of different natural or synthetic antioxidants can ably lead to prevention and
attenuation of such stress-induced biochemical alterations. Best examples of natural antioxidants are plant-derived flavonoids. The present
study has been designated to determine antioxidant properties in antidepressant compound doxepin which is structurally similar to flavonoid
quercetin.

Methods: Antioxidant capacity in doxepin was determined with help of several standard conventional procedures such as phosphomolybdenum
assay, Ferric ion and cupric ion reducing power assays, ferrous ion chelating activity assay, hydrogen peroxide, and nitric oxide scavenging activity
assays.

Results: Doxepin showed a stable rise in its antioxidant activity in a dose-dependent manner as determined by ferric as well as cupric ion reducing
capacity and by phosphomolybdenum assay. An almost identical observation was noted while determining ferrous ion chelating activity. Furthermore,
doxepin showed a strong nitric oxide scavenging activity in all the concentrations used in the study while its hydrogen peroxide scavenging activity
was only observed at 500 pg/ml of doxepin.

Conclusion: Thus, our study opens up a new vista in search for antioxidants not only from plant sources but also from clinically established
pharmaceutical compounds that are already in practical use among patients.

Keywords: Antioxidant, Antidepressant, Doxepin, Quercetin, Flavanol, Flavonoids.

© 2017 The Authors. Published by Innovare Academic Sciences Pvt Ltd. This isan open access article under the CC BY license (http://creativecommons.
org/licenses/by/4. 0/) DOI: http://dx.doi.org/10.22159/ajpcr.2017.v10i3.15149

INTRODUCTION Through several studies, the different modes of action of various
antioxidants have been observed: As preventers of oxidation reactions
caused by free radicals, free lipid radical formation inhibitors, by
breaking the chain of auto-oxidation reactions, as quenchers of singlet
oxygen, by converting the hydroperoxides through reduction and the
metal pro-oxidants by chelating metals into stable compounds, and
finally as inhibitors of pro-oxidative enzymes [10-14].

The driving forces to sustain life are some of the processes of
biochemical reactions which continue till death of human beings. Such
incessant processes in our bodies generate several bio-molecules, of
which some are reactive oxygen species (ROSs) and free radicals [1].
Occupational exposure to environmental pollutants such as pesticides,
toxic chemical wastes, direct as well as indirect cigarette smoke,
gasoline exhaust, urban air pollutants ozone and radiation, and physical
stress have been demonstrated to produce similar reactive molecular
species in our bodies [2]. These molecules cause oxidative degradation

Flavonoids are a class of naturally occurring polyphenolic compounds,
isolated from a wide range of vascular plants. They generally occur in
plants as glycosylated derivatives, and they contribute to the brilliant

of lipids, proteins, and DNA, activation of procarcinogens, inhibition shades of blue, scarlet, and orange, in leaves, flowers, and fruits. Apart
of cellular and antioxidant defense system, depletion of sulfhydryls, from various vegetables and fruits, flavonoids are found in seeds, nuts,
altered calcium homeostasis, changes in gene expression, and induction grains, spices, and different medicinal plants as well in beverages, such
of abnormal proteins and contribute significantly to human disease as wine particularly red wine, tea, and at lower levels in beer [15].
pathophysiology [3-5]. Certain substances known as antioxidants act as The basic flavonoid structure is the flavan nucleus, which consists of
preventive oxidants caused by such free radicals and ROS. Halliwell [6] 15 carbon atoms arranged in three rings. Different biological activities
defined antioxidants as “any substance that delays, prevents or removes of flavonoids had been the subject of several studies in the past years,
oxidative damage to a target molecule.” The antioxidant vitamins such and it has been revealed that they exhibit antimicrobial, antiallergenic,
as vitamins C and E, f-carotene and proanthocyanidins, antioxidant antiviral, anti-inflammatory, and vasodilating actions. However, most
minerals such as zinc and selenium, and antioxidant enzymes such interests have been devoted to the antioxidant activity of flavonoids,
as glutathione, superoxide dismutase, and catalase, have been vividly which is due to their ability to reduce free radical formation and to
studied for their potential role in the prevention of degenerative scavenge free radicals [16].

diseases including tumor growth and carcinogenesis [5-8]. Research

evidence has suggested a link between increased levels of ROS and Among the flavonol subclass of flavonoids, quercetin is a major
disturbed activities of enzymatic and nonenzymatic antioxidants in representative. Quercetin is the flavonoid widely distributed in nature

diseases associated with aging [9]. and is one of the most abundant dietary flavonoids with an average
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