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Chapter 1

Introduction

1.1. Background:

‘Medicine’ is the expertise and practice of maintaining and restoring health. Its Greek
etymon is ‘medome’ which means ‘to care for’. The word also means ‘to think deeply
and to execute artfully’ in both English and Greek. This indicates that medicine has
deep roots in craft or technology. ‘Nano’ is a term which is used as a prefix in
International System of Units (SI) for one-billionth of a meter i.e. 10° m. ‘Nano’ is the
Greek word for ‘dwarf” which means ‘very small’ and Spanish word for ‘young child’.
In 1974, Professor N. Taniguchi defined nanotechnology as “the processing of
separation, consolidation and deformation of materials by one atom or one molecule.”
It is the utilization of nanoscience for practical purposes in order to benefit society. Eric
Drexler, Christine Peterson and Gayle Pergamit coined the term ‘nanomedicine’ in the
context of application of nanoscience for therapeutic purpose in, Unbounding the
Future (1991). Nanomedicine is interpreted as an application of nanotechnology to
medicine and it is the revolutionary interdisciplinary of nanotechnology,

nanobiotechnology and nanobiomimetics.

1.2. Understanding the Nanoparticles:
Richard Feynman’s “plenty of room at the bottom” vision influenced the synthesis and
manipulation of nanoscale materials to attain exclusive physical, chemical and

electronic properties for a wide range of applications. There are four correlative



definitions of nanoparticles. As defined by Kohler and Fritzche (2004), “nanostructures
or nanoparticles are defined according to their geometric dimensions induced by
external forming processes, so that the forming, orientation and positioning are
achieved in relation to an external reference system, such as the geometry of a
substrate. Nanostructures must have at least one dimension of less than 100 nanometers
and may have two or three”. The 1SO (2004), states that a nanoparticle is a “particle
with a small enough diameter for the physical and chemical properties to differ
measurably from those of bulk materials. The rated maximum but non-exclusive
diameter is 40 nm”. These definitions go along with the one approved by the US
National Nanotechnology Initiative (2004), viz. that nanotechnology represents
research and technology development at the atomic, molecular and macromolecular
levels in the length scale of approximately 1 to 100 nanometers; the creation or use of
structures, devices or systems that have novel properties and functions because of their
size; the capacity to control and manipulate at the atomic scale. In conclusion, the
definition of the Royal Society and the Royal Academy of Engineering (2004) is
plausibly the one that perfectly compiles the attributes and unique facets of
nanomaterials. It maintains that nanoscience is the study of phenomena and the
manipulation of materials at the atomic, molecular and macromolecular scales, where
the properties differ significantly from those on a larger scale. Thus, the properties of
nanostructures are more directly related to those of individual molecules than to those
of bulk material. This results in the development of very distinct and novel properties
of nanoparticles. The very principles of chemistry and classical solid state physics must
be replaced by quantal approaches based on the probabilities where each atom and each
molecule can play an important role and where the interactions among them have a

major impact on the holistic behavior. Thus, the classical mechanical parameters of



solids no longer predominate, but the individual molecular and atomic dimensions and
the interactions determine the arrangement, stability, flexibility and function of
nanostructures. Two main factors may be responsible for the changes of properties
observed in nanoparticles: a much greater relative surface area per unit of mass and a
prevalence of quantal effects. The first of these factors is responsible for the changes in
reactivity, which can increase considerably as particles decrease in size [1, 2]. The
second factor which has been observed is that minuscule particles (of size of few nm),
induce modifications in terms of optical, electrical, mechanical and magnetic properties
[3]. As commercial materials claimed higher performance and need of the hour was to
exhibit multiple functions simultaneously, material research moved its target from
singular nanomaterials (NMs) to hierarchical ensembles. Such nanoscale conjugates are
commonly termed nanohybrids (NHs), which bring together divergent combinations of
metals, metalloids and carbon-only nanostructures with unique soft and hard external
coatings.

In brief, nanomaterials can be classified in terms of dimensioning of the
nanostructures involved. Therefore, quantum dots or nanocrystals, fullerenes, particles,
precipitates, colloids and catalysts are restricted to the three-dimensional nanometric
domain. Nanotubes, dendrimers, nanowires, fibers and fibrils have two nanometric
dimensions, whereas surface coatings, thin films and interfaces have only one
nanometric dimension [4].

There are different approaches of synthesis of nanoparticles. Production of
nanoparticles can be generally classified into the bottom-up and top-down methods. In
the bottom-up approach, construction of nanoparticles occurs by atom by atom or
molecule by molecule. The strategies which are employed to produce such materials

are namely chemical synthesis, self-assembly and positioning of individual



nanoparticles. Chemical synthesis is well known and allows production of
nanoparticles in huge quantities, while positioning of individual nanoparticles requires
microscopy methodologies that are very unproductive. Self-assembly attributes to
production techniques in which atoms or molecules organize themselves to form an
orderly structure on the nanometric scale. In the top-down approach, a large structure is
progressively scaled down until nanometric dimensions are reached. The common
processes are etching, precision engineering, lithography and grinding approaches.
Several of these techniques are routinely used in the electronics industry white rooms,
where production and occupational health and safety conditions normally are strictly

controlled.
1.3. Photophysics Involved in Drug Sensitization by Nanoparticles:

Semiconductors (e.g., Zn0O, TiO,) can act as sensitizers and can assist in light-induced
redox processes due to their electronic structure, which is characterized by a filled
valence band and an empty conduction band [5, 6]. As shown in Scheme 1.1, a drug in
the proximity of a semiconductor does not undergo the recombination process upon
excitation with light. The photoexcited drug (Drug*) transfers the electrons to the
conduction band (CB) of the semiconductor. This leads to the creation of
photogenerated pair (e/h*) in the semiconductor [7, 8]. Excited state conduction-band
electrons (e'cg) can react with triplet oxygen from the dissolved medium producing
reactive oxygen species (ROS). Thus upon light irradiation, the drug molecules
attached to the nanoparticle surface can generate more ROS compared to that of the
free drug molecules. The enhancement in the ROS generation can essentially increase
the overall activity of a drug, thereby reducing the concentration of the essential drug

molecules.



Drug + hv ——» Drug *
Drug * + Semiconductor ——> Drug'++ Semiconductor (€.g )

Semiconductor (€. ) + O, —> Semiconductor + ROS

h* h* h* h*
V B / OH
XIDATION

H,0

Scheme 1.1. Drug Sensitization with Semiconductor Nanoparticles.

1.4. Interaction of Nanoparticles with Cells:

Cell-nanoparticle interactions are often restricted by the low concentration of cells and
the lower diffusion kinetics of nanoparticles [9]. However, uptake by white blood cells
in the circulation and by resident macrophages in the liver and spleen can effectively
remove nanoparticles that have been opsonized, exhibiting epitopes that are recognized
by the cells as markers for clearance. The cell surface is rich with proteins and is
marginally negative in charge. Like proteins, charged particles associate with cells

more rapidly than neutral particles with cationic ones adhering strongly to the anionic



cell membranes [10]. Nanoparticles with higher hydrophobic character also
demonstrate faster uptake and association with cells due to the interaction with
lipophilic domains of the plasma membrane. In addition, zwitterionic and neutral
coatings and hydrophilic flexible polymers minimize the nonspecific associations with
cells. Cellular binding and uptake of nanoparticles are highly dependent on whether the
nanoparticles have already been fouled by proteins. In fact, this characteristic is
abstruse to study as it is unclear whether the binding event is mediated by the targeting
protein attached to the nanoparticle or by fouling proteins bound to the nanoparticle
and/or targeting ligand. Even for studies in which cell cultures are prepared with media
free from exogenous proteins, cells continually secrete their own proteins, which can
adsorb to the nanoparticle surface locally at the plasma membrane to facilitate adhesion
and uptake. Although nanoparticles that are nearly neutral and resistant to protein
fouling usually have upgraded cellular association once they become fouled, it has been
observed that charged and/or hydrophobic nanoparticles will exhibit lower cellular
association once they are fouled with a protein corona. This lowering of adhesion rates
may arise from an electrostatic charge reduction and masking of hydrophobic domains
by steric repulsion provided by the proteins. Once fouled, particles may associate with
cells through interactions that are more specific, involving epitope binding of the
adsorbed protein to its corresponding receptor on the cell membrane. Recent work by
Walkey et al. has identified protein corona fingerprints, suggesting that hyaluronan
receptors are the major mediators of nanoparticle-cell interactions [10]. Besides cellular
targeting, the fate of the nanoparticles within the cells is crucial for drug delivery.
Particles generally end intracellularly in endosomes or lysosomes prior to degradation.

Chemical characteristics such as surface charge determine the fate of the nanoparticles.



For instance, surface functionalization of gold nanoparticles with PEG results in

efficient internalization in endosomes and cytosol, localized in nuclear region [11].

1.5. Scope of the Spectroscopic Studies on the Medicinally Important
Molecules with Various Nanoparticles and their Interaction with

Different Cell Lines:

Over the past few decades, nanotechnology research has focused on understanding the
correlation between the optical, electrical, and magnetic properties of nanomaterials
with respect to their size, shape, and surface chemistry [12]. These studies have
provided a concrete foundation for engineering nanotechnology-based electronics,
computer, and biomedical devices [13]. With the advent of nanotechnology, a cutting-
edge research field which studies the interactions of nanomaterials with biological
systems, known as nano-bio interactions, has gained importance. Research on the
modulated physicochemical properties of medicinally important organic molecules
(drugs) has attracted attention in the scientific community as they have wide
therapeutic applications to combat various diseases [14-16].

Bioavailabilities of traditional drugs, which are in a class of medicinally
significant organic molecules, are found to be a very crucial parameter for their
efficacy as medicines. Bioavailability can be broadly defined as the dynamic manner in
which a drug and/or its metabolites enter the body to reach the systemic circulation, the
site(s) of action, or become released at preabsorption sites into the body [17]. In case of
organic molecules, the bioavailability is considerably reduced due to their poor intrinsic
permeability across cell membrane. Therapeutic efficacy of such restricted drug dosage
is further diminished by factors such as poor pharmacokinetics of the drugs, including

limited systemic circulation lifetime, undesirable bio-distribution, non-specific cellular



uptake and poor tumor vascularity that limit drug accession to tumor tissues [15, 18]. In
order to improve bioavailability, the physicochemical properties of the drug should be
manipulated or innovative drug delivery carrier system should be used [19, 20].
Specifically, the biological activity of redox active drugs relies on two key parameters,
namely redox potential/ability of electron transfer and their trans-cellular
bioavailability or effective concentration of the drugs in biological cells. Both the
parameters are expected to be influenced upon conjugation (sensitization) of the drugs
with inorganic and non-toxic nanometer sized particles (nanoparticle). As multiple drug
molecules bind to a single nanoparticle, the bioavailability is expected to increase in the
cells. Besides, the proximity of the drug to the nanoparticle of various electronic bands
would change the electron transfer properties (redox activity) of the drug. There is an
efficient transfer of photoexcited electrons from the LUMO of the dye to the
conduction band (CB) of the semiconductor which results in generation of augmented
reactive oxygen species (ROS). This leads to an increase in antioxidant activity of the
drug as well. Hence, these drug nanoformulations (nanohybrid) are superior to
conventional medicine with respect to control release, targeted delivery and therapeutic
effect [21]. In this respect, the mechanism of drug action and their enhancement upon
conjugation with different nanoparticles is within the purview of our studies. Hence,
ultrafast spectroscopic technique has been employed which is an ideal tool to address
the type of conjugation (covalent/non-covalent), charge transfer, surface coverage and
toxicity of the nanocomposites. Consequently, a principal understanding of the
mechanisms and dynamics of these ultrafast charge transfer processes is crucial from
the viewpoint of developing effective nanomedicine.

The key focus of this thesis is to prepare detailed spectroscopic and microscopic

characterizations of various nanohybrids of medicinally important organic molecules



with different inorganic nanoparticles [22]. Within the scope of the thesis, we have also
investigated the medicinal activity of the nanohybrids in vitro. In one of our studies, we
have explored the photoinduced antioxidant activity of a well-known vitamin (B5) in
drug delivery systems like micelles [Sodium dodecyl sulphate (SDS), TritonX-100
(TX-100), Cetyl trimethyl ammonium bromide (CTAB)] and AOT-reverse micelles.
Micelles, including polymeric micelle, represent another favorable type of
pharmaceutical carrier [23]. They are colloidal dispersions and their particle size ranges
within 5 to 50-100 nm. An important property of micelles is their ability to increase the
solubility and bioavailability of poorly soluble drugs [13]. In another study, we have
synthesized nanohybrids of this vitamin with various nanoparticles such as
semiconductor (TiO; and ZnO), insulator (Al,O3) and metal (Au) nanoparticles through
electronic coupling. Interestingly, we observed that the drug conjugated to
semiconductor nanoparticles facilitate charge separation which results in enhanced
antioxidant activity of the drug. Moreover, the surface modification of nanoparticles
has profound effect on the interaction of these particles in cellular milieu as it reduces
the toxicity of the nanomaterials. In this regard, in one of our studies, we investigated
the efficient reusable photocatalytic activities of tartrate functionalized nanoparticles
(T-Fe3O4 NPs) which were completely absent in parent nanoparticles with methylene
blue (MB). In addition, T-Fe3O, NPs also proved to assist in photodegradation of
bilirubin (BR), physiologically important disease marker. We have also attempted to
understand the role of a medicinally important drug (caffeine) in prevention of electron
transfer from a carcinogen (benzopyrene) in various cell lines. Furthermore, in one of
our previous reports, we have explored the photoinduced ultrafast dynamics in a well-
known cancer drug, protoporphyrin IX (PP) sensitized with ZnO NPs (PP-Zn0O). We

successfully confirmed that the PP—ZnO nanohybrid exhibits enhanced activity in



photodynamic therapy (PDT) compared to that of only PP [24]. In the present study, we
have synthesized and characterized nanohybrids of another notable cancer drug (Rose
Bengal) with zinc oxide nanoparticles which act as efficient drug delivery vehicle. By
using a picosecond-resolved Forster resonance energy transfer (FRET) technique, we
have demonstrated the role of photoinduced charge transfer from the excited drug to the
semiconductor nanoparticles. The characterized nanohybrid upon photo-irradiation has
proved to possess antimicrobial as well as cytotoxicity in cancer cells. It is our
conviction that, the studies provide potentiality for further research in the development
of new generation nanomedicine.

The experimental tools used for studying the dynamical processes involve
picosecond -resolved carrier relaxation dynamics, such as, PET (Photoinduced Electron
Transfer) and FRET (Foster’s Resonance Energy Transfer) or NSET (Nanosurface
Energy Transfer). The different experimental techniques employed for the structural
and functional characterization of the drugs and their nanoconjugates include steady-
state UV-Vis absorption and fluorescence, thermogravimetric analysis (TGA),
picosecond-resolved  fluorescence  spectroscopy, Fourier transform infrared
spectroscopy (FTIR), Raman scattering, high-resolution transmission electron
microscopy (HRTEM) and fluorescence microscopy. Furthermore, bacterial, fungal and

HeLa cell culture techniques are also used to study the biological activities.
1.6. Objective:

Recent years have witnessed innovative growth in the application of the use of
nanotechnology in medicine [25, 26]. Nanoparticles sustain interest for medical
purposes due to their larger surface to mass ratio than other particles, their quantum

properties and their capability of adsorbing and carrying other compounds such as

10



drugs, probes and proteins [27]. Hence, ‘nanomedicine’ is synthesized by conjugating
many medicinally important drug molecules with a biocompatible nanoparticle which
acts as a ‘carrier’. These drug-loaded nanoparticles are expected to have improved drug
targeting and delivery, better insight on the pathophysiological conditions of a disease,
yield more sophisticated diagnostic opportunities and hence crop upgraded therapies.
There are earlier studies which report increased photocatalytic activity in dye
due to charge separation upon conjugation with semiconductor nanomaterials [6]. In
this regard, the drug activity needs to be explored when it is bound to nanomaterials.
Therefore, the key objective of the thesis is to sensitize drug molecules with different
nanomaterials, characterize the nanohybrids employing various spectroscopic
techniques and to investigate the modified physiochemical properties of the drug. There
are some medicinally important organic drugs which are well-known as
photosensitizers. Beneficial as well as adverse effects of light have been known since
aeon, and visible-light has always been used for many therapeutic purposes. However,
the transference of basic comprehension into mechanism and dynamics of drug
sensitization would be imperative for the practical utilization of designing
photodynamic therapeutic agents, which will be one of the motives of this thesis. In one
of our studies, we have sensitized vitamin B, (common name: riboflavin) with
‘photons’ and demonstrated the photoinduced antioxidant activity [23]. This water-
soluble vitamin is an endogenous photosensitizer which is found in food of both
vegetable and animal origin [28-30]. It is the prosthetic group in the many flavine
oxidoreductase enzymes which is vital for cellular metabolism in human beings [31-
33]. It has a dual nature of being a well-known antioxidant as well as generating several
toxic products upon light-exposure [34-37]. Although the antioxidant property of this

vitamin is well recognized in dark, to the best of our knowledge, no effort has been
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made to detect the antioxidant activity under visible light irradiation. We have
investigated antioxidant activity of this drug in various physiologically relevant
environments such as micelles and reverse micelles. In this regard, small biomimetic
systems including nanoscopic micelles could serve as a suitable mimic for the
biological membranes, macromolecules and are also useful in organizing the reactants
at a molecular level [38].

Diet derived antioxidants are essential for our health and well-being due to
inadequacy of autogenously present antioxidant defenses (such as superoxide
dismutases, H,O,-removing enzymes and metal binding proteins). The basic in vivo
role of an antioxidant is to scavenge reactive oxygen species (ROS) and reactive
nitrogen species (RNS) which cause damage to DNA, lipids, proteins, and other
biomolecules [39]. Hence, enhancing the antioxidant property of a drug can help to
overcome many challenges in treatment of various diseases. In another study, we have
sensitized this vitamin with various nanoparticles such as metal, semiconductor and
insulator [22]. Fascinatingly, we observed a dramatic increase in the antioxidant
activity of the semiconductor nanohybrids, no change in case of insulator and decreased
activity in gold nanohybrids. The study will provide a mechanistic explanation for the
ultrafast excited state electron migration as well as deactivation considering every
single aspect of the quenching mechanisms, namely PET, FRET and NSET from the
host vitamin to the nanoparticles. Based on these techniques, the donor-acceptor
distance for gold nanoparticles has been reported and the phenomenon of NSET
predominates over FRET. In this regard, spectroscopy has emerged as a useful tool for
nanohybrid characterization and exploration of ultrafast charge or energy transfer

processes.
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Magnetic nanoparticles, as crucial division of nanomaterials, are accelerating
exciting advancement in various fields especially in biomedical engineering. For
instance, magnetic nanoparticles are used as negative contrast agents for MR imaging
and their heat effect was utilized in cancerous hyperthermia. The unique sizes of
nanoparticles are amenable to surface functionalization or modification in order to
achieve required traits [21]. The stability and monodispersity of the nanoparticles need
to be improved for applications in biological systems. Surface modification becomes
necessary when hydrophobic surface capping agents are used in the synthesis of
particles. It is desirable that the functionalized particles retain their electrical, optical
and magnetic properties while having improved stability, potential for further
conjugation to achieve required hydrophilicity for solvent compatibility. The general
strategy for modification or functionalization of nanoparticles depends on the specific
atomic structures of the surfaces and their interactions with ligands. Nanoparticles with
capped groups on their surfaces can be modified with organic or inorganic molecules,
regardless of whether they are synthesized in aqueous or non-hydrolytic solutions. The
hydroxyl group is one of the commonly used functional groups for capping as it can
react with carboxyl groups via its oxygen atom or with various silane groups through -
O-Si bond [40]. In one of our works, we have used top-down fabrication methodology
to modify a model ferrofluid with parent NPs of ~23 nm size, using tartrate as a
functionalizing ligand as well as solubilizing agent [41]. The size was reduced to 5 nm
by the process of ‘core etching’. This tartrate functionalized Fe3O, NPs (T-Fez0j)
proved to be fluorescent and possess reusable photocatalytic activities with methylene
blue which is a model cationic dye. Moreover, photodegradation of bilirubin (BR), a

bio-medically important jaundice marker, was also observed with these particles.
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Since time immemorial, natural products have played a very significant role in
health care and prevention of diseases. Nevertheless, it was not until the nineteenth
century that scientists isolated active components from various plants in order to screen
them for medicinal purposes. Among various plant alkaloids, caffeine is the most
commonly consumed drugs in the world which has drawn attention in the field of
modern research [42, 43]. There are previous studies on interaction of this xanthine
alkaloid with several DNA intercalating and cancer inducing agents such as
doxorubicin (DOX), ethidium bromide (EtBr), acridine orange (AO) [43-45]. Caffeine
also solubilizes benzo[a]pyrene (BP) which a class of polycyclic aromatic
hydrocarbons (PAHS), in aqueous phase. BP is a potent carcinogen as it induces DNA
damage by producing double strand breaks in DNA involving electron transfer (ET)
mechanism under UV-irradiation [45]. In one of our investigations, we emphasized the
caffeine-mediated inhibition of ET from BP to DNA under UVA radiation employing
picosecond resolved emission spectroscopic studies [46]. These findings suggest that
caffeine plays a pivotal role in removal of carcinogens and has possibility of cancer
prevention.

Photodynamic therapy (PDT) is now a well prominent technique for clinical
treatment in various diseases, including cancer and especially for the treatment of
superficial tumours (e.g. in oesophagus, bladder, melanoma) [47]. This treatment
involves the localized administration of a photosensitizer. After a predefined time-
interval to allow the photosensitizer to accumulate in the tumour tissue, the irradiation
of the tumour site with non-thermal light leads to the formation of an excited
photosensitizer. The concerted action of the excited triplet photosensitizer and
molecular oxygen results in the evolution of singlet oxygen (*O,), which is thought to

be the main mediator of cellular death induced by PDT. Cytotoxicity is generated due
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to overproduction of ROS in cells which results in inducing oxidative stress and so
normal physiological redox-regulated functions are impaired [48]. Among the
semiconductor nanoparticles, ZnO nanoparticles (ZnO NPs) perform better in
biomedical applications as competent drug delivery vehicle due to their low-cost and
minimal toxicity. The nanocomposites can be prepared either by ZnO NPs loaded with
drugs or ZnO hollow spheres containing drugs as they are capable of penetrating cancer
cells through specific ligand—receptor recognition or nonspecific binding forces based
on hydrophobic or coulombic interactions [49]. In one of our studies, we have
illustrated an enhanced photodynamic therapeutic activity of Rose Bengal (RB) upon
conjugation with ZnO NPs. RB is a potent photosensitizer and there are substantial
studies which report the cytotoxicity of this drug when irradiated with green light [50-
52]. However, we have demonstrated the increased production of ROS with RB-ZnO
nanohybrids. We have validated the in vitro toxicity results in various cell lines. The
result of these studies of drug sensitized nanoparticles could be incorporated in
designing more effective photodynamic therapeutic agents to benefit human health. The
studies are important in the context that the interaction of NPs with medicinally
important molecules has emerged as a key parameter in nanomedicine and the present

work may find its application in nanotoxicology.

1.7. Summary of the Work Done:

I. Photo-Sensitization of Medicinally Important Drugs:

A. Vitamin B, in Nanoscopic Environments under Visible Light: Photosensitized
Antioxidant or Phototoxic Drug? [23]:
Vitamin By is a conventional antioxidant (in dark) since its discovery in 1926. Effect of

visible light on vitamin B,-containing food has a long history of scientific investigation.
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While photodegradation of the vitamin producing several photoproducts is evident in
certain experimental conditions, phototoxicity revealing an additional oxidative stress
in the medium is also clear from some reports. Here we report photosensitized
antioxidant effect of the vitamin, which is found to be more than two orders of
magnitude efficient than that in dark condition. The photoinduced antioxidant property
is apparently paradoxical compared to the reported phototoxic effect of the vitamin.
Our present study unravels a unified picture underlying in the difference in character of
vitamin B, under visible light irradiation. UV-Vis absorption and fluorescence studies
in a number of physiologically relevant nanoscopic environments (micelles and reverse
micelles) reveal the antioxidant activity of a well-known oxidative stress marker 2,2-
diphenyl-1-picrylhydrazyl (DPPH) as well as phototoxicity effect resulting in self-
degradation of the vitamin. Picosecond-resolved Forster Resonance Energy Transfer
(FRET) from the vitamin to the marker DPPH in the biomimetic environments clearly
reveals the role of proximity of an oxidizing agent in the photoinduced effect of the
vitamin. Our systematic and detailed studies unravel a simple picture of the mechanistic
pathway of the photosensitized vitamin in the physiologically important environments
leading to antioxidant/ phototoxicity effect of the vitamin. The excited vitamin transfers
its electron to the oxidizing agent in proximity for the antioxidant effect, otherwise it
employs oxygen to generate reactive oxygen species (ROS) resulting in

phototoxicity/self-degradation.

Il. Sensitization of Medicinally Important Drugs with Inorganic

Nanoparticles:

A. Sensitization of an Endogenous Photosensitizer: Electronic Spectroscopy of
Riboflavin in the Proximity of Semiconductor, Insulator and Metal Nanoparticles
[22]:
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In this study, we have synthesized nanohybrids of Riboflavin (Rf) with a number of
inorganic nanoparticles (NPs); namely zinc oxide (ZnO), titanium dioxide (TiOy),
aluminium oxide (Al,O3) and gold NPs of similar sizes. While high resolution
transmission electron microscopy (HRTEM) confirms integrity and sizes of the NPs,
intactness of the molecular structure of the drug Rf is revealed from absorption and
steady-state emission spectra of the drug in the nanohybrid. Raman spectroscopy on the
nanohybrids shows the nature of molecular complexation of the drug with the inorganic
NPs. For the semiconductor and insulator NPs, the complexation is found to be non-
covalent, however, a covalent attachment of the drug with the dangling bonds of metal
atoms at the surface is observed. In order to investigate antioxidant activity of the
nanohybrids, we have performed 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay of the
nanohybrids in dark as well as under blue light irradiation. Whereas change of the
antioxidant activity of the nanohybrids with respect to free riboflavin in the absence of
light is observed to be insignificant, a drastic change in the activity in the case of TiO,
and ZnO in presence of light is evident. No change in the case of Al,O3; and a
significant decrease in the antioxidant activity for gold nanohybrids are also
remarkable. Picosecond-resolved fluorescence studies on the nanohybrids reveal a
molecular picture of the differential antioxidant activities. An ultrafast photoinduced
electron transfer from Rf to ZnO and TiO, are clearly evident from the corresponding
fluorescence transients. We have compared the picosecond-resolved transients with that
of Rf in presence of a well-known electron acceptor benzoquinone (BQ) and found
similar time scales. No temporal change in the fluorescence transient of riboflavin in
Al,O3 nanohybrids compared to that of free Rf is observed indicating uneventful
excited state relaxation of the nanohybrids. Nanosurface energy transfer (NSET) over

Forster resonance energy transfer (FRET) is found to be the prevailing de-excitation
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mechanism in the case of gold nanohybrids, because of the strong spectral overlap
between Rf emission and surface plasmon absorption of the gold NPs. Different excited
state mechanisms as revealed from our studies are expected to be useful for the design

of NP-sensitized drugs, which are reported sparsely in the literature.

I11. Surface Modification of Nanoparticles using Medicinally

Important Ligands:

A. Surface Engineering for Controlled Nanocatalysis: Key Dynamical Events from
Ultrafast Electronic Spectroscopy [41]:

Surface engineering of various nanoparticles (NPs) is of growing interest and an
important step to induce/control optical and/or catalytic activities. Although a wide
variety of biomedical applications of magnetic FesO, NPs in diagnostics as well as
therapeutics are well documented, the optical properties of the NPs still remain less
well studied. Here we report a top-down fabrication methodology to modify a model
ferrofluid with parent NPs sizes ~23 nm, using tartrate as a functionalizing ligand as
well as solubilizing agent. The surface engineering involves ‘ligand exchange’, and
simultaneous ‘phase transfer’ of Fe3O4 NPs (size ~23 nm) from chloroform to water
along with subsequent ‘core etching’, resulting in a reduction of particle diameter to ~5
nm. We demonstrate that tartrate functionalized Fe;O4 NPs (T-Fe3O,4) exhibit ligand to
metal charge transfer transition in the UV spectral region, excellent blue luminescence
and efficient reusable photocatalytic activities which are completely absent in the
parent NPs. We have used the functionalized NPs for the photodegradation of
biomedically important jaundice marker bilirubin in aqueous solution. The surface
adsorption of Mn ions on the surface of the T-Fe3O, NPs enables to control the
degradation under UV light illumination. While the Mn-adsorbed T-Fe3O, NPs can

efficiently degrade bilirubin in dark condition, the activity is significantly reduced
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under UV light. Finally, the detailed photocatalytic mechanism associated with ultrafast
charge and energy transfer process has been discussed. We believe that bilirubin
degradation rate can be controlled under UV light by varying Mn-ion concentration on
the.surface of NPs which can be a significant advancement for bilirubin degradation
study. Overall, the results represent a promising route for the fabrication of Fe3O4 NPs

adaptable to diverse applications.

IV. Mechanism of Photo-sensitized Carcinogenic Cell Damage by a
Food Carcinogen in Various Cell Lines and Protective Role of a

Medicinally Important Molecule:

A. Ultrafast Spectroscopic Study on Caffeine Mediated Dissociation of Mutagenic
Ethidium from Synthetic DNA and Various Cell Nuclei [46]:

Electron transfer (ET) reactions are important for their implications in both oxidative
and reductive DNA damages. The current contribution investigates the efficacy of
caffeine, a xanthine alkaloid in preventing UVA radiation induced ET from a
carcinogen, benzo[a]pyrene (BP) to DNA by forming stable caffeine-BP complexes.
While steady-state emission and absorption results emphasize the role of caffeine in
hosting BP in aqueous medium, the molecular modeling studies propose the
energetically favorable structure of caffeine-BP complex. The picosecond resolved
emission spectroscopic studies precisely explore the caffeine-mediated inhibition of ET
from BP to DNA under UVA radiation. The potential therapeutic activity of caffeine in
preventing DNA damage has been ensured by agarose gel electrophoresis.
Furthermore, time gated fluorescence microscopy has been used to monitor caffeine
mediated exclusion of BP from various cell lines including squamous epithelial cells,

WI-38 (fibroblast), MCF-7 (breast cancer) and HeLa (cervical cancer) cells. Our in
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vitro as well as ex vivo experimental results provide imperative evidences about the role
of caffeine in modified biomolecular recognition of a model carcinogen BP by DNA
resulting dissociation of the carcinogen from various cell lines, implicating its potential
medicinal applications in the prevention of other toxic organic molecule induced

cellular damages.

V. Nanoparticle-sensitization of Photodynamic Drugs for Cancer

Therapy:

A. Photoinduced Dynamics and Toxicity of a Cancer Drug in Proximity of
Inorganic Nanoparticles under Visible Light [53]:

Drug sensitization with various inorganic nanoparticles (NPs) has proved to be a
promising and an emergent concept in the field of nanomedicine. Rose Bengal (RB), a
notable photosensitizer, triggers the formation of ROS under green light irradiation and
consequently it induces cytotoxicity and cell death. In the present study, the effect of
photoinduced dynamics of RB upon complexation with semiconductor zinc oxide NPs.
has been explored. To accomplish this, we have successfully synthesized nanohybrids
of RB with ZnO NPs of particle size of 24 nm and optically characterized them. The
uniform size and integrity of the particles were confirmed by high resolution
transmission electron microscopy (HRTEM). UV-Vis absorption and steady-state
fluorescence studies reveal the formation of the nanohybrid. Ultrafast picosecond-
resolved fluorescence studies of RB—ZnO nanohybrids demonstrate an efficient
electron transfer from the photoexcited drug to the semiconductor NPs. Picosecond-
resolved Forster Resonance Energy Transfer (FRET) from ZnO NPs to RB unravel the
proximity of the drug to the semiconductor at the molecular level. The photoinduced
ROS formation has been monitored using Dichlorofluorescin (DCFH) oxidation assay,

which is a conventional oxidative stress indicator. It is observed that the ROS
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generation under green light illumination is greater in low concentration of RB-ZnO
nanohybrids compared to free RB. Substantial photodynamic activity of the nanohybrid
in bacterial and fungal cell lines validated the in vitro toxicity results. Furthermore, the
cytotoxic effect of the nanohybrids in HeLa cells which was monitored by MTT assay

is also noteworthy.

1.8. Plan of Thesis:

The plan of the thesis is as follows:

Chapter 1: This chapter gives a brief introduction to the scope and motivation behind
the thesis work. A brief summary of the work done is also included in this chapter.
Chapter 2: This chapter provides an overview of the dynamical and steady-state tools,
the structural aspects of biologically important systems (micelles, reverse micelles,
DNAS) and probes used in the research.

Chapter 3: Details of instrumentation, data analysis and experimental procedures have
been discussed in this chapter.

Chapter 4: In this chapter, photoinduced antioxidant activities of Vitamin B, in
various nanoscopic environments were reported. A new mechanistic pathway was
suggested where the excited vitamin quenches the free radical DPPH without being
facilitated by the reactive oxygen species prior to electron transfer.

Chapter 5: In this chapter, we report synthesis and characterization of nanohybrids of
Vitamin B,. Antioxidant activities of semiconductor nanohybrids increase over control
under light irradiation. The phenomenon of ultrafast photoinduced electron transfer
occurs from photoexcited Rf to ZnO and TiO, whereas NSET predominates over FRET
in case of Rf-AuNPs.

Chapter 6: In this chapter, surface modification by top-down fabrication methodology

of a model ferrofluid with of ~23 nm sizes is discussed. Here, tartrate is used as a
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functionalizing ligand as well as solubilizing agent. Tartrate functionalized Fe3O4
nanoparticles (T-Fe3O4 NPs) exhibit ligand to metal charge transfer transition in the
UV spectral region, excellent blue luminescence and efficient reusable photocatalytic
activities, which are completely absent in the parent nanoparticles.

Chapter 7: In this chapter, the role of caffeine in the prevention of UVA radiation
induced ET from a carcinogen; benzo[a]pyrene (BP) to DNA by forming stable
caffeine-BP complexes is elucidated. It has a role in modified biomolecular recognition
of BP by DNA resulting in the dissociation of the carcinogen from various cell lines.
Chapter 8: In this chapter, nanohybrids of Rose Bengal, a notable cancer drug with
ZnO nanoparticles were synthesized and characterized. DCFH oxidation demonstrates
enhanced ROS generation in RB-ZnO compared to free RB. Antimicrobial and

cytotoxicity assays using various cell lines confirm the in vitro toxicity results.
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Chapter 2

An Overview of Steady-State, Dynamical, Theoretical

Tools and Systems

In order to investigate the ultrafast processes involved in the studies on chemically and
biologically relevant aqueous/non-aqueous environments, different steady-state and
dynamical tools have been employed. These include, Forster resonance energy transfer
(FRET), P(r) distribution from FRET, Nanosurface energy transfer (NSET) and
photoinduced electron transfer (PET). In this chapter, we have included a brief discussion
about the above mentioned tools. Overviews of the various systems and the fluorescent

probes used in the studies have also been provided.
2.1. Steady-State and Dynamical Tools:

2.1.1. Forster Resonance Energy Transfer (FRET): FRET is an electrodynamic
phenomenon involving the non-radiative transfer of the excited state energy from the
donor dipole (D) to an acceptor dipole (A) in the ground state (Figure 2.1.a). FRET has got
wide applications in all fluorescence applications including medical diagnostics, DNA
analysis and optical imaging. Since FRET can measure the size of a protein molecule or
the thickness of a membrane, it is also known as “spectroscopic ruler” [1]. FRET is very

often used to measure the distance between two sites on a macromolecule. Basically,
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FRET is of two types: (a) Homo-molecular FRET and (b) Hetero-molecular FRET. In the
former case the same fluorophore acts both as energy donor and acceptor, while in the
latter case two different molecules act as donor and acceptor.

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

(kt) from donor to an acceptor is given by [2],

K, = i(ﬁj (2-1)

o\ T
where tp is the lifetime of the donor in the absence of acceptor and r is the donor to
acceptor (D-A) distance. The rate of transfer of donor energy depends upon the extent of
overlap of the emission spectrum of the donor with the absorption spectrum of the acceptor
(J(A)), the quantum yield of the donor (Qp), the relative orientation of the donor and
acceptor transition dipoles (k?) and the distance between the donor and acceptor molecules
(r) (Figure 2.1.b). In order to estimate FRET efficiency of the donor and hence to
determine distances between donor-acceptor pairs, the methodology described below is
followed [2]. Ry is given by,

R, =0.211[k>n*QJ)[* (in A) (2-2)
where n is the refractive index of the medium, Qp is the quantum yield of the donor and

J()) is the overlap integral. «” is defined as,
«? = (cos8; —3cos0, cos,, )’ = (sind,sind ,cosp — 2c0s6,,cosh , )’ (2-3)
where Ot is the angle between the emission transition dipole of the donor and the

absorption transition dipole of the acceptor, Op and 64 are the angles between these dipoles
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and the vector joining the donor and acceptor and ¢ is angle between the planes of the

()

Forster Resonance Energy Transfer
(FRET)

"
Excitatio\r'l\t AN ™
®DE—F A}
\ " 4 \___/~_ Emission

Donor Acceptor

(b)

L 1Ty

K'=4 k=1

Figure 2.1. (a) Schematic illustration of the Forster resonance energy transfer (FRET) process. (b)
Dependence of the orientation factor & on the directions of the emission and absorption dipoles of
the donor and acceptor, respectively.

donor and acceptor (Figure 2.1.b). k? value can vary from 0 to 4. For collinear and parallel
transition dipoles, x°=4; for parallel dipoles, k°=1; and for perpendicularly oriented
dipoles, «*=0. For donor and acceptors that randomize by rotational diffusion prior to
energy transfer, the magnitude of k? is assumed to be 2/3. However, in systems where
there is a definite site of attachment of the donor and acceptor molecules, to get physically
relevant results, the value of k? has to be estimated from the angle between the donor
emission and acceptor absorption dipoles [3]. J(A), the overlap integral, which expresses
the degree of spectral overlap between the donor emission and the acceptor absorption, is

given by,
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TFD ()&, (A dA

J) == (2-4)

0

j F, (L)dA

where Fp(A) is the fluorescence intensity of the donor in the wavelength range of A to
A+dA and is dimensionless. ea()) is the extinction coefficient (in M™cm™) of the acceptor
at L. If & is in nm, then J(A) is in units of M cm™nm*.

Once the value of Rq is known, the efficiency of energy transfer can be calculated.
The efficiency of energy transfer (E) is the fraction of photons absorbed by the donor

which are transferred to the acceptor and is defined as,

(1)
E=__T\/ 2-5
k(1) (29)
R6
E = 0 2-6
or r®+ Rg (2-6)

The transfer efficiency is measured using the relative fluorescence intensity of the donor,
in absence (Fp) and presence (Fpa) of the acceptor as,

Eo1-loa (2-7a)

D

For D-A systems decaying with multiexponential lifetimes, E is calculated from the

amplitude weighted lifetimes <r> = Zairi of the donor in absence (tp) and presence (tpa)

of the acceptor as,

E=1-'oA (2-7h)
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The D-A distances can be measured using equations (2-6), (2-7a) and (2-7b). The distances
measured using equations (2-7a) and (2-7b) are revealed as R® (steady-state measurement)
and R™ (time-resolved measurement), respectively. In one of the studies from our group
[4], we have shown that the energy transfer efficiency E, calculated from steady-state
experiment (equation 2-7a) might be due to re-absorption of donor emission, but not due to

dipole-dipole interaction (FRET).

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

damping rate to a surface of a noble metal may be calculated by,

2
u
kNSET :03X[WJ (28)

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

coefficient [8],

_ CO3 | |2
- 3¢ fimc’ #

Ay (2.9)

To give the following rate of energy transfer in accordance with Coulomb’s law (1/47eg):
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Kyser =0.225 (2.10)

where, c is the speed of light, @p is the quantum vyield of the donor, @ is the angular
frequency for the donor, we is the angular frequency for acceptor, d is the D—A separation,
u is the dipole moment, zp is the average lifetime of the donor, and kg is the Fermi wave-
vector [9, 10]. In our studies, we used knser as,

1 1
kNSEI' = - (2.11)

Tdonor—acceptor Tdonor

WHhere, Taonor-acceptor 18 the average lifetime of the D—A system [11].

2.1.3. Data Analysis of Time-Resolved Fluorescence Transients: Curve fitting of the

time-resolved fluorescence transients were carried out using a nonlinear least square fitting

t
procedure to a function (X(t) = I E(t)R(t —t')dt') comprised of convolution of the IRF (E(t))
0
N
with a sum of exponentials (R(t)=A+> Be ™) with pre-exponential factors (Bj),
i=1
characteristic lifetimes (z) and a background (A). Relative concentration in a
multiexponential decay is expressed as, ¢ - B ,100. The average lifetime (amplitude-

2B

i=1

weighted) of a multiexponential decay [2] is expressed as,

T = DT, (2.12)

2.1.3.1. Distance Distribution in Donor-Acceptor Systems: Distance distribution

between donor and acceptor can be estimated according to the procedure described in the
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literature [2, 12]. The observed fluorescence transients of the donor in absence of acceptor
in a micelle can be fitted using a nonlinear least-squares fitting procedure (software

SCIENTIST) to the following function,
t
Ip (t) = [E(t)P(t'—t)dt’ (2-13)
0

which comprises the convolution of the instrument response function (IRF) (E(t)) with

exponential (P(t) => op;exp(-t/ty;)). The convolution of the distance distribution
i

function P(r) in the fluorescence transients of donor in presence of acceptor in the system
under studies (micelle) is estimated using the same software (SCIENTIST) in the
following way.
The intensity decay of donor-acceptor pair, spaced at a distance ‘r’, is given by
t t(RY
loa(r,t) =Dy exp| ————| =2 (2-14)
i Tpi o

and the intensity decay of the sample considering P(r) is given by,

o0

loa® = | P()Ioa(r,t)dr (2-15)

r=0

Where P(r) consist of the folowing terms:

1 1(F-rY
P(r)_a > exp[—E[T) } (2-16)

In this equation, T is the mean of the Gaussian with a standard deviation of . Usually

distance distributions are described by the full width at half maxima. This half width is

given by hw= 2.354c.
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2.1.4. Photoinduced Electron Transfer: There are several mechanisms for quenching of
a fluorophore such as intersystem crossing or the heavy atom effect, electron exchange or
Dexter interactions, photoinduced electron transfer (PET), and FRET. In PET, a complex
is formed between the electron donor (Dp) and the electron acceptor (Ap). The subscript P
is used to identify the quenching as due to a PET mechanism. This charge transfer complex
can return to the ground state without emission of a photon, but in some cases, exciplex
emission is observed. Finally, the extra electron on the acceptor is returned to the electron
donor. The direction of electron transfer in the excited state is determined by the oxidation
and reduction potential of the ground and excited states. Upon excitation the electron
donor transfers an electron to the acceptor with a rate kp, forming the charge transfer
complex [Dp" Ap ]* (Figure. 2.2). This complex may emit as an exciplex (hvg) or be
quenched and return to the ground state. The important part of this process is the decrease

in total energy of the charge transfer complex. The energy decreases because the ability to

D,*A,

e \ ke |\

v v v

D,+A D,+A,

Figure 2.2. Energy diagram for photoinduced electron transfer (PET). The excited molecule is
assumed to be the electron donor. vand v are emission from the fluorophore and exciplex,
respectively.
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donate or accept electrons changes when a fluorophore is in the excited state. Excitation
provides the energy to drive charge separation. Dp and Ap do not form a complex when
both are in the ground state because this is energetically unfavorable. The energy released
by electron transfer can also change if the ions become solvated and/or separated in a

solvent with a high dielectric constant.

2.2. Systems:

2.2.1. Organized Assemblies (Biomimetics): Amphiphilic molecules like surfactant,
aggregates to form macromolecular assemblies like micelles and reverse micelles, which
very often resemble the structural properties of biomolecules. In the following section, we

will discuss about these entities.

2.2.1.1. Micelles: Micelles are spherical or nearly spherical aggregates of amphiphilic
surfactant molecules (shown in Figure 2.3) formed in aqueous solution above a
concentration known as critical micellar concentration (CMC). Micelles are formed above
a critical temperature called “Kraft point” which is different for different surfactants.
Micellar aggregates have diameter varying within 10 nm and the aggregation number, i.e.,
the number of surfactant molecules per micelle, ranges from 20 to 200. Israelachvili et al.
[13] have proposed that surfactant molecular packing considerations are determinant in the
formation of large surfactant aggregates. In particular, it is considered that the surfactant
packing parameter 6 (6=v/cl, where v is the surfactant molecular volume, o is the area per
polar head, and | is the length of hydrophobic part) gives a good idea of the shape of
aggregates which will form spontaneously [13]. It is considered that normal or direct rod-

like micelles are formed when 2<6<3 [14]. Micelles can be both neutral (triton X-100) and
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Figure 2.3. Schematic representation of the structure of a micelle.

ionic (sodium dodecyl sulfate, SDS (anionic) and hexadecyltrimethylammonium bromide,
CTAB (cationic)). The structure of a typical micelle is schematically shown in Figure 2.3.
The core of a micelle is essentially “dry” and consists of the hydrocarbon chains with the
polar and charged head groups projecting outward toward the bulk water. The stern layer,
surrounding the core, comprises of the ionic or polar head groups, bound counter ions and
water molecules. Between the stern layer and the bulk water there is a diffused Guoy-
Chapman (GC) layer, which contains the free counter ions and water molecules. In non-
ionic polyoxyethylated surfactants e.g. triton X-100 (TX-100), the hydrocarbon core is
surrounded by a palisade layer, which consists of the polyoxyethylene groups hydrogen-
bonded to water molecules [15]. Small angle X-ray and neutron scattering have provided
detailed information on the structure of the CTAB micelles [16, 17]. According to these
studies, CMC and aggregation number of CTAB micelle are 0.8 mM and 52 respectively
and the thickness of the stern layer is 6-9 A [16-19]. The overall radius of CTAB micelle is

about 50 A. For TX-100 micelle, the CMC, thickness of the palisade layer and overall
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radius of the hydrophobic core are reported to be 0.1 mM, 51 A and 25-27 A, respectively

and that of SDS micelles are 8.6 mM [20], 33 A [21] and 5 A, respectively [22].

2.2.1.2. Reverse Micelle (RM): Reverse micelle or water-in-oil microemulsions (Figure
2.4) are nanopools of polar solvent protected by a monolayer of surfactant molecules at the
periphery with polar headgroups pointing inward into the polar solvent and the
hydrocarbon tails directed toward the nonpolar organic solvents [23, 24]. RMs with water
nanopools resemble the water pockets found in various bioaggregates such as proteins,
membranes and mitochondria. Thus, these systems are very often considered as templates
for the synthesis of nanoparticles and as excellent biomimetic for exploration of biological
membranes and biologically confined water molecules [25, 26]. Aqueous RMs are
generally characterized by the degree of hydration (wg), which is the ratio of molar
concentration of water to that of surfactant, where the radius of the water pool (r in A) is
empirically defined as, r = 2 x wp [27]. Shapes and sizes of the surfactant aggregates
depend strongly on the type and concentration of the surfactant and on the nature of
counter ion [28] and external solvent. In principle, reverse micelles can be formed in the
presence and in the absence of solubilized water. However, it has generally been proposed
that if the medium is completely water-free, there is not a well-defined CMC (critical
micelle concentration) and the aggregates formed are very small and polydisperse,
indicating minimum cooperativity in the surfactant association. This has been particularly
established for surfactant sodium bis(2-ethylhexyl) sulfosuccinate (AOT) in several
organic solvents [29]. RMs with wg values less than 20 are stable and monodisperse over a
wide range of temperatures. The AOT-alkane-water system is interesting as the solution is

homogeneous and optically transparent over a wide range of temperature, pressure and pH.
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The AOT RM can compartmentalize a large amount of water in its central core, and the
nanoscale aggregation process is fairly well-characterized with respect to size and shape at
various water contents. The CMC of AOT in hydrocarbon solvent is about 0.1 mM [30]. In
liquid alkanes, AOT RMs (wp = 0) are completely associated and each micelle contains 23
monomers. The structures of these RMs are slightly asymmetric and are of round
cylindrical nature. Spherical RMs are generally formed by surfactants with high values of
the packing parameter, 0 > 3. AOT RMs can dissolve large amounts of water, being able to
reach wy values as large as 40-60, depending on the surrounding nonpolar organic medium
and temperature [31]. At low wg values, the systems are usually referred to as reverse
micelle, whereas the term water-in-oil microemulsion is frequently used for higher wg
values. Fluorescence spectroscopy has been extensively used to study the AOT RM
system. Fluorescent probes have been used to determine the viscosity, binding site, rigidity
and proximity within the water pool. These studies have shown that water inside the RM is
generally of two types: i) interfacial (bound) and ii) core (free) water. One of the studies
[32] has shown the existence of third type of water (trapped) molecules present between
the polar headgroups of the individual surfactant molecules. Thus, the interior of RMs is
extremely heterogeneous. Dielectric relaxation studies [33] indicate the presence of 7 ns
component for bound water in RM, very similar to those of water molecules in the close
vicinity of biological macromolecules (biological water). In contrast to AOT which does
not require any cosurfactant to form reverse micelles, cationic surfactants do not form RMs
in the absence of cosurfactants [34]. Several nonionic or neutral surfactants. (for example,

Brij 30) have been reported to form RMs in pure and mixed hydrocarbon solvents [35].
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Reverse micelles also have been extensively employed as media to synthesize different

metal and semiconductor nanoparticles.

Large reverse micelle

Surfactant
tails \

4

Surfactant Interfacial water layer

Figure 2.4. (a) Schematic depiction of a potential structure of a reverse micelle. Water molecules
reside in the interior, sometimes interacting with headgroups and counterions. Surfactant tails
reside in contact with the continuous, nonpolar, organic supporting phase. (b) Chemical structure
of AOT (sodium bis(2-ethylhexyl) sulfosuccinate). (c) Schematic of a large reverse micelle
showing important features of the structure.

2.2.2. Deoxyribonucleic Acids (DNAs): Nucleic acids form the central molecules in
transmission, expression and conservation of genetic information. DNA serves as carrier of
genetic information [36]. The classic example of how biological function follows from
biomolecular structure comes from the elucidation of double helical structure of DNA by
Watson and Crick [37]. DNAs are polynucleotides with each nucleotide comprising of
deoxyribose sugar, purine and pyrimidine bases and phosphate groups. The main bases
whose intermolecular hydrogen bonding holds the DNA strands together are adenine,

guanine, thymine and cytosine. There are generally three forms of DNA: the A, B and Z-
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form. Native DNA, however, exists in B-form. Native DNA is about a metre long and
comprises of hundreds of base pairs. The distance between two base pairs in B-DNA is 3.4
A [38]. In about 4 M NaCl, B-form is converted into Z-form. DNA structures consist of
major and minor grooves and intercalation spaces through which DNA interacts with
ligands. There are two modes of interaction of DNA with ligands: (i) intercalation, where
the planar polycyclic heteroaromatic ligands occupy the space in between the base pairs of
DNA and interact through n—= interaction (Figure 2.5) [39], and (ii) groove binding where
the ligands bind in the major and minor grooves of DNA [40]. The water molecules at the
surface of DNA are critical to the structure and to the recognition by other molecules,

proteins and drugs [41].

; Minor groove
Major groove

Figure 2.5. Schematic representation of deoxyribonucleic acids (DNAs).

2.2.3. Molecular Probes: In this section we will discuss about the different probe

molecules that have been used in the course of study.

2.2.3.1. Riboflavin (Rf): Rf (Figure 2.6.A) is well known as vitamin B,. It is the central
component of the cofactors FAD and FMN, and is therefore required by all flavo-proteins.

As such, vitamin B, is required for a wide variety of cellular processes. It plays a key role
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in energy metabolism, and for the metabolism of fats, carbohydrates and proteins. Milk,
cheese, leafy green vegetables, liver, kidneys, legumes, tomatoes, yeast and mushrooms
are good source of Rf, but exposure to light destroys Rf. Rf is very important for the
preservation of food in right light condition [42]. The photochemical reactions of Rf are
well understood [43]. It has already been demonstrated that the intramolecular ET process
is responsible for the photoreduction of the chromophore [44, 45]. It has been proposed
that two photoproducts, Lumichrome and Lumiflavin are generated via an intermediate
compound deuteroflavin during the photodetorioration of the Rf chromophore in presence
of oxygen [45]. The role of proton transfer from the ribityl chain to the side nitrogen
moiety for the generation of the photoproduct is also identified. In a recent study, it has
been established that Rf is a potential photosensetizer and the activated triplet state in the
molecule is concluded to be responsible for the photosensitization [46, 47]. It is to be noted
that the photoproducts of Rf are also very hazardous for the biological activity as they
degrade important amino acids including the tryptophan and tyrosine. Rf has two distinct
absorption bands at 445 nm and 375 nm with extinction coefficient of 12200 M™*cm™ at

450 nm [48, 49]. The emission peak of Rf in buffer is 520 nm [50].

2.2.3.2. Methylene Blue (MB): MB is a heterocyclic aromatic chemical compound with
molecular formula: C16H1sCIN3S. It has many uses in a range of different fields. At room-
temperature it appears as a solid and is odourless and a dark green powder, which yields a
blue solution when dissolved in water. They are widely used as model water contaminant
[51]. Its structure is given in Figure 2.6.B. When dissolved in water, the UV-visible

spectrum of MB showed three absorption maxima. The first band was observed at 246 nm
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and then 291 nm and more intensely 663 nm. The absorption maxima wavelength of MB

(Amax = 663 nm) was used for the analysis during decolorization of MB dye.

2.2.3.3. Bilirubin (BR): BR (Figure 2.6.C), the yellow-orange breakdown product of
normal heme catabolism in mammalian systems, introduces great biological and diagnostic
values [52]. Both antioxidant and toxic properties have been attributed to BR [53], which
is normally conjugated with glucuronic acid and then excreted in the bile. However, when
its conjugation with glucuronic acid is inhibited, as in neonatal jaundice and in hereditary
forms of congenital jaundice, excess BR bind and deposit to various tissues, giving rise to
severe hyperbilirubinemia and neurotoxicity. Phototherapy, the most effective treatment
for jaundice to date, decreases the BR levels in the blood by changing the ZZ-BR isomer
into water-soluble ZE-BR [54-56]. Because this reaction is readily reversible, equilibrium
is established between native BR and the ZE isomer when BR is photoirradiated in a closed
system. The second fastest reaction that occurs when BR is exposed to light is the

production of lumirubin, a structural isomer of BR.

2.2.3.4. Benzo[a]pyrene (BP): It is a potent environmental carcinogen which can bind to
DNA, extremely hydrophobic and belongs to the class of polyaromatic hydrocarbons
(PAHSs) [57]. Its structure is given in Figure 2.6.D. Being a pyrene derivative it is
characterized by a high quantum yield near unity in micellar solutions [58] along with

multiple vibronic bands in its emission spectrum [57].

2.2.3.5. Rose Bengal (RB): (4,5,6,7-tetrachloro-2',4',5',7'-tetraiodo-fluorescein disodium
or RB) is an illustrious type Il photosensitizer. Its structure (Figure 2.6.E) consists of
several chlorines and iodines on the xanthene rings, exhibits facile photocatalytic
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conversion of triplet oxygen (*0,) to singlet oxygen (*O,) [59-61]. This property is

HO.
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Figure 2.6. Schematic representation of the fluorescent probes used in the course of study.

achieved upon irradiation with green light, [62] since it has an extremely large cross-
section in the green (EM = 99, 800 M'cm™ at 549 nm in water) that is only minimally
affected by local environment.As a photosensitizer, RB can be used to eradicate
microorganisms such as viruses [63, 64], Gram-positive bacterial species [65] and protozoa
[66]. It can also induce photodynamic effects in vitro on red blood cells [67],
cardiomyocytes [68], retinal pigment epithelial cells [69], ex vivo in nerve axon [70],

corneal endothelium [71], heart [72] and pancreatic acini [73]. Due to its anionic nature,
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RB is inhibited from crossing cell membranes and entering cells in the absence of a carrier
at low concentrations [74]. Therefore, in order to favour its intracellular accumulation,
several RB hydrophobic derivatives (e.g., acetate or phosphate) have been developed [75].
Addition of acetate groups to the xanthene ring converts the molecule RB into a
fluorogenic substrate derivative, RBAc makes it more. hydrophobic and thus improving
the molecule’s permeability in the cells. ROS production by RB is achieved upon
irradiation by visible green light, whose wavelength ranges between 530 and 560 nm. The
minimally penetrating nature of such green light makes RB particularly effective in many

cutaneous lesions and dermatological diseases [76].

2.2.3.6. 4',6-Diamidino-2-phenylindole (DAPI): The dye DAPI is another commercially
available fluorescent cytological stain for DNA. Its structure is given in Figure 2.6.F.
Studies on the DAPI-DNA complexes show that the probe exhibits a wide variety of

interactions of different strength and specificity with DNA [77].

2.2.3.7. p-Benzoquinone (BQ): BQ (Figure 2.6.G) is a well-known probe for electron
accepting and shuttling for any electron rich material/compound, which readily accepts
electron and adapted to the resonance species hydroquinone. Large doses could induce
local irritation, colonic convulsions, decreased blood pressure and death due to paralysis of

the medullary centres.
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Chapter 3

Instrumentation and Sample Preparation

In this chapter the details of instrumental setup and sample preparation techniques used in

our studies have been described.
3.1. Instrumental Setups:

3.1.1. Steady-State UV-Vis Absorption and Emission Measurement: Steady-state UV-
Vis absorption and emission spectra of the probe molecules were measured with Shimadzu
UV-2450 spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter, respectively.

Schematic ray diagrams of these two instruments are shown in Figures 3.1 and 3.2.

W1 Lamp | Monochromator

A/D Converter

HV/Amp IPMTI

Circuit

Figure 3.1. Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen (W1)
and Deuterium lamps (D2) are used as light sources in the visible and UV regions, respectively. M,
G, L, S, PMT designate mirror, grating, lens, shutter and photomultiplier tube, respectively. CPU,
A/D converter and HV/Amp indicate central processing unit, analog to digital converter and High-
voltage/Amplifier circuit, respectively.
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Figure 3.2. Schematic ray diagram of an emission spectrofluorimeter. M, G, L, S, PMT and PD
represent mirror, grating, lens, shutter, photomultiplier tube and reference photodiode,
respectively.

3.1.2. Time-Correlated Single Photon Counting (TCSPC) Technique: All the
picosecond-resolved fluorescence transients were recorded using TCSPC technique. The
schematic block diagram of a TCSPC system is shown in Figure 3.3. TCSPC setup from
Edinburgh instruments, U.K., was used during fluorescence decay acquisitions. The
instrument response functions (IRFs) of the laser sources at different excitation
wavelengths varied between 60 ps to 80 ps. The fluorescence from the sample was
detected by a photomultiplier after dispersion through a grating monochromator [1]. For all

transients, the polarizer in the emission side was adjusted to be at 54.7° (magic angle) with
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respect to the polarization axis of excitation beam. For 290-300 nm laser excitation, we

have used a femtosecond-coupled TCSPC setup in which the sample was excited by the

Laser Laser
Sample - Diode Driver
L
Polarizer
Monochromator Delay
G
M TAC
Start Stop
Q ? O
| I
M MCP-PMT
—
HY Amp CFD [M Delay
Data Acquisition/
Control Electronics

Figure 3.3. Schematic ray diagram of a time correlated single photon counting (TCSPC)
spectrophotometer. A signal from microchannel plate photomultiplier tube (MCP-PMT) is
amplified (Amp) and connected to start channel of time to amplitude converter (TAC) via constant
fraction discriminator (CFD) and delay. The stop channel of the TAC is connected to the laser
driver via a delay line. L, M, G and HV represent lens, mirror, grating and high voltage source,
respectively.

third harmonic laser beam (290-300 nm) of the 870-900 nm (0.5 nJ per pulse) using a mode-locked
Ti-sapphire laser with an 80 MHz repetition rate (Tsunami, Spectra-Physics), pumped by a 10 W
Millennia (Spectra-Physics) followed by a pulse-peaker (rate 8 MHz) and a third harmonic
generator (model 3980, Spectra-Physics). The third harmonic beam was used for excitation of the

sample inside the TCSPC instrument (IRF = 70 ps) and the second harmonic beam was collected

for the start pulse.
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3.1.3. Transmission Electron Microscopy (TEM): A JEOL JEM-2100 high-resolution
TEM (HRTEM) (Figure 3.4) equipped with an energy dispersive X-ray (EDAX)
spectrometer was used to characterize the microscopic structures of samples and to analyze
their elemental composition. The sizes of the nanoparticles were determined from the TEM
images obtained at 200 kV. Samples for TEM were prepared by placing a drop of the
colloidal solution on a carbon-coated copper grid and allowing the film to evaporate

overnight at room-temperature.
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Viewer
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Figure 3.4. Schematic diagram of a typical transmission electron microscope (TEM). After the
transmission of electron beam through a specimen, the magnified image is formed either in the
fluorescent screen or can be detected by a CCD camera.
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3.1.4. Fourier Transform Infrared (FTIR) Measurement: FTIR spectroscopy is a
technique that can provide very useful information about functional groups in a sample. An
infrared spectrum represents the fingerprint of a sample with absorption peaks which
corresponds to the frequencies of vibrations between the bonds of the atoms making up the
material. Because each different material is a unique combination of atoms, no two
compounds produce the exact same infrared spectrum. Therefore, infrared spectroscopy
can result in a positive identification (qualitative analysis) of all different kinds of material.
In addition, the size of the peaks in the spectrum is a direct indication of the amount of

material present. The two-beam Michelson interferometer is the heart of FTIR
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Figure 3.5. Schematic of Fourier Transform Infrared (FTIR) spectrometer. It is basically a
Michelson interferometer in which one of the two fully-reflecting mirrors is movable, allowing a
variable delay (in the travel-time of the light) to be included in one of the beams. M, FM and BS1
represent the mirror, focussing mirror and beam splitter, respectively. M5 is a moving mirror.

spectrometer. It consists of a fixed mirror (M4), a moving mirror (M5) and a beam-splitter

(BS1), as illustrated in Figure 3.5. The beam-splitter is a laminate material that reflects and
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transmits light equally. The collimated IR beam from the source is partially transmitted to
the moving mirror and partially reflected to the fixed mirror by the beam-splitter. The two
IR beams are then reflected back to the beam-splitter by the mirrors. The detector then sees
the transmitted beam from the fixed mirror and reflected beam from the moving mirror,
simultaneously. The two combined beams interfere constructively or destructively
depending on the wavelength of the light (or frequency in wavenumbers) and the optical
path difference introduced by the moving mirror. The resulting signal is called an
interferogram which has the unique property that every data point (a function of the
moving mirror position) which makes up the signal, has information about every infrared
frequency which comes from the source. Because the analyst requires a frequency
spectrum (a plot of the intensity at each individual frequency) in order to make
identification, the measured interferogram signal cannot be interpreted directly. A means
of “decoding” the individual frequencies is required. This can be accomplished via a well-
known mathematical technique called the Fourier transformation. This transformation is
performed by the computer which then presents the user with the desired spectral
information for analysis. FTIR measurements were performed on a JASCO FTIR-6300
spectrometer (transmission mode). Each spectrum consists of 100 scans (1500—4000 cm ')

acquired at 0.5 cm ™' resolution.

3.1.5. Laser Raman Spectroscopy: Raman spectroscopy is a useful technique for the
identification of a wide range of substances solids, liquids, and gases. It is a
straightforward, non-destructive technique requiring no sample preparation. Raman
spectroscopy involves illuminating a sample with monochromatic light and using a

spectrometer to examine light scattered by the sample.
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At the molecular level photons can interact with matter by absorption or scattering
processes. Scattering may occur either elastically, or inelastically. The elastic process is
termed Rayleigh scattering, while the inelastic process is termed Raman scattering. The
electric field component of the scattering photon perturbs the electron cloud of the
molecule and may be regarded as exciting the system to a ‘virtual’ state. Raman scattering
occurs when the system exchanges energy with the photon, and the system subsequently
decays to vibrational energy levels above or below that of the initial state. The frequency
shift corresponding to the energy difference between the incident and scattered photon is
termed as the Raman shift. Depending on whether the system has lost or gained vibrational
energy, the Raman shift occurs either as an up or down-shift of the scattered photon
frequency relative to that of the incident photon. The down-shifted and up-shifted
components are called, respectively, the Stokes and anti-Stokes lines. A plot of detected
number of photons versus Raman shift from the incident laser energy gives a Raman
spectrum. Different materials have different vibrational modes, and therefore characteristic
Raman spectra. This makes Raman spectroscopy a useful technique for material
identification. There is one important distinction to make between the Raman spectra of
gases and liquids, and those taken from solids in particular, crystals. For gases and liquids
it is meaningful to speak about the vibrational energy levels of the individual molecules
which make up the material. Crystals do not behave as if composed of molecules with
specific vibrational energy levels, instead the crystal lattice undergoes vibration. These

macroscopic vibrational modes are called phonons.
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Figure 3.6. Schematic diagram of a Raman spectrometer is shown.

In our Raman spectrometers (LabRAM HR, Jobin Yvon), lasers are used as a
photon source due to their highly monochromatic nature, and high beam fluxes (Figure
3.6). This is necessary as the Raman effect is weak, typically the Stokes lines are ~10°
times weaker than the Rayleigh scattered component. In the visible spectral range, Raman
spectrometers use notch filters to cut out the signal from a very narrow range centred on
the frequency corresponding to the laser radiation. Most Raman spectrometers for material
characterization use a microscope to focus the laser beam to a small spot (<1—-100 um
diameter). Light from the sample passes back through the microscope optics into the
spectrometer. Raman shifted radiation is detected with a charge-coupled device (CCD)
detector, and a computer is used for data acquisition and curve fitting. These factors have
helped Raman spectroscopy to become a very sensitive and accurate technique. In our
experiments, Raman scattering measurements were performed in a back scattering

geometry using a micro-Raman setup consisting of a spectrometer (model LabRAM HR,
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JobinYvon) and a Peltier-cooled CCD detector. An air cooled argon ion laser with a
wavelength of 488 nm was used as the excitation light source. Raman spectra of all

samples have been recorded at room temperature in the frequency range of 50-4000 cm™".

3.1.6. Thermogravimetric-Differential Thermal Analyzer (TG-DTA) Setup: The
thermogravimetric (TG) analysis was carried out using Diamond thermogravimetric (TG)-
differential thermal analyzer (DTA) from Perkin Elmer. The TG determines the weight
change of a sample whereas the DTA measures the change in temperature between a
sample and the reference as a function of temperature and/or time. The schematic of the
TG-DTA setup is shown in Figure 3.7. When a weight change occurs on the sample side,
the beam holding the platinum pans is displaced. This movement is detected optically and
the driving coil current is changed to return the displacement to zero. The detected driving
coil current change is proportional to the sample weight change and the output is the TG
signal. The DTA detects the temperature difference between the sample holder and the
reference holder using the electromotive force of thermocouples, which are attached to the

holders. This difference is measured as the DTA signal.
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Figure 3.7. The schematic representation of TG-DTA setup.
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3.1.8. Viscosity Measurement: The viscosity of the mixtures were measured by an
automated micro viscometer (AVMn) from Anton Paar (Austria). The viscosity of the
sample are measured by Hoppler falling ball principle. The basic concept is to measure the
elapsed time required for the ball to fall under gravity through a sample-filled tube inclined
at an angle. The tube is mounted on a pivot bearing which quickly allows rotation of the
tube by 180 degrees, thereby allowing a repeat test to run immediately. Several
measurements are taken and the average time is converted into a final viscosity value in
centipoise (cP).

The dynamic viscosity in Hoppler falling ball method is calculated by the following
equation:

n=t(p, —p, K *F (3-1)

where: 1 is the dynamic viscosity [mPa.s]; t is the travelling time of the ball [s]; p; is the
density of the ball [g cm™]; p, density of the sample [g cm™]; K ball constant [mPa-cm® g

1: F working angle constant.

Measuring
Distance

Ball

Capillary

Figure 3.8. Schematic representation of the automated micro viscometer.
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3.1.9. Refractive Indices Measurement: Refractive indices of the solutions were
measured by using a Rudolph J357 automatic refractometer. The instrument measures the
refractive indices using sodium D-line of wavelength 589.3 nm with accuracies +0.00004.
The measurement of the refractive index of the sample is based on the determination of the
critical angle of total reflection. A light source, usually a long-life LED, is focused onto a
prism surface via a lens system. Due to the focusing of light to a spot at the prism surface,

a wide range of different angles is covered. As the measured sample is in direct contact

Sample Refraction

v |

|
\
\ l Critical Angle
| Of Total
Prism I Reflection
Lens ‘
CCD Sensor
LED Total Reflection

Figure 3.9. Schematic representation of the refractometer.

with the measuring prism. Depending on its refractive index, the incoming light below the
critical angle of total reflection is partly transmitted into the sample, whereas for higher
angles of incidence the light is totally reflected. This dependence of the reflected light
intensity from the incident angle is measured with a high-resolution sensor array. From the
video signal taken with the CCD sensor the refractive index of the sample can be

calculated.

3.2. Sample Preparation: In this section the different sample preparation methods have

been discussed.
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3.2.1. Chemicals Used: The chemicals, spectroscopic probes, and biomolecules were
procured from the following sources. Analytical-grade chemicals were used for synthesis
without further purification. All the aqueous solutions were prepared using double distilled
water. Millipore water was used throughout the experiments The chemicals phosphate
buffer (disodium hydrogen phosphate, monosodium hydrogen phosphate), sodium tartrate,
sodium hydroxide, potassium bromide, bilirubin, magnesium chloride, riboflavin (Rf), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), caffeine, rose bengal (RB), 4',6-diamidino-2-
phenylindole (DAPI), benzo[a]pyrene, zinc acetate dehydrate [Zn(CH3COQ),.2H,0], 30
nm ZnO NPs, TiO, NPs, Al,0; NPs, riboflavin, gold (I1l) chloride, sodium citrate,
caffeine, benz[o]pyerene and CT-DNA were obtained from Sigma-Aldrich.
Oleylamine/oleylacid capped ~23 nm Fe;O4 NPs were purchased from Ocean NanoTech,
LLC (Springdale, USA). Methylene blue was purchased from Carlo Erba.
Hexadecyltrimethylammonium bromide (CTAB) (Fluka), isooctane (Spectrochem)
Sodium bis(2ethylhexyl) sulfosuccinate (AOT) and sodium dodecyl sulfate (SDS) were
obtained from Fluka. Dimethyl sulphoxide (DMSO), Hydrochloric acid ethanol,
acetonitrile and sodium azide was purchased from Merck. All the chemicals and the

proteins were of highest purity available and used without further purification.

3.2.2. Preparation of Micellar Solution: The micellar solutions were prepared by
dissolving surfactant salts in buffer of required pH. Micellar solutions of the probe were
prepared by adding known concentrated aqueous probe solution to micellar solution of

desired concentration with simultaneous stirring of the mixture for an hour [2].

3.2.3. Preparation of Reverse Micellar Solution: Reverse micellar solutions of specific

degree of hydration (wp = [H,O]/[Surfactant]) were prepared by addition of calculated
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volume of aqueous solution of the probe in known volume of 100 mM AOT solution in
isooctane [3, 4]. In order to ensure that each reverse micelle contains not more than one
probe molecule, the overall probe concentration was kept less than that of micellar

concentration.

3.2.4. Synthesis of 5 nm ZnO NPs: In order to synthesize colloidal solution of ZnO
nanoparticles (NPs), zinc acetate dihydrate, Zn(CH3COO),.2H,0 (Merck), was used as
starting material. 40 mL of 2 mM zinc acetate solution was prepared in ethanol (Merck).
Then 20 mL of 4 mM NaOH solution in ethanol was added to it under constant stirring.
The reaction beaker was then kept in a preheated water bath at 60 °C for 2 h to hydrolyse,

after which a transparent ZnO NP colloid was obtained [5].

3.2.5. Synthesis of Riboflavin Nanohybrids with ZnO NPs, TiO, NPs and Al,O3; NPs:
20 uM Rf solution was prepared in alcohol. 0.5mg/ml of solid 30 nm ZnO, TiO, and Al,0O;
were added to prepared Rf solution and were stirred constantly for 12h. The sensitization
of ZnO NPs, TiO, NPs and Al,0O3 NPs with Rf dye was performed at room temperature in
the dark. After the sensitization process, the solution was centrifuged for a while and the
clear supernatant solution of unattached dyes was decanted. Then the nanohybrids were
washed with alcohol 3-4 times. Then the samples were dried in a water bath. The Rf

concentration in the nanohybrids was 3 uM [6].

3.2.6. Synthesis of Riboflavin-Gold Nanohybrids: 10 mL 80 pM Rf solution was
prepared in water. 100 mM stock solution of AuCls was prepared. 50 ul of Au (III)

chloride solution was mixed with 10 mL of the stock riboflavin solution. The mixture was
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kept under UV-light (Amax=365 nm) for 15 minutes till the characteristic surface plasmon
resonance band was observed at 540 nm [7]. Here, a different technique is used to remove
free riboflavin from AuNPs. Since it is difficult to retrieve Rf-AuNPs after centrifugation,
the excess dye was driven out by dialysis prior to the experiments. The Rf and AuNPs

concentrations in the nanohybrids were 40 uM and 0.1nM, respectively.

3.2.7. Synthesis of Citrate-Capped Gold Nanoparticles: 0.5 M stock solution of sodium
citrate and 100 mM stock solution of AuCls were prepared in water. 20 uL of stock sodium
citrate was added to 4 mL of 0.5mM of AuCls solution while boiling it. The solution turned
reddish in colour. The formation of gold NPs was confirmed by surface plasmon resonance

band at 540 nm [8].

3.2.8. Synthesis of Rose Bengal Nanohybrids with ZnO NPs: RB solution of 0.5 mM
was prepared in acetonitrile. To the prepared RB solution, Img/ml of solid 30 nm ZnO
NPs were added and constantly stirred for 12h. ZnO NP sensitization with RB dye was
performed at room temperature in the dark. The solution was centrifuged for some time
and the clear supernatant solution of free dyes was decanted after the sensitization process.

The samples were finally dried in a water bath after washing 3-4 times with acetonitrile.

3.2.9. Preparation of DNA Fragment: For the preparation of DNA fragments, a 1300-bp
sequence of Origin Recognition Complex (ORC1) DNA from Leishmania donovani was
amplified from pGAT20RC1 plasmid by PCR (Eppondorf, Germany) using primers
LAORC1R1+ (5°GCAC TGA ATT CAA ATG AAG CGG AGC CGG CGA GC 3’) and
LdORC1Notl.1- (5 GCT TCT GCG GCC GCC AAG TGC AGC GCT GCC CCG T 3”).

The PCR product was purified using PCR clean up kit (Axygen, USA).
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3.2.10. Preparation of Dye-DNA Complex: BP-DNA complexes were prepared as per
the methodology reported previously [9] by Geacintov et al. In the fluorescence
experiments of BP and CT-DNA, concentration of BP was 1 uM while that of CT-DNA
was 1 mM. For steady state and time resolved studies the [dye]:[DNA] ratio was kept low

to ensure complete complexation of the probe [10].

3.2.11. Preparation of Dichlorofluorescein and ROS Measurements: DCFH was
prepared from DCFH-DA (dichlorofluorescin diacetate obtained from Calbiochem). 0.5
mL of 1.0 mM DCFH-DA in methanol was mixed with 2.0 mL of 0.01 N NaOH at room
temperature for 30 min. The mixture was then neutralized with 10 mL of 25 mM
NaH,PQO4, pH 7.4. All the measurements were performed in a total volume of 2.0 mL water
that contained 10 pL of DCFH solution, RB (3 uM), ZnO (200 puM) and RB-ZnO
(individual concentrations of RB and ZnO in the nanohybrid in DMSO are 3 uM and 200

uM, respectively) [11].

3.2.12. Cells and Cell Culture Conditions: Squamous epithelial cells were collected from
the inner lining of the human mouth. WI1-38 (fibroblast), MCF-7 (breast cancer) and HelLa
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum and penicillin-streptomycin (0.5 U/ml of penicillin and 0.5 pg/ml
streptomycin) in 35 mm dishes at 37°C in an atmosphere of air with 5% CO, and constant

humidity [12].

3.2.13. Bacterial Strain and Culture Conditions: The antibacterial assay was performed
using E. coli XL1-Blue cells. The cells were cultured at 37 °C in a liquid LB (Luria-

Bertani) medium. When the optical density reached around 0.6, the culture was serially
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diluted ten thousand times with LB medium and treated with drugs containing RB (3 uM),
ZnO (200 uM) and RB-ZnO (individual concentrations of RB and ZnO in the nanohybrid
in DMSO are 3 uM and 200 uM respectively). The RB concentration is calculated from the
absorption maxima around 540 nm as ZnO lack absorbance above 380 nm. The samples
were then kept under the green light (Amax of 520 nm, ~14600 LUX) for four hours. The
photodynamic effect was studied by plating the treated samples in LB agar plates and

incubated them overnight at 37°C. After overnight incubation, the colonies were counted.

3.2.14. Fungal Strain and Culture Conditions: The antifungal assay was studied using
C. albicans. The cells were cultured at 30 °C in a liquid Yeast Extract Peptone Dextrose
(YEPD) broth. When the optical density reached around 0.6, the inoculum was serially
diluted ten thousand times with YEPD medium and treated with RB (3 uM), ZnO (200
uM) and RB-ZnO (individual concentrations of RB and ZnO in the nanohybrid in DMSO
were 3 uM and 200 puM respectively). The samples were then given the green light (Amax
of 520 nm, ~14600 LUX) exposure for four hours. To study the effect of light, the
inoculum was plated and incubated for 24 hours. Finally, the colonies were counted after

the incubation.

3.2.15. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay: A
colorimetric method for the estimation of cell densities using MTT proved to be more
accurate and timesaving than conventional hemocytometer counting [13]. It is one of the in
vitro cytotoxicity assays which is based on mitochondrial dehydrogenase activity of the
cells [14]. 1.9X10° cells HeLa were seeded and cultured in 10% FBS-supplemented
DMEM. 165ul cells from the stock culture were seeded in 96-well plate for the

photodynamic treatment. Cells were incubated with RB (3 uM), ZnO (200 uM) and RB-

69



Zn0O (individual concentration of RB and ZnO in the nanohybrid in DMSO were 3 uM and
200 uM, respectively) for an hour and were given green light exposure (Amax: 520 nm, ~
14600 LUX) for four hours. After overnight incubation, MTT assay was performed with
fresh medium. 5 mg/ml MTT stock was prepared in sterile PBS. 15 pl of the MTT stock
solution was added to the cells and incubated for four hours. 150 ul DMSO was added to

solubilize the formazan before taking the absorbance at 570 nm.

3.2.16. Fluorescence Microscopy Studies: Micrographs of HelLa cells were taken using
Zeiss AxioObserver Z1 Fluorescence Microscope which was attached with an Apotome
apparatus. The cells were washed twice with PBS and fixed with 4% paraformaldehyde
(Sigma) according to the standard protocol [15]. Finally, they were stained with
Fluoroshield Mounting Medium with DAPI (ABCAM) before capturing the images at 40X

magnification.

3.2.17. Quantum Yield (Qp) Calculation: Qp of the dye in any medium was calculated

| Y oD, Y n’ ]
o-a [ S 5 ¢

where Q and Qg are the values of quantum yield of the dye in the respected medium and

according to the following equation,

the reference . | and I are the integrated fluorescence intensities of the dye and reference
respectively. OD and ODg are the optical densities of the dye and reference at the
corresponding excitation wavelength, and n and ng are the refractive indices of dye and
reference solutions respectively. Refractive indices of the solutions were measured by

using Rudolph J357 automatic refractometer.
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Chapter 4

Photo-Sensitization of Medicinally Important Drugs

4.1. Introduction:

A vital micronutrient, riboflavin (vitamin B,) is an essential vitamin found in milk,
cheese, vegetables, yeast, mushrooms, eggs and meat products [1, 2]. It is a crucial
precursor of the coenzymes flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD) [3-6]. These coenzymes with dehydrogenase and oxidase activities
play a key role in electron transport chain for cellular metabolism in human beings [7,
8]. Although, use of the vitamin as antioxidant drug is conventional in medicine [9, 10],
the activity of the vitamin under visible light has a long history of scientific reports [11,
12]. 1t is well known that upon photoexcitation, the isoalloxazine ring system
undergoes intramolecular photo-reduction in which the ribityl side chain donates
electron in the absence of an external reductant [13]. A few photoproducts are formed
due to oxidation of the side chain. It is converted to lumichrome upon photolysis in
neutral aqueous solutions, and into lumiflavin in alkaline conditions [1, 14-16]. The
vitamin under visible light can also generate reactive oxygen species (ROS) such as
superoxide anions and singlet oxygen [17, 18]. Upon photoexcitation, the vitamin
(*Rf") is converted to excited triplet riboflavin (*Rf’), through intersystem crossing
which is reduced by abstraction of electrons or hydrogen ion to form riboflavin radical
[19]. The riboflavin radical eventually reacts with atmospheric triplet oxygen to form

superoxide anion and singlet oxygen [8, 20].
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The density of oxygen, the concentration of the vitamin riboflavin and the
presence of other oxidizable reactants or quenchers determines the distribution of the
reactive oxygen species (ROS) formed in a particular system [18, 21, 22]. The excited
state relaxation of the vitamin in protein environments is found to be ultrafast
(femtosecond-picosecond ) in nature and due to the electron transfer from the vitamin
to the proximal amino acids in the protein [23, 24]. Antioxidant activity of the vitamin
is generally estimated by monitoring free radical scavenging of a stable free radical 2,2-
diphenyl-1-picrylhydrazyl (DPPH; violet colour), in absence of visible light [25]. It is
well established that the vitamin supplement in the diet can enhance the scavenging
kinetics in cellular medium [26]. The vitamin is found to donate a proton/electron to the
radical DPPH eventually reducing the radical to DPPH, form, revealing decolourization
(from violet to yellow) of the medium [27, 28]. Although antioxidant property of the
vitamin is estimated using DPPH as model oxidizing agent in absence of light [29],
very little is known about the photosensitized antioxidant activity of riboflavin [30],
which is the focus of the present study. In a recent report, antimicrobial activity of
riboflavin under visible light irradiation is illustrated [31].

Here we have studied the antioxidant activity of vitamin B, under visible light
irradiation (blue light, Anax = 450 nm) in a variety of nanoscopic physiologically
important environments. We have compared the experimental observation of the
antioxidant activity with that in dark in ethanol water (1:1) solution. Our observation of
photo-antioxidant activity of the vitamin in a number of micelles with different charges
(anionic, cationic and neutral) reveals the importance of the location of the oxidizing
agent for the efficacy of antioxidant activity of the vitamin in the physiologically
relevant environments. For instance, the cationic hexadecyltrimethylammonium bromide

(CTAB) micelle is capable of mimicking histone protein [32], the neutral (polar) TritonX-
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100 (TX-100) resembles a protein cavity [33] and the anionic sodium dodecyl sulphate
(SDS) micelle can be a good substitute of the negatively charged DNA surface [34,
35]. On the other hand, our studies of the photo-antioxidant property in AOT reverse
micelle (RMs) with various degrees of hydration (different hydrodynamic diameters of
the water pool) clearly show the importance of the proximity of the oxidizing agent
with respect to the excited vitamin. Reverse micelles (RMs) are nanopools of polar
solvent surrounded by a monolayer of surfactant molecules at the periphery with polar
head groups pointing inward toward the polar solvent and the hydrocarbon tails are
directed toward the nonpolar organic solvents [36]. Reverse micelles with water
nanopools resemble the water pockets found in various bio-aggregates such as proteins,
membranes and mitochondria [37]. Thus, these systems are very often considered as
excellent biomimetics for exploration of biological membranes and biologically
confined water molecules [38]. While the antioxidant property of the vitamin is
followed by observing decolourization kinetics of DPPH in the environments, in order
to quantitatively estimate the distance between the oxidizing agent (DPPH) and the
excited vitamin prior to the antioxidant activity, we have employed picosecond
resolved Forster Resonance Energy Transfer (FRET) in the nanoscopic environments
of micelles and RMs with various degrees of hydration. We have also analyzed the
probability distribution of the RF-DPPH distances in the nanoenvironments. Overall,
our studies unravel a mechanistic pathway for the photoinduced antioxidant property of

the important vitamin in a number of physiologically important nanoenvironments.

4.2. Results and Discussion:

42.1. Vitamin B; in Nanoscopic Environments under Visible Light:

Photosensitized Antioxidant or Phototoxic Drug? [39]:
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The molecular structures of riboflavin (Rf; vitamin B;) and model free-radical (DPPH)
are shown in the upper panel of Figure 4.1. Riboflavin (nitrogen circled red) transfers
electrons to appropriate hydrogen acceptors in photochemical reactions [13] whereas
the nitrogen centered (circled blue) free radical accepts electron or hydrogen radical to
form stable diamagnetic molecule in the antioxidant mechanism [40, 41]. The
absorption and emission spectra of Rf in ethanol water (1:1) solution are shown in the

lower panel of Figure 4.1.
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Figure 4.1. Upper panel. Circled Nitrogen in red denotes the electron donor of riboflavin
which transfer its electrons to appropriate hydrogen acceptors in photochemical reactions and
circled nitrogen in blue depicts the nitrogen centred free radical (see text). Lower panel.
Absorption and Emission spectra of Riboflavin (e = 450 nm, lem = 520 nm) and DPPH
(absorption peak at 520 nm).

The absorption spectrum of DPPH in the Figure 4.1 clearly reveals a significant
spectral overlap with the emission spectrum of RF. The large spectral overlap is also

indicative of the possibility of “excited state energy transfer” from RF to the free radical
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DPPH prior to the radical scavenging and there is a change in the relative fluorescence
intensity.

Figure 4.2 shows the kinetics of free radical scavenging activity of RF in
ethanol water (1:1) solution in the dark compared to that in presence of blue light
(Aem=450 nm). The free radical scavenging kinetics of RF in absence and presence of
blue light have been fitted with single exponential decay functions and the time
constants are found to be to 2051 secto 66 sec respectively. A significant enhancement
in the rate of radical scavenging of the vitamin in presence of blue light is clearly
evident from the Figure 4.2. It is also evident from the Figure 4.2 that there is a
significant retardation of the scavenging activity in presence of sodium azide (NaN3), a

potential ROS quencher.
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Figure 4.2. depicts the absorption kinetics (degradation monitored at 520 nm) of Riboflavin-
DPPH in presence and absence of sodium azide (50 mM) in ethanol water (1:1) solution. Blue
light irradiation is given from the point “0” at X-axis.

Earlier reports state that the proximal radical scavenging activity of most
antioxidants occur by donating H-atoms, either by H-atom transfer (HAT) or stepwise

electron transfer—proton-transfer (ET-PT) or sequential proton-loss—electron-transfer
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(SPLET) [42-45]. Our observation on reduction of photo-antioxidant activity of the
vitamin Rf in presence of ROS quencher NaN; clearly reveals the formation of ROS
from the excited Rf following the mechanism detailed in the earlier literature [8]. In the
absence of sodium azide, ROS generated from excited vitamin quenches DPPH
proximally as well as through distance resulting in enhanced yield of scavenging
(~100% in our time window). By addition of NaNs;, only proximal DPPH can access
riboflavin for radical scavenging which initially causes higher rate (time constant of 23
sec) of degradation, but low yield (about 30% scavenging in our time window). The
structural integrity of the vitamin in presence of NaNs has been confirmed through
absorption and emission spectra of Rf (data not shown). Our observation indicates that
scavenging of the DPPH free radical in the solution is essentially governed by the
generation of ROS from the excited vitamin and thus proximity between Rf and DPPH
in solution has minimal effect on the photoinduced antioxidant property of the vitamin.
In earlier studies [40, 46] the redox reaction mechanism of DPPH with ROS has been

elaborated. While several reaction product in the redox processes involving DPPH
converts oxygen anion (O, ) into oxidants ( OH", HOO"), formation of minor amount

of reaction products have been found by using TLC techniques [46].

Figure 4.3.a shows antioxidant activity of the vitamin in aqueous micellar
solutions, namely SDS (anionic), CTAB (cationic) and TX-100 (neutral) in dark and
light conditions. While a significant enhancement of the activity upon irradiation is
evident, the rate of antioxidant activity in presence of light is observed to depend on the
nature of charges in the head groups of the micelles. Rf shows almost similar affinity to
all the micelles under investigation discarding role of specific Rf localization in the
different antioxidant activity. Our studies indicate that Rf essentially stay outside the

micelles in the bulk solution. Our experiments were performed with equal
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concentrations of RF and DPPH in micelles with various charges on the head groups.
From the Figure 4.3.a, it is clear that the scavenging activities in the micelles follow the
sequence of SDS >TX-100 > CTAB. The degradation time (in sec) of DPPH in SDS,
TX-100 and CTAB were found to be 54.5, 275 and 300 respectively after fitting with
first order decay function. The highest activity in the SDS micelle with anionic head
group among other varieties can be rationalized in the following way. The free radical
DPPH which has a large hydrophobic moiety is expected to lead the localization of the
radical in the hydrophobic core of the micelles independent of the nature of the charges
at the head group. DPPH is found to be sparingly soluble in bulk water. However, it has
been reported earlier that the free radical in the DPPH is cationic in nature [44, 47] and
Is expected to reside near the interface of the anionic SDS micelles offering more
accessibility to the excited RF in the bulk solution. In a recent study, enhanced DPPH
radical scavenging activity of Rutin in anionic SDS micelle compared to other micellar
charged varieties (CTAB, TX-100 etc) has been reported. Convenient localization of
Rutin in the micellar interface in SDS and DPPH in the hydrophobic core are
concluded to be reason for the enhanced activity.

Figure 4.3.b shows the antioxidant activity of RF in RMs with various degrees
of hydrations. It has to be noted that RF, being polar would reside in the water pool of
the RMs [24], whereas the hyphophobic DPPH is expected to reside in the bulk
isooctane. However, the cationic charge in the free radical [47] is expected to compel
the radical DPPH at the anionic interface of the AOT-RMs. A clear decrease in the
antioxidant activity with the increase in the degree of hydration (from w=5 to w=20)
is evident from the Figure 4.3.b. It is also noted that the decay time (in sec) of DPPH in

AOT-RMs with wp=5, w=10 and wy=20 were found to be 50, 70 and 79 respectively
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after fitting with first order decay function. The observation shows the importance of
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Figure 4.3. (a) depicts the absorption kinetics of DPPH (degradation monitored at 520 nm) in
three micellar systems of SDS, TX-100 and CTAB and (b) shows the absorption kinetics of
DPPH (degradation monitored at 520 nm) in AOT-reverse micelles with wg5, wy10 and w20,
in the presence of blue light (450 nm) and in dark, Blue light irradiation is given from the point
“0” at X-axis.

the proximity of model oxidizing agent DPPH with the excited RF, which also reveals
less importance of ROS in the reaction pathway that may lead distal effect [48]. The
negligible role of ROS in the photoinduced antioxidant activity of the vitamin in the
nanoenvironments including SDS micelles is also clear from Figure 4.4.a, where very
minimum effect of NaN3 (ROS quencher) in the antioxidant kinetics is observed (40 sec
degradation time after fitting with first order decay function). In this context, it is worth

mentioning that generation of ROS from the photoexcited RF should be
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indiscriminative and it is expected to oxidize the RF itself leading to photodegradation
of the vitamin.

In order to investigate the photodegradation of the RF in various environments,
emission of the vitamin at 520 nm (DPPH has no emission) is found to be good marker
rather than the absorption at 450 nm (peak absorption of the vitamin B;) as the
interference of the absorption due to DPPH (absorption peak at 520 nm) is unavoidable
at the detection wavelength. It has to be noted that the photodegradation of the parent
Rf may result some luminescent photoproducts including lumichrome or lumiflavin and
may interfere with the emission of Rf. However, the fluorescence quantum yields of the
major photoproducts; lumichrome (0.008 in water), lumiflavin (0.14 in water), are
significantly lower than that of the parent Rf (0.3 in water). Thus photodegradation of
the parent molecule (Rf) would always reduce the fluorescence intensity. Although,
final intensity of emission may be convoluted with the photo-products, the kinetics of
fluorescence quenching is expected to reflect the rate of photo-conversion of Rf to other
products, in other word photodegradation. The photodegradation of Rf in ethanol water
(1:1) solution shows first order kinetics (Figure 4.4.b) and the rate of deterioration
decreases (from 281 sec to 6000 sec) in presence of NaNj3 revealing the role of ROS in
the self-degradation of the vitamin. Figures 4.4.c and 4.4.d show kinetics of Rf emission
in SDS micelles in presence and absence of DPPH respectively. As shown in Figure
4.4.c, the emission kinetics of Rf in SDS micelles in presence of DPPH show a rise of
time constant 63 sec followed by a decay of time constant of 144 sec. Existence of
multiple excited state events is clear from the kinetics pattern. The rise component of
the emission is consistent with the DPPH scavenging (Figure 4.4.a) time constant of 40
sec and thus can be assigned as the loss of energy transfer from Rf to DPPH in the

micelle leading to temporal absorption quenching at 520 nm. The decay time constant
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(Figure 4.4.c) of 144 sec is similar to the self-degradation time constant of 163 sec as
shown in Figure 4.4.d. The Figure 4.4.d shows monotonous (single exponential with
time constant of 163 sec) decrease of Rf emission in absence of DPPH in the micellar

solution under blue light irradiation.
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Figure 4.4. (a) depicts the absorption kinetics of riboflavin-DPPH in SDS micelles with and
without 50 mM sodium azide, in presence of blue light and in dark; blue light irradiation is
given from the point “0” at X-axis. (b) shows the emission spectra of riboflavin with and
without 50mM sodium azide in ethanol water (1:1) solution Figures (c) and (d) show emission
spectra of riboflavin in SDS micelles in presence and absence of DPPH respectively.

From our above observations on the photoinduced antioxidant properties of the
vitamin RF in nanoscopic environments, the importance of the proximity of the model
oxidizing agent DPPH with the excited Rf is clearly revealed. Whereas proximity of the
vitamin with the oxidizing agent (DPPH) in the nanoscopic environments of micelles

and reverse micelles are found to be important, a quantitative estimation of the
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proximity leading to various degrees of photo-oxidation in the nanoenvironments is

Table 4.1. Picosecond-resolved fluorescence data fitting of Riboflavin with DPPH
in micelles.

System 11 (NS) T, (NS) 13 (NS) Tavg (NS)
SDS micelle

RF 0.11 (20%) 4.61 (80%) 3.7

RF-DPPH 0.03 (40%) 0.50 (14%) 4.54 (46%) 2.2
TX-100 micelle

RF 0.22 (20%) 4.43 (80%) 3.6

RF-DPPH 0.10 (26%) 1.23 (10%) 4.59 (65%) 3.1
CTAB micelle

RF 0.45 (40%) 2.38 (60%) 1.6

RF-DPPH 0.10 (18%) 0.50 (38.7%) 2.70 (43.3%) 1.4

(Numbers in parenthesis denote the relative weightage in percentage with £5 error).

Table 4 2. Forster Resonance Energy transfer (FRET) parameters of Riboflavin-
DPPH with measured FRET efficiencies (Errer).

System Qv ANUI) Ro  Errer r (A)
Micelles
SDS 0.250 7.91x10* 3549 410 37.70
TX-100 0.235  7.89x10* 3510 125 4854
CTAB 0.220 797 x10* 3470 140  46.90
AOT Reverse micelles
Wo=5 0.230 6.23x10* 2291 744  19.20
wo=10 0.260 7.02x10* 3502 537 34.20
Wo=20 0270  7.14x10* 3534 487 35.65

Table 4 3. Picosecond-resolved fluorescence data fitting of Riboflavin with DPPH
in reverse micelles.

System 11 (NS) T, (NS) 13 (NS) Tavg (NS)

AOT Reverse micelles (wp=5)

RF 1.34 (25%) 4.80 (75%) 3.9

RF-DPPH 0.05 (63%) 0.63 (14%) 4.15 (23%) 1.0
AOT Reverse micelles (wo=10)

RF 1.11 (20%) 4.84 (80%) 4.1

RF-DPPH 0.05 (48%) 0.86 (11%) 4.38 (41%) 1.9
AOT Reverse micelles (wp=20)

RF 0.62 (20%) 4.69 (80%) 3.9

RF-DPPH 0.07 (48%) 1.00 (16%) 5.00 (36%) 2.0

(Numbers in parenthesis denote the relative weightage in percentage with £5 error).
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essential. In this regard, we have employed picosecond resolved FRET experiments,
where the vitamin and the model oxidizing agent DPPH are considered to be energy
donor and acceptor respectively for the spectral overlap of the donor emission with the
absorption spectrum of the acceptor as shown in Figure 4.1.b. Figures 4.5.a-c show
picosecond resolved emission transients of RF in various micelles in absence (donor)

and presence of DPPH (donor-acceptor).
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Figure 4.5. (a) to (c) depict the fluorescence lifetime quenching of riboflavin in SDS, TX-100
and CTAB micelles respectively considering the distance distribution between donor
(riboflavin) and acceptor (DPPH) (d) to (f) show the corresponding probability of distance
distribution (P(r)) with respect to mean donor-acceptor distance.

The details of the numerical fitting of the fluorescence transients are tabulated
in Table 4.1. The probability distribution of the donor-acceptor distances in the
micelles is shown in Figures 4.5.d-f. The parameters related to FRET and the estimated
donor-acceptor distances are shown in Table 4.2. From the Figure 4.5 and Table 4.2, it

is evident that the SDS micelle allows more proximity of the vitamin with the oxidizing
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agent DPPH than other varieties of the micelles prior to the photo-oxidation. The
observation is consistent with the fact that in the SDS micelle RF shows highest rate of
photo-oxidation kinetics (Figure 4.3.a) compared to other micelles. It is also evident
from the Table 4.2 and Figure 4.3.a that the donor-acceptor distances in the micelles
essentially dictate efficacy of the photo-oxidation kinetics rates. The calculated half
width (hw), revealing heterogeneity or fluctuation 55 in the observed distance between
the donor and the acceptor is shown in the Figures 4.5.d-f. It is worth mentioning here
that DPPH is completely insoluble in water and can only reside in the hydrophobic core
of the micelles, however, cationic charge in the free radical site [47] is expected to
bring DPPH in closer proximity of the micellar surface. In the same argument in the
CTAB micelle with cationic surface, the free radical DPPH is expected to reside away
from the surface leading to higher donor acceptor distance and lowest photo-oxidation
kinetics rate (Figure 4.3.a). In the TX-100 micelle with polar head groups, the photo-
oxidation kinetics rate (Figure 4.3.a) and donor-acceptor distance is in between other
two micelles (SDS and CTAB).

The experimental control of RF-DPPH distance can be achieved from the
studies on the donor acceptor pair in reverse micellar system, where hydrodynamic
radius of the nano-pool of water is shown to be manipulated in nanometre precision
[49]. Considering the case of AOT reverse micelle with anionic head group, the DPPH
is expected to reside at the interface between polar (water) and nonpolar (isooctane)
phases because of the cationic charge [47]. As observed in the case of micellar system
the vitamin RF is expected to have negligible affinity to the interface and prefer to
reside in the central water pool. Thus, increase of hydrodynamic radius of the water
pool with the addition of more water in the surfactant solution, the RF-DPPH distance

can be controlled precisely. As shown in Figure 4.6, RF-DPPH distances gradually
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increase with the increase in the hydration number (wp) of the AOT reverse micelle.
Figures 4.6.a-c show picosecond resolved emission transients of RF in RMs with
various degrees of hydration in absence (donor) and presence of DPPH (donor-
acceptor). The details of the numerical fitting of the fluorescence transients are
tabulated in Table 4.3. The probability distribution of the donor-acceptor distances in

the micelles are shown in Figures 4.6.d-f.
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Figure 4.6. (a) to (c) depict the fluorescence lifetime quenching of riboflavin in w5, w10 and
wWo20 micelles respectively considering the distance distribution between donor (riboflavin) and
acceptor (DPPH). (d) and (f) show the corresponding probability of distance distribution (P(r))
with respect to mean donor-acceptor distance.

The parameters related to FRET and the estimated donor-acceptor distances are
shown in Table 4.2. From the Figure 4.6 and Table 4.2, it is evident that proximity of
the vitamin with the oxidizing agent DPPH increases with wy values prior to the photo-
oxidation. The observation is consistent with the fact that in the RM with wy=5, RF
shows highest rate of photo-oxidation Kkinetics in Figure 4.3.b compared to that in

Wo=10 and 20. It is also evident from the Table 4.2 and Figure 4.3.b that the donor-
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acceptor distances in the reverse micelles essentially dictate efficacy of the rates of
photo-oxidation kinetics. This observation is consistent with the case in micellar
solutions. The calculated half width (hw), revealing heterogeneity or fluctuation [50] in
the observed distances between the donor and the acceptor are shown in the Figures
4.5.d-f. Although a direct correlation of such fluctuations in the photo-oxidation
turnover is not clear from the present study, the hw values in the case of micelles and
RMs show opposite trends with respect to the donor-acceptor distances. From our
studies in the nanoscopic systems, a unified molecular picture of the photo-toxicity and
photosensitized antioxidant properties of the vitamin is distinct and given in

Scheme 4.1.
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Scheme 4.1. Upper panel. The mechanistic pathway illustrates the excited singlet riboflavin
which is converted to triplet riboflavin after absorbing energy from light. Excited triplet
riboflavin transfers electron in the presence of an oxidizing agent (DPPH) or interact with
triplet oxygen to form photoproducts by ROS generation. Excited singlet and triplet states of
riboflavin is depicted by “*” symbol in the scheme. Lower panel. Radical-scavenging of
Vitamin B, (Riboflavin) in the nanoscopic systems by proximity with the oxidizing agent DPPH.
The mechanism of ROS generation leading to the self-destruction employing dissolved oxygen is
also shown [8, 21, 51].

87



4.3. Conclusion:

The effect of visible light on vitamin B, present in food has a long record of empirical
evidence. In these studies, we have deduced that the antioxidant activity of
photosensitized riboflavin in ethanol water (1:1) solution and in various nanoscopic
systems. The photoinduced antioxidant activity of the vitamin is significantly efficient
than in dark condition. We have suggested a new mechanistic pathway where the
excited vitamin quenches the free radical DPPH without being facilitated by the
reactive oxygen species prior to electron transfer, which is pictorially represented in
Scheme 1. Moreover, our experiments reveal that the radical-scavenging mechanism is
strikingly different in solvents from that in confined environments. Our studies also
confirm that picosecond resolved Forster Resonance Energy transfer (FRET) in the
biomimetic nanoscopic environments catches proximity of an oxidizing agent (DPPH)
with the excited vitamin (riboflavin) just prior to the photosensitized antioxidant
activity. In summary, vitamin B, under visible light irradiation may play a dual role of
“photosensitized antioxidant” and “phototoxic drug” depending upon proximity of an
oxidizing species. Photo-induced electron transfer from the vitamin to the oxidizing
agent in proximity is the key for the antioxidant effect. On the other hand, the excited
vitamin undergoes intersystem crossing and eventually employs dissolved oxygen to
generate reactive oxygen species (ROS) resulting in phototoxicity/self-degradation. As
the generation of ROS and the photosensitized antioxidant activity of the vitamin has a
general appeal in the cellular milieu, our studies on the physiologically relevant
nanoscopic environments would find the importance in the design of new strategy in

phototherapy of several diseases.
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Chapter 5

Sensitization of Medicinally Important Drugs with

Inorganic Nanoparticles

5.1. Introduction:

Riboflavin (Rf) or vitamin B, is an essential micronutrient and substantially present in
dietary products such as vegetables, mushrooms, yeast, milk, cheese, eggs and meat [1-
3]. Although remarkable medicinal use of the vitamin as food supplement followed
immediately after the Noble-wining (in chemistry, 1938) structural determination of the
micronutrient, alternative use of the vitamin as a potential photodynamic therapy (PDT)
agent is also evident in early [4] as well as in contemporary [5] literature. Upon light
irradiation of a specific wavelength, a photosensitizer absorbs photon and elevated
from ground state to an excited singlet state which in due course decays to the triplet
excited state via intersystem crossing (ISC). Then the triplet excited state energy is
transferred to molecular oxygen at ground state to produce singlet oxygen which is a
central intermediate for cytotoxic action in PDT. It is well established that Rf upon
visible light irradiation generates reactive oxygen species (ROS) such as singlet oxygen
and superoxide anion [6, 7]. Riboflavin photosensitization has been used as a therapy
for the treatment of keratosis, where the vitamin is an endogenous photosensitizer [8,
9].

In the past two decades, nanoparticle (NP)-based therapeutic products have

flourished for the enhancement of drug action [10-13]. Nanomaterials are attributed
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with distinguished physicochemical properties, such as very small size, greater surface
area to mass ratio, and high reactivity, which is different from that of bulk materials of
similar composition [11]. Nanomaterials as drug carriers can overcome some of the
constraints such as low solubility and diffusivity, shortened blood circulation half-life,
high immunogenicity and low bioavailability found in conventional therapeutic and
diagnostic agents [11, 14]. Due to a higher surface area to volume ratio, nanocarriers
show upgraded pharmacokinetics and biodistribution of therapeutic agents and reduce
toxicity by their accumulation at the target site [15]. The solubility of hydrophobic
drugs increases by the formation of nanoconjugates and render them convenient for
parenteral administration. Moreover, the stability of various therapeutic agents such as
peptides and oligonucleotides increases which can be utilised to conduct the drug to
central nervous system due to their limited size and greater barrier permeability [15,
16]. However, reports on sensitization of drugs by NPs through their electronic
coupling are sparse in the literature. On the other hand, formation of nanohybrid of a
drug with an inorganic nanoparticle is the key for the modulation of drug activity in the
nanohybrid. In one of our earlier reports, we have explored the photoinduced ultrafast
dynamics in a well-known cancer drug, protoporphyrin IX (PP) sensitized with ZnO
NPs (PP-ZnO). We successfully showed that the PP-ZnO nanohybrid exhibits
enhanced activity in PDT compared to that of only PP. Zinc oxide NPs act as drug
delivery vehicle and also facilitate the charge separation which eventually enhances the
drug activity [17].

In the present study, we have synthesized nanohybrids of vitamin B, with
various inorganic NPs such as zinc oxide (ZnO), titanium oxide (TiO), aluminium
oxide (Al,O3) and gold NPs of approximately 30 nm sizes. We confirmed the sizes of

the NPs using high resolution transmission electron microscopy (HRTEM). Raman
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spectroscopic studies provide an insight on the nature of the attachment of riboflavin to
the surfaces of the semiconductor (TiO, and ZnO), the insulator (Al,O3) NPs and metal
(gold NPs). In order to measure the photo-antioxidant activity of the nanohybrids, we
have performed the well-known 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay under
blue light irradiation (Amax = 450 nm). Time-resolved fluorescence studies on the
nanohybrids were carried out to understand the electron transfer from photoexcited Rf
to ZnO or TiO;, which eventually intensifies the ROS activity in the Rf-semiconductor
nanostructures. The phenomenon of nano surface energy transfer (NSET) is
predominant in the nanohybrids of riboflavin with gold. Our studies unravel a
mechanistic pathway of drug sensitization with various inorganic NPs to determine the

photoinduced antioxidant property of this important vitamin.

5.2. Results and Discussion:

5.2.1. Sensitization of an Endogenous Photosensitizer: Electronic Spectroscopy of
Riboflavin in the Proximity of Semiconductor, Insulator and Metal Nanoparticles
[18]:

Figure 5.1.a shows a high-resolution transmission electron microscopic (HR-TEM)
image of ZnO NP. Lattice fringes of ZnO NP is found to be ~0.26 nm which
corresponds to the distance between two (002) planes [17]. The average particle size is
found to be ~28.5 £+ 0.4 nm from experimental TEM data. Figure 5.1.b and 5.1.c show
lattice fringes of TiO, and Al,O3 with interplanar distances 0.36 nm between two (101)
planes and 0.42 nm between two (110) planes, [19, 20] respectively. The average
particle size is estimated to be ~24.4 nm for TiO, and ~41 nm for Al,O3. From the

HRTEM images, TiO, NPs seem to be faceted with different crystal planes. However,
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Figure 5.1. (a-d) HRTEM images of various nanoparticles. The right panel shows the
corresponding particle size distribution of the NPs.
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careful investigation on the inter-fringe distances, for a number of NPs reveals a
distance of 0.36 nm which is consistent with (101) plane of TiO, crystal. Thus, surface
roughness of the TiO, NPs is concluded to be responsible for the faceted appearance of
the NPs. The lattice fringes of Rf-AuNP distinctly show an interplanar distance of
~0.31 nm, [21] corresponding to the interspace between two (222) planes. The average
particle size for Rf-AuNP is found to be ~29 nm.

UV-Visible spectroscopy is a useful technique to understand the complexation
between Rf and the NPs [22]. The absorption maxima of Rf is at 360 nm and 445 nm in
water and ethanol, respectively. The absorption, emission and excitation spectra of Rf
with its nanohybrids are shown in Figure 5.2.a, 5.2.b and 5.2.c, respectively, in water
for gold nanohybrids and in ethanol for the rest. The Rf absorption in the presence of
different NPs are shown in Figure 5.2.a. The change in absorbance peak at 445 nm is
due to complex formation when Rf attaches to surfaces of ZnO, TiO; and Al,O3 NPs.
This kind of observation is well documented in the literature [17, 19]. No distinct peak
of Rf is observed in these nanohybrids due to the very low riboflavin concentration and
large scattering of the nanoparticles. However, the presence of riboflavin is evident in
emission and excitation spectrum of Figure 5.2.b and Figure 5.2.c, respectively. The
concentration of riboflavin is estimated by differential spectra method (data not
shown). However, a surface plasmon band (SPB) exists in Rf-AuNP due to the
contribution of AuNPs. The SPB exists as a result of collective oscillations of the
electron at the NP surface (6s electrons for AuNPs) which is correlated with the
electromagnetic field of the incoming light [23]. From the normalised steady-state
emission data of Rf with its various nanohybrids (Rf-ZnO, Rf-TiO, and Rf-Al,O3 in
ethanol and Rf-AuNPs in water), no change in peak position is observed. Figure 5.2.c

shows the corresponding excitation spectra.
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The Raman spectra of Rf-nanohybrids with ZnO, TiO, and Al,O3 NPs show
similar vibrational modes as that of the corresponding NPs (as shown in Figure 5.3.b)
which proves the good retention of crystal structure of the NPs after the complex

formation. The invariance of the peak positions of Rf-nanohybrids suggests that the
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complexation is mainly due to physisorption [22]. However, when Rf is attached to
gold NP the characteristic Rf peak is shifted from 1346 cm™' to 1358 cm™' and also
broadened (Figure 5.3.a). Moreover, the peak at 1563 cm™ for AuNPs is moved to 1540

cm™in presence of Rf molecules. This suggests a covalent bond formation between Rf

and AuNP [24].
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Figure 5.3. Raman spectra of (a) Rf and Rf-AuNPs in solid phase and (b) different
nanoparticles and their nanohybrids with Rf in solid phase.
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Figure 5.4. The absorption kinetics (at 520 nm) of DPPH in presence of (a) Rf-ZnO, Rf-TiO,
in ethanol (b) Rf-AuNPs in ethanol:water mixture (1:1) under blue light irradiation.

Figure 5.4.a demonstrates antioxidant activity of the Rf nanohybrids with
colloidal ZnO and TiO, NPs in alcohol without and with light exposure, respectively.
Antioxidant activities of the nanohybrids as well as that of the vitamin are usually
monitored by the decolourization kinetics of a stable free radical 2, 2-diphenyl-1-
picrylhydrazyl (DPPH). The vitamin or nanohybrids donate a proton/electron to the
violet-coloured radical DPPH which reduces the radical to DPPH, form which is yellow
in colour [25]. The free radical quenching kinetics of Rf, Rf-ZnO and Rf-TiO, under

blue light irradiation have been fitted with biexponential decay functions. The time
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constants are calculated to be 140 min, 50 min and 26 min, respectively. The increase
in the rate of radical scavenging activity of the vitamin attached to semiconductor NPs
under blue light is clearly evident from Figure 5.4.a. Moreover, there is no change in
the activity of Rf-Al,O3; nanohybrids (data not shown here) compared to Rf in ethanol
solution. Hence, the rate of photo-induced antioxidant activity in the presence of light is
highly dependent on the nature of the nanoparticles. Figure 5.4.b illustrates that the
antioxidant activity of the Rf-AuNP nanohybrids is mostly suppressed compared to that
of the solution of Rf only. The antioxidant activities of Rf, Rf-ZnO, Rf-TiO,, and Rf-
Al,O3; as shown in Figure 5.4.a were performed in ethanol whereas antioxidant
activities which are given in Figure 5.4.b were carried out in ethanol-water (1:1)
mixture as Rf-AuNPs were synthesized in aqueous phase and the free radical DPPH is
soluble in ethanol. It has to be noted that Rf concentration is ten times more in Rf-
AuNP than that in Rf-ZnO, Rf-TiO,, Rf-Al,05. Thus, the control Rf in Figure 5.4.b
shows more enhanced activity than the control Rf in Figure 5.4.a.

In order to explain the above observations based on the DPPH assay of the Rf-
nanohybrids, picosecond resolved fluorescence spectroscopy were performed. The
fluorescence decay profiles for free Rf, Rf-ZnO and Rf- TiO, were obtained upon
excitation at 409 nm in ethanol and monitored at 520 nm as shown in Figure 5.5.a. The
time constants of the fluorescence transients at 520 nm for the singlet excited-state of
Rf in ethanol solution showed single exponential decay, with a lifetime of 3.4 ns. The
quenching of the life-time transients is observed in Rf-ZnO and Rf-TiO, and no change
in life-time is observed in Rf-Al,03. The observation is consistent with the fact that the
excited vitamin transfers electrons to the semiconductor NPs [26-28]. The lifetime

components of the transients are tabulated in Table 5.1. In order to confirm the electron
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migration from Rf, the well-known electron acceptor benzoquinone (BQ) is bound to
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Figure 5.5. The picosecond-resolved fluorescence transients of Rf (excitation at 409 nm) in
absence and presence of (a) ZnO, TiO, (b) BQ in ethanol.

Rf and the possible excited-state interactions in Rf-BQ composite is investigated with
maximum BQ concentration of 10 uM (Figure 5.5.b). The electron transfer timescales
from Rf to BQ are found to be similar to that of Rf-ZnO and Rf-TiO, (Table 5.1). This
corroborates with the photo-induced antioxidant activity data (Figure 5.4.a). The
enhancement in the photo-induced antioxidant activity in Rf-ZnO and Rf-TiO,
nanohybrids is due to efficient electron-hole charge separation created by illumination
with light in semiconductors with wide-band gap (~3.0-3.2 eV). On the other hand, the
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photoinduced antioxidant activity of Rf-AuNPs is diminished (Figure 5.4.b). This
suggests that the vitamin is de-excited by transferring its non-radiative energy to the

gold nanoparticles.

Table 5.1. Dynamics of picosecond-resolved fluoresence transients of Rf and Rf
nanohybrids®

Sample Excitation Detection 11 (ns) T, (Ns) 13 (NS)  Tavg (NS)
wavelength  wavelength
(nm) (nm)
Rfin 409 520 0.11 4.89 - 3.40
ethanol (32%)  (68%)
Rf-ZnO 409 520 0.44 2.19 6.41 2.63
nanohybrid (47%) (23%)  (7.2%)
Rf-TiO; 409 520 0.15 0.65 4.72 0.89
nanohybrid (65%)  (21%)  (14%)
Rf-BQ 409 520 0.05 0.72 3.34 2.56
(3%) (27%)  (70%)
Rf in water 409 520 4.76 4.75
(100%)
Rf-AuNP in 409 520 0.40 4.65 2.49
water (48%) (52%)

®Numbers in the parenthesis indicate relative weightages.

Figure 5.6.a illustrates a large spectral overlap of Rf emission and surface
plasmon absorbance of Au NP which indicates a fair possibility of energy transfer from
Rf to AuNP. The fluorescence intensity of the Rf is quenched and also the peak is
shifted by 12 nm when it is attached to AuNPs in agueous medium as shown in Figure
5.6.a, inset. However, due to the change in the polarity of the solvent, riboflavin
emission is shifted from 515 nm in ethanol (Figure 5.2.b) to 522 nm in water. The
fluorescence decay time of the Rf in water without AuNP is given by a single
exponential with the average life-time value of 4.76 ns. However, there is a quenching
of decay time in Rf-AuNP and the time scales are fitted by biexponential decay. The
details of the fitting parameters of the fluorescence lifetime are given in Table 5.1. The
emission transient of Rf in water is fitted with single exponential decay of timescale
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4.76 ns. While the lifetime Rf-AuNPs in water is quenched and fitted bi-exponentially
with one faster component of 0.4 ns (48%) due to the energy transfer from Rf to AuNPs

and a longer component of 4.65 ns (52%) consistent with the decay of Rf only.
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Figure 5.6. (a) Spectral overlap of donor Rf (dark green) and acceptor AuNPs (pink). Inset
shows the steady-state emission quenching of Rf after complexation with AuNP. (b) The
picosecond-resolved fluorescence transients of Rf and Rf-AuNPs (excitation at 409 nm). All the
spectra were taken in aqueous medium.

The model of Forster’s Resonance Energy-Transfer (FRET) is employed for the
determination of the donor-acceptor distance using equation 2.7. The energy transfer
efficiency and the overlap integral [J(1)] are calculated to be 53.7% from equation 2.1
and 1.36 x 10° M cm™ nm* from equation 2.4, respectively. The Férster radius (ro) is

found to be 34 nm. From equation 2.6, the calculated donor-acceptor separation (r) is
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28 nm. As the estimated distance between the donor-acceptor exceeds 100A, the
phenomenon of AuNPs based surface energy transfer (SET) process is a convenient
spectroscopic ruler for long-distance measurement, which follows 1/d* distance
dependence. NP-induced lifetime modification serves as a ruler to unravel the distance
range well beyond 10 nm [29]. This kind of long distance SET from fluorescent dyes to
Au NPs is well documented in the literature. In order to approve the NSET formulism,
the distance between donor Rf and acceptor AuNP is determined to be 16.71 nm (do =
17.36 nm) from equations 2.10 and 2.11, respectively. Herein, we propose nano-surface
energy transfer (NSET) from the donor Rf to the acceptor AuNPs as the calculated
donor-acceptor distance is in consonance with the size of the gold NPs (radius 15 nm).
Hence, it is worth emphasizing that the energy transfers from Rf to AuNP results in the

reduced antioxidant activity of the Rf-AuNP nanohybrids as shown in Figure 5.4.b.

5.3. Conclusion:

We have conducted an in-depth investigation of the crucial photoinduced dynamics in
riboflavin upon complexation with various inorganic nanoparticles (NPs) such as zinc
oxide (ZnO), titanium oxide (TiO,), aluminium oxide (Al,O3) and gold NPs of
approximately 30 nm sizes. Raman spectroscopic studies reveal that riboflavin is
adsorbed on the surface of the semiconductor (TiO; and ZnO) and the insulator (Al,O3)
NPs whereas a covalent attachment is observed with metal (gold). 2, 2-diphenyl-1-
picrylhydrazyl (DPPH) assay under visible light irradiation was conducted to prove that
semiconductors with a wide band gap show a more enhanced photoinduced antioxidant
activity than insulators. Furthermore, the antioxidant activity is decreased in the gold
nanohybrids as the electron is not shuttled to the model oxidant (DPPH). Time-resolved
fluorescence studies on Rf=ZnO and Rf-TiO, nanohybrids unravel the efficient electron
transfer from photoexcited Rf to ZnO and TiO,. To confirm the energy transfer of the
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riboflavin to AuNPs, we have employed picosecond-resolved fluorescence studies and
found that nano surface energy transfer (NSET) is predominant over Foster’s resonance
energy-transfer (FRET). NSET from Rf to Au NPs occur due to strong spectral overlap
of Rf emission and surface plasmon absorption of the gold NP which is responsible for
low antioxidant activity. The result of the study of photoinduced dynamics in the Rf-
nanohybrids could be incorporated in designing more effective photodynamic

therapeutic agents.
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Chapter 6

Surface Modification of Nanoparticles Using

Medicinally Important Ligands

6.1. Introduction:

Magnetite (Fes04) is a mixed-valence (Fe®*-Fe**) metal oxide, which has been
extensively explored in many fields such as magnetic resonance contrast agents,
magnetic drug targeting, energy storage, catalysis etc. [1-6]. It has a cubic inverse
spinel structure with electron can hop between Fe?* and Fe** ions at room temperature.
This allows the formation of efficient catalyst surfaces [7, 8]. It is a well-established
fact that, novel chemical and physical properties originate if the particle sizes reduced
to the nanometer regime. Therefore, synthetic techniques for the preparations of
magnetite nanoparticles have been continuously further developed and are topics of
ongoing research. Numerous methods have been described to synthesize magnetite
nanoparticle such as sol-gel synthesis, hydrothermal, sonochemical, co-precipitation,
hydrolysis and thermolysis of precursors etc. [7, 9-16]. Magnetite has also been
engineered into a wide range of nanostructures, including uniform nanocrystals, wires,
cubes, hollow nanostructures as well as many others [7, 17-19].

For biological and environmental applications, it is essential to have the
particles in an aqueous medium. This can be obtained with proper surface coating and
functionalization using organic ligands. However, the synthesis of well-dispersed Fe3;O4
NPs without aggregation in aqueous medium showed very limited success. This is

because they suffer from limited stability and uniformity due to their high reactivity
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under ambient conditions as well as large magnetization [20]. In contrast, non-aqueous
methods offer a better control over nanoparticles size and shape; therefore, well-
dispersed magnetic Fe;O, nanoparticles have been made often in organic solutions [16,
21]. Although non-aqueous methods can provide highly mono-disperse NPs in scalable
amounts, they all have drawbacks with respect to their biological application
perspective. Organic surfactant molecules present in the solution for stabilizing the NPs
are insoluble in water due to their long hydrophobic chain.

To overcome this problem, only a few ligand exchange methods have been
reported that can be used to transfer the particles from organic phases to aqueous
solutions [22-24]. For example, Wang et al. have reported a general method to transfer
the oleic acid stabilized NPs into the aqueous phase by using a-cyclodextrin, where size
and the morphology of the nanoparticles remain unaltered after the phase transfer [24].
The properties of the NPs depend on the size as well as functional ligands. It is also
important to mention that for mixed valence oxide NPs, while the application in the
field of magnetics, catalysis and biology has been widely studied, their optical
properties remain largely unexplored. Previously, our group has explored the
emergence of novel optical properties as a result of functionalization in case of
Lag67Srp33Mn0O3 (LSMO NP) and Mn3O,4 NPs [25, 26]. However, till now, there is no
such report for the generation of novel optical properties with suitable ligands in case
of Fe3O, NPs. Moreover, in recent times, significant efforts have also been made to
study the catalytic/photocatalytic performances of mixed valence NPs [26, 27].

The size of the NPs greatly influences their catalytic behavior. Generally, NP
with lower size has higher surface energy and therefore shows higher catalytic activity.
Additionally, improved optical properties often lead to better catalytic performance.

For example, Mn3O, NPs of ~5 nm size shows enhanced catalytic degradation of
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organic dyes. It has been proven that the oxidation state of Mn ion has significant role
on the catalytic behavior of Mn3O4 NPs. Akin to the variable oxidation state of Mn in
Mn30,4 NPs, FesO4 NPs also contain Fe ion with variable oxidation state. Thus, small
sized functionalized Fe3O, NPs with novel optical properties may provide better
catalytic performance compared to larger NPs. Therefore, the development of new
strategies to pull out the monodisperse FesO4, NPs from the organic to the aqueous
phase and a following ‘core etching’ to improve the NPs optical properties for better
catalytic performance is of great interest and the motive of our study.

Herein, we report a top-down approach to fabricate FesO4 NPs that is based on a
surface modification method followed by a ligand exchange strategy. We have used
sodium tartrate as ligand for surface modification of the NPs. It is more
environmentally benign, highly soluble in water, and consists of two —OH and two —
COOH groups which allows a complexation with the surface of Fe3O4 NPs, therefore
leading to a better controlled fabrication process. In our study, we have used ~23 nm
FesO4 NPs protected by oleylamine/oleylacid, which has been proved to be an effective
capping agent in non-aqueous medium, and carried out a surface modification that
results to a reduction of particle diameter from ~23 nm to ~5 nm due to core etching.
The surface modified tartrate capped Fe3O4 NPs (T-Fe3O,4) have been characterized by
various spectroscopic and microscopic techniques. We have observed multiple
absorption bands in the UV-Vis region, that are assigned to ligand-to metal charge

transfer transitions (LMCT, associated with tartrate-Fe®"**

interactions). The surface
modified ~5 nm T- Fe3O4 NPs show better photocatalytic activity towards a model
cationic organic dye (methylene blue, MB) compared to other existing reports. Most

importantly, we demonstrate a recycling of the catalyst for many periods, without any

significant loss in catalytic activity and selectivity. Control studies with radical
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scavenger rule out the possibility of radical pathways like reactive oxygen species
(ROS) generation. We propose that the MB degradation kinetics follow a Langmuir-
Hinshelwood mechanism, with the surface electron transfer evidenced by our ultrafast
spectroscopy data.

We have also explored the potential use of the nanoparticle in the treatment of
hyperbilirubinemia, a physiological state of high bilirubin level [27]. Bilirubin (BR) is
the yellow breakdown product that is formed during the process of heme degradation.
An increased BR level in the blood leads to jaundice. Among many conventional
treatments, ‘phototherapy’ is the most common method for reducing high BR level. In
spite of inexpensive and easy to use; there is still some reluctance in the use of
phototherapy for fear of unknown immediate and/or long term side effects. As an
alternative, researchers have developed various nanocatalysts such as TiO,, ZnO, and
Mn3O4to treat jaundice [26, 28, 29]. However, photocatalytic degradation of BR cannot
be controlled with the existing state-of-the-art photocatalysts, in particular when the
particle morphology remains unaltered. To overcome this problem, we have introduced
other functionalized NPs, i.e., T- FesO4 NPs for the degradation of BR under UV light.
Through ultrafast spectroscopy, we have demonstrated that UV light induces efficient
energy transfer from the T- Fe3O4 NPs to the BR leading to efficient BR degradation.
In order make the degradation effective and tunable in presence of light, we have
attached Mn ions on the surface of the T- Fe304 NPs. To the best of our knowledge,
this is the first report towards efficient, tunable catalyst through surface
functionalization. Like, Mn3O, NPs, we have observed that the degradation rate is
faster even in absence of light while Mn ions are attached on the surface of T-Fe3O4
NPs. In presence of light, Mn ions reduce the catalytic efficiency. Picosecond resolved

fluorescence study reveals that the UV light induces the transfer of excited state
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electrons of the T-Fes04 NPs to the surface attached Mn** and thus the required
transformation for the bilirubin degradation i.e., Mn** to Mn*", gets hindered which

results in unusual catalytic activity.

6.2. Results and Discussion:

6.2.1. Surface Engineering for Controlled Nanocatalysis: Key Dynamical Events

from Ultrafast Electronic Spectroscopy [30]:

6.2.1.1. TEM and HRTEM Studies: Figure 6.1.a demonstrates the TEM image of
colloidal Fe3O4 NPs used for surface modification studies. It is found that the particles
are spherical in shape with a narrow size distribution and the average diameter is
observed to be ~23 nm (Figure 6.1.b). The high resolution image shown in Figure 6.1.c
confirms the crystallinity of the NPs. The interplanar distance between the fringes is
about 0.243 nm which corresponds to the distance between (222) planes of the Fe3O4
cubic crystal lattice. The highly crystalline nature is further confirmed by selected-area
electron diffraction (SAED) analysis (Figure 6.1.d). After successful phase transfer,
extensive TEM studies have been carried out in order to characterize the water soluble
tartrate capped Fe;O4 (T-Fe3O4) NPs in detail. Figure 6.1.e depicts the HRTEM image
of the particles after being fabricated by tartrate ligand. From the micrograph, it is
evident that nearly mono-disperse ~23 nm Fe3O, NPs have been transformed into
spherical NPs with a relatively uniform size distribution having average diameter ~5
nm. The size distribution of the T-Fe3O4 NPs is shown in Figure 6.1.f. The SAED
pattern (Figure 6.1.g) and the HRTEM image showing lattice fringes (Figure 6.1.h & i),
indicate that the fabricated particles are highly crystalline in nature. Although, the
lattice fringes observed in T-Fe3O4 NPs, which is ~0.309 nm (Figure 6.1.j), is different

from the parent Fe3O, particles indicating that T-FesO, NPs are lying on a different
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plane after fabrication. A plausible mechanism that phase transfer of ~23 nm Fe;04
NPs and their fabrication with tartrate ligand is shown in a schematic diagram (Scheme

6.1).

Complete
Phase Ligand Core
Transfer Exchange Etching

— _— R —
Partial
Ligand
Exchange
d~23nm d~5nm

‘ Fe;0, ﬁzzLOlc_\'lmninc SILL Oleylacid >—< Tartrate

Scheme 6.1. Schematic representation showing stepwise transformation and fabrication of ~23
nm Fe3;04 NPs by tartrate ligand.

0.243'nm

Figure 6.1. (a) TEM image of ~23 nm Fe;O, NCs before fabrication. (b) Size distribution
curve. (¢) HRTEM image of single Fe;O, particle showing the (222) plane. (d) SAED patterns
of the FesO, NPs before fabrication. (¢) & (g) HRTEM images of the Fe;O, NPs after
fabrication with tartrate ligand. (f) Size distribution curve showing the average diameter of the
NPs is ~5 nm. (h) SAED patterns of the Fe;O, NPs after fabrication. (i) HRTEM image of
single ~ 5 nm Fe;0, particle. (j) (220) plane of T-Fe;O4 NPs.
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6.2.1.2. UV-Visible, Luminescence and FTIR Studies: It is well-known that surface
electronic structure of NPs may change due to functionalization of the NPs with
organic ligands [26]. Before fabrication with tartrate ligand, we have checked the
optical absorption spectrum of FesO4 NPs in chloroform. As shown in Figure 6.2.a
(black curve), it has no such distinct absorption signature in the UV-Vis region.
However, aqueous solution of T-Fe;O4 NPs shows a well-defined absorption spectrum

with characteristic peaks in the UV region (Figure 6.2.a).
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Figure 6.2. (a) UV-Vis absorption spectra of ~23 nm Fe;O4 NPS in chloroform (black), tartrate
(blue) and T-Fes0, NPs (red) in aqueous medium. (b) Excitation and emission spectra of T-
Fe3O04 NPs. (c) FTIR spectra of tartrate (blue) and T-Fe3;O4 NPs (red). The—OH region of the
spectra has been shown in the inset. (d) Picosecond resolved fluorescence transient of aqueous
T-Fe;0, solution.
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Since, tartrate has no such characteristic feature in the UV-Vis region, we anticipate
that the high energy bands originate due to the ligand to metal charge transfer transition
(LMCT). Apparently, tartrate, having two a-hydroxy carboxylate groups is considered
to be strong field ligand and would preferably coordinate with Fe?*/Fe®** metal ions

2Ee® will be in low

centre on the NPs surface. Therefore, it is expected that both Fe
spin state due to the presence of strong ligand field. Since, it is more difficult to reduce
Fe?* compared to Fe**, the LMCT bands involving Fe?* ion are expected to arise in the
high energy region and therefore the bands at 272, 320 and 368 nm are attributed to
LMCT to Fe** (*A;y — 'Ey), LMCT to Fe** (*Tq — °Egy) and LMCT to Fe** (*Ayy —
1ng) in a low-spin octahedral environment [31, 32]. Interestingly, after high pH and
temperature (at pH~12 and 70°C for 6 hrs) treatment, T-FesO, NPs show blue
luminescence (Aem = 440 nm) upon excitation with 340 nm wavelength. Figure 6.2.b
depicts the excitation and emission spectra of T-Fe3O4 NPs in aqueous medium. The
consistency of the luminescence excitation spectrum with that of the UV-Vis
absorption indicates the emission may originate predominantly from the LMCT excited
states. Moreover, for 340 nm excitation, the integrated luminescence quantum yield for
T-Fe304 NPs is 0.0056, using Hoechst 33258 as the reference. Previously, Govindaiah
et al. have reported luminescent Fe3O, NPs protected with 5-Amino-1,10-
phenanthroline ligand, however, the origin of luminescence was due to the
functionalizing ligand [33].

Picosecond resolved luminescence lifetime experiments have also been performed in
order to check the excited state dynamics of the T-Fe3O4 NPs. In order to get the direct
evidence of ligand functionalization onto the surface of NPs. FTIR spectra (Figure
6.2.c) of both tartrate and T-FesO4 NPs exhibit a broad peak from 3400 to 3600 cm ™,

which originate due to the stretching vibration of the hydroxyl groups of tartrate ligand.
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Pure tartrate has peaks at 3201 and 3460 cm™, which become shifted to 3205 and 3454
cm™ upon functionalization with FesO, NPs, clearly confirm the binding of ligands
with NPs surface. It is well-known that Fe;O,4 has a characteristic Fe-O vibration band
at around 580 cm™ [34]. However, in our case we do not observe such a band probably
because of the high concentration of tartrate ligand. Figure 6.2.d reveals the decay
transients of the T-Fe3O4 NPs upon excitation with 375 nm laser. Lifetime values are
obtained by the multi-exponential fitting of the luminescence at 440 nm. Time
components are 580 ps (45%) and 3.95 ns (55%). The short average lifetime (2.45 ns)
Is in agreement with spin allowed transition and consistent with the previous values on

the luminescence lifetime originated from LMCT [35].
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Figure 6.2. (a) UV-Vis absorption spectra of ~23 nm Fe3O4 NPS in chloroform (black), tartrate
(blue) and T-Fes0, NPs (red) in aqueous medium. (b) Excitation and emission spectra of T-
Fes04 NPs. (c) FTIR spectra of tartrate (blue) and T-FesO4 NPs (red). The—OH region of the
spectra has been shown in the inset. (d) Picosecond resolved fluorescence transient of aqueous
T-Fe;0, solution.
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6.2.1.3. Photocatalysis:

6.2.1.3.1. Photodegradation of Methylene Blue: After examining the optical and
structural characteristics of T-FesO, NPs, to take full advantage of their
photoluminescence  properties, we have performed detailed photocatalytic
measurements under UV light. We have selected methylene blue (MB) as a model
probe for photocatalytic experiment. It is a potent cationic dye used in the textile

industry, with maximum absorption of light around 660 nm. As a control study,
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Figure 6.3. (a) Photocatalytic degradation of fixed concentrated methylene blue solution with
various amount of T-Fe;O4 NPs. (b) Cycling curve of photocatalytic degradation of methylene
blue in presence of fixed concentration (0.025 mg/mL) of Fe;O, NPs. (c) Photocatalytic
degradation of methylene blue by T-FesO, NPs in presence and absence of ethanol.
Concentration of T-FesO, NPs = 0.025 mg/mL. (d) Picosecond resolved fluorescence decay
transients of T-Fe;O, NPs in the absence and presence of methylene blue and benzoquinone.

we have tested the photocatalytic properties of tartrate and as-prepared T-Fe3O4 NPs
under UV light. However, the peak intensity at 660 nm remains almost unchanged even

after 120 min in both cases. Later on, we have examined the photocatalytic behavior of
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luminescent T-Fe3O, NPs under similar experimental condition and observed
unprecedented photocatalytic behavior. As the rate of a catalytic reaction depends on
factors like concentration, and surface area of the catalyst, therefore, we have studied
catalyst concentration dependent kinetics. From the Figure 6.3.a, it has been found that
the rate of the reaction increases with increase of the catalyst concentration. It is
obvious for a surface catalysis reaction because increase in catalyst concentration
means more surface area available for effective catalysis. It can also be seen that
degradation of MB followed an “induction period” and subsequent “acceleration
period”. Note that, earlier reports on Fe3O, NPs suggest that MB undergoes
degradation process instantaneously after the exposure of UV light. However, induction
time has been reported for TiO, mediated photocatalysis [36]. We propose that during
induction period, build-up of reaction intermediates occurs and the surface of the NPs
becomes saturated with the MB molecules. As revealed from Figure 6.3.a, the
induction time becomes shorter with increase of NPs concentration in a fixed
concentrated aqgueous MB solution of pH 5. Furthermore, to confirm the stability of the
high photocatalytic performance of the T-FesO4 NPs, recycling experiments have been
conducted. We have carried out five consecutive cycles (Figure 6.3.b) that show that
the rate of the photocatalytic degradation remains almost constant indicating the high
stability of the catalyst even under long time UV exposure. This observation indicates
that the catalytic properties of the T-Fe3O, NPs become rejuvenated after each cycle.
This finding is especially important for its industrial application. Figure 6.3.b depicts
that in the first cycle, the excellent photocatalytic activity (90% MB degradation) is
obtained in the presence of very small amount of T-Fe3O4 NPs (0.025 mg/mL) and the
degradation become 65% after fifth cycle. The results demonstrate that these T-Fe;O4

NPs can indeed serve as highly effective and convenient recyclable photocatalyst.
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Often the question for the mechanism involved in photocatalysis. It is well-
known that different photocatalytic pathways have been established for the degradation
of organic dyes [37, 38]. Here, we first consider the approach which is based on the
generation of reactive oxygen species (ROS). Presence of strong UV light excites
electron from the valence band (VB) to the conduction band (CB) of the metal oxide
(MO), leaving a positively charged hole in the VB. The electron in the CB and the hole
in the VB then reacts with O, and H,O on the MO surface, therefore generates reactive
oxygen species (ROS) such as O," and HO". The mechanistic pathway is shown below
[39]:

MO +hv — ecs + hyg'
ece + 02 — 02"
hys” + H20 — HO" + H'yq
0O," + R — product or, HO" + R — product; where R is reactant.

The generation of ROS and subsequent radical chain reactions result to the degradation
of organic dye. As the fabricated T-Fe3O4 NPs exhibit absorption bands in the UV-Vis
region, presence of strong UV light may generate ROS. So, the mechanism as
explained above is highly possible here. If so, then the rate of photocatalytic
degradation is expected to be slow down in presence of ethanol, which is a well-known
radical scavenger. However, as shown in Figure 6.3.c, the catalytic rate of MB
degradation remains almost same in presence and absence of ethanol, which rules out
the role of ROS generation in the photocatalytic process. However, the Kinetic behavior
of MB degradation can be described by Langmuir—Hinshelwood (LH) model [40, 41].
The generalized LH model can be expressed as:

dC kSk.C
=_ 0= =_S" 070
gt K>S0~ Tk ¢
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Where, ‘R’ is the rate of the reaction. ‘ks’ is the rate constant of the reaction. ‘Cq’ is the
initial concentration of the MB in water. ‘k,’ is the adsorption constant for MB
molecules. ‘S’ is the surface area of the T-Fe3O, NPs. Since, MB has very high
adsorption, so the rate is proportional to the surface area (S) of the NPs present in the
system. The rate constant values are found to be increasing with the increase in
concentration of T-FesO4 NPs suggesting zero-order dependence of the reaction rate on
surface area.

As discussed above, the surface interaction between MB and T-Fe3O4 NPs is
confirmed and the enhanced photocatalytic activity could be explained by the following
mechanism: it is well-known that electron transfer is associated with the MB
degradation [42]. As T-Fe3O, NPs have good photoluminescence properties upon
excitation with UV light, photo-induced electron transfer (PET) may possibly account
to the degradation process. In order to unravel that, we have performed picosecond
resolved fluorescence studies (Figure 6.3.d), which directs significant quenching of the
decay transient of T-Fe3sO4 NPs upon complexation with MB molecules. As a control
study, we have considered the complexation of the T-Fe;O, NPs with an organic
molecule, benzoquinone (BQ), which is well-known as an electron acceptor and
efficiently accepts excited electrons from the Nanosurface [43]. In presence of BQ, a
very sharp decay (monitored at 450 nm) is observed, which is associated with the PET
process (Figure 6.3.d). It can be seen from Table 6.1 that the T-Fe3O4 NPs in presence
of MB exhibit an ultrafast time component of 75 ps with a majority (57%) which is
akin to the component, i.e., 45 ps (83%) in the presence of BQ, at the same excitation
of 375 nm. The result implies the favorable PET process from the T-Fe3O4 NPs to the

MB molecules at the surface of the NPs.
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6.2.1.3.2. Controlled Photodegradation of Bilirubin: Following the photocatalytic
degradation of MB, we have examined the potential of modified T-Fe;O4 NPs towards

the degradation of bilirubin (BR).
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Figure 6.4. (a) Absorption kinetics of bilirubin (degradation monitored at 450 nm) under UV
light as well as in dark in absence and presence of T-Fe;O,4 (b) Spectral overlap of T-Fez;O4
emission and bilirubin absorption. (c) Fluorescence lifetime quenching of T-Fe;O, in water in
absence and presence of bilirubin.
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The characteristic absorbance band of BR at 450 nm has been chosen for monitoring the
kinetic study using UV-Vis spectroscopy. Figure 6.4.a shows the relative concentration
(Ci/Cop) of BR with respect to the UV irradiation time. In the absence of UV light, we
observe almost minimal degradation which depicts the different behaviour of Fe?*/Fe®*
system compared to Mn**/Mn** system in Mn3O, NPs which can efficiently degrade
BR in dark condition. However, T-FesO4 NPs can effectively degrade BR (30%) in the
presence of UV light. As the optical absorption spectrum of BR overlaps with the
emission of T-Fe3O4 NPs (Figure 6.4.b), we propose FRET from T-Fe3O4 NPs (donor)
to BR (acceptor), is responsible for the observed degradation. Picosecond-resolved
fluorescence spectroscopy is a useful technique that provides information about the
excited-state dynamics. The decay transients of T-Fe3O, NPs in aqueous medium in
absence (donor) and presence of BR (donor-acceptor) have been shown in Figure 6.4.c.
The decay transient of the donor has been fitted with two components, with an average
lifetime of 2.45 ns. The fluorescence decay trace of the donor-acceptor could be fitted
with a fast component, apparently corresponding to some non-radiative channel, along
with two other components. The details of the numerical fitting of the fluorescence
transients are tabulated in Table 6.1. From the fitting result, we have estimated the
Foster distance to be 19.44 A. The short donor-acceptor distance indicates that BR
molecules are in close proximity of the surface of the NPs. It has to be noted that FRET
based efficient BR degradation by ZnO NPs was reported previously [28].

However, in the present study, the degradation efficiency is lower compared to
other reports. Therefore, in order to enhance the degradation rate, we have incorporated
Mn ions on the NPs surface. After the addition of MnCl,, the T-Fe304 NPs solution has

been heated at high temperature for six hours at pH 12. It is noteworthy to mention that
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at high pH, all the Mn®* will be converted to Mn®". The attachment has been confirmed
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Figure 6.5. (a) UV-Vis absorption spectra of T-Fe3O4 NPs in absence (red) and presence (blue)
of manganese ion in aqueous medium. (b) Absorption kinetics of bilirubin (degradation
monitored at 450 nm) under UV light as well as in dark in the absence and presence of T-Fe;0,
-Mn (c) Picosecond resolved fluorescence transients of aqueous T-Fe3O,4 solution in absence
and presence of manganese ion.

by the absorption spectroscopy (Figure 6.5.a). The observed peaks around 430 nm and
565 nm exist due to the d-d transition of Mn®" ion on the NPs surface. After
attachment, we have tested the Mn®" attached T-FesO4 NPs for the degradation of

bilirubin. The degradation kinetics with Mn®" attached T-Fe;O, NPs in absence and
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presence of light has been shown in Figure 6.5.b. It can be seen that BR degradation is
much faster in absence of light. However, the rate is similar to T-Fe3O,4 NPs in presence
of light. It is well known that Mn3;O4 NPs can catalytically degrade BR in absence of
light. It has been proposed that upon addition of bilirubin, Mn®** ions in the surface will
be converted to Mn** state which generates few reactive oxygen species (ROS) that
ultimately degrade bilirubin. In case of Mn** attached T-Fe;O, NPs, we propose the
similar mechanism for the BR degradation in the absence of light. In presence of light,
Mn®" has negligible effect which indicates that UV light blocks the Mn®*" to Mn**
conversion. Thus, the only possibility is the excited state electron transfer from T-
FesO, NPs to Mn®* ions. Here, we observed the electron transfer in the excited state.
Picosecond resolved fluorescence transients of T-FesO4 NPs in aqueous medium in
absence and presence of Mn** ions have been shown in Figure 6.5.c. An electron from
T-FesO, NPs is transferred to of Mn** which results in a faster component in the
fluorescence lifetime. The details of the numerical fitting of the fluorescence transients
are tabulated in Table 6.1. There are few studies which report that Fe3O, NPs block
electron transfer in an electrochemical process [44, 45]. The results described in this
study indicate that excited state electron of T-Fe3O4, NPs prevents the conversion of

Mn®" to Mn** which are attached on its surface leading to slower catalytic rate.

Table 6.1. Lifetime values T-Fe3O4 NPs in the absence and presence of BQ, MB,
Mn ions and BR?

System T1 () T3 Tav

T-Fe304 - 580 ps (45%) 3.95 ns (55%) 2.45ns
T-Fe;04 + BQ 45 ps (83%) 395 ps (10%) 2.60 ns (07%) 235 ps
T-Fe304 + MB 75 ps (57%) 930 ps (27%) 3.95 ns (16%) 950 ps
T-FesO4 + Mn ions 75 ps (64%) 707 ps (24%) 3.06 ns (12%) 0.60 ns
T-Fe;04 + BR 25 ps (38%) 470 ps (43%) 3.92 ns (19%) 0.98 ns

4(Numbers in parentheses indicate relative percentage. Aem = 450 nm, A = 375 nm. Standard
error ~ 5%.).
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6.3. Conclusion:

We have successfully demonstrated a facile top-down approach to fabricate a
commercially available ferrofluid using tartrate ligand. Oleic amine/oleyl acid capped
~23 nm Fe304 NPs have been efficiently phase transferred into aqueous phase from
chloroform. The controlled tartrate etching process in aqueous solution converts the
particle diameter from 23 nm to ~ 5 nm. LMCT optical bands in the electronic spectra
enable the elucidation of the quantum origins of excellent blue luminescence. When
evaluated for their possible use in photocatalysis, the fabricated T-Fe3O4 NPs exhibit a
significantly improved performance compared to the reports in existing literature. The
rejuvenating catalytic properties of T-Fe3O4 NPs have been illustrated, which reveals
the particle as a recyclable and a highly efficient photocatalyst. The results indicate that
ROS generation pathway is not the case here, rather it follows Langmuir-Hinshelwood
model. The catalytic degradation rate for the bilirubin has been accelerated in absence
of UV light when the surface of the T-Fe3O4 NPs has been modified with Mn ions.
However, in the presence of UV light, the degradation is slower due to the blockage of
Mn®" to Mn*" transformation through the excited state electron transfer from T-FesO,
NPs to the Mn*" ion. This result has importance in direct therapeutic applications
against hyperbilirubinemia. We believe that the method described in this study, might
be extended to other magnetic transition metal oxide nanoparticles which will
effectively lead to the development of multifunctional nanomaterials having excellent

optical, magnetic and catalytic properties.
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Chapter 7

Mechanism of Photo-Sensitized Carcinogenic Cell
Damage by a Food Carcinogen and Protective Role of

a Medicinally Important Molecule

7.1. Introduction:

Electron transfer (ET) reactions are notable for their significance in chemistry,
biophysics, radiation biology and cancer biochemistry [1-4]. A new concept of
reductive DNA damage induced by ultrafast ET reactions of prehydrated electrons, a
novel species of electrons produced by radiolysis of water under ionizing radiation, has
emerged in some of the recent works [5, 6]. Such studies report that the effectiveness of
prehydrated electrons induced reductive DNA damage is about two fold compared to
that of oxidative DNA damage by hydroxyl radical. Some radiations lead to cellular
damage by both direct and indirect interactions with the cell components. For example,
UVB (280-320 nm) radiation is directly absorbed by DNA which results in the
formation of cyclobutane pyrimidine dimers (CPDs) and photoproducts [7] and are
responsible for the tumorigenic effects [8]. UVA (320-400 nm) radiation, which is
present more abundantly in sunlight compared to UVB, can induce various forms of
DNA damage in the presence of endogenous or exogenous photosensitizers. It has
recently been demonstrated that UVA can induce CPDs by direct absorption of DNA

[9, 10]. Some of the earlier studies have reported that coexposure of UVA radiation and
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benzo[a]pyrene (BP), can induce DNA damages like single-strand breaks (SSBs) and
double-strand breaks (DSBs) in both in vivo and in vitro experimental conditions [11,
12]. BP is a potential carcinogenic polyaromatic hydrocarbon (PAH) [13] to which
people are frequently exposed through fuel and tobacco combustion along with grilled
and smoked food products [3, 14]. Though BP is not carcinogenic per se and needs to
be activated into a diolepoxide derivative, which covalently binds to DNA (at N2 and
N7 of guanine and N3 of adenine), the possibility of direct intercalation of unmodified
BP to DNA cannot be ruled out [15]. As one of our recent works highlight UVA
radiation induced ultrafast ET from BP to DNA [3], the DNA damages resulting from
the coexposure to BP and UVA radiation can be partially attributed to reductive DNA
damage though other carcinogenic pathways involving reactive oxygen species (ROS)
causing oxidative DNA damages can also be involved. In our previous study [3] it has
been proposed that ET pathway from BP to DNA can be targeted to prevent BP
mediated DNA damage/carcinogenesis which is one of the main motives of this present
work.

In order to target the UVA radiation induced ET pathway from BP to DNA, one
of the most widely consumed xanthine alkaloid [16, 17], 1,3,7-trimethylxanthine
commonly known as caffeine has been considered in the present study. Caffeine is
known to inactivate essentially two proteins (ataxia-telangiectasia-mutated (ATM) and
ATM-and Rad3-related (ATR)), primarily responsible for the genome stability [18]. A
number of earlier studies show that the alkaloid has some significant effect on the DNA
recognition of intercalating drugs through “interceptor” and “protector” properties of
caffeine [19-21]. The specific molecular interaction of caffeine with different DNA
intercalating agents like doxorubicin, ethidium (Et), acridine orange (AQO), novantrone

etc. underlying in the “interceptor” action of caffeine results in the inhibition of
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cytostatic/cytotoxic effects of such intercalating drugs [19, 21, 22]. The “protector”
activity of caffeine arises due to the competition between caffeine and other drug
molecules for the same binding sites on DNA [20, 21]. Some of our previous works
emphasize the role of caffeine as an interceptor molecule which helps to dissociate Et
from biomimetic systems [23], synthetic DNA and various cell nuclei [24]. In another
recent study, we have reported that caffeine can host some hydrophobic molecules like
4-(dicyanomethylene)  2-methyl-6-(p-dimethylaminostyryl)  4H-pyran ~ (DCM),
coumarin500 (C500) and 2-(p-toluidino) naphthalene-6-sulfonate (TNS) by
encapsulating them into its dimeric structure [25]. Such encapsulating property of
caffeine due to its dimeric structure plays a key role in the solubilization of extremely
hydrophobic BP molecules in the aqueous solvent [26, 27]. However, whether such
solubilizing activity of caffeine can release BP from the DNA bound state, eventually
preventing the ET from BP to DNA under UVA radiation along with the effect of
caffeine on such BP and UVA radiation induced reductive DNA damage are some of
the areas that have never been explored and are the motives of this present work.

In this study, we have used steady-state emission and UV absorption
spectroscopy to monitor the interaction of caffeine with BP molecules and molecular
modeling studies to explore the energy-optimized geometry of the caffeine-BP
complex. Steady-state and picosecond-resolved fluorescence spectroscopy have been
used to monitor the effect of caffeine on ET reaction from BP to DNA under UVA
radiation, using a laser source of 375 nm. Agarose gel electrophoresis (AGE) has been
performed to monitor the DNA damage in terms of DNA double strand breaks (DSBs)
by BP under UVA radiation in absence and presence of caffeine. Calf thymus (CT)
DNA has been used for spectroscopic studies whereas polymerase chain reaction (PCR)

amplified DNA fragments of ~1300 bp have been used to monitor DNA damage
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through AGE. Time-gated fluorescence microscopy has been used to investigate the
caffeine mediated release of BP from various cell lines including squamous epithelial
cells collected from the inner lining of the human mouth, WI-38 (fibroblast), MCF-7

(breast cancer) and HelLa (cervical cancer) cells in ex vivo conditions.

7.2. Results and Discussion:

7.2.1. Ultrafast Spectroscopic Study on Caffeine Mediated Dissociation of

Mutagenic Ethidium from Synthetic DNA and Various Cell Nuclei [24]:

7.2.1.1. Caffeine-BP Complexation in Aqueous Medium: Structural
Characterization: Figure 7.1.a shows the molecular structures of caffeine and
benzo[a]pyrene (BP) whose associations are reflected in the subsequent Figures 7.1.b
and 7.1.c. Figure 7.1.b shows the relative fluorescence intensity of BP dissolved
maximally in aqueous caffeine solutions with varied caffeine concentration (ranging
from 0 to 100 mM). Presence of three well characterized emission peaks of BP at 410,
430 and 455 nm as shown in Figure 7.1.b with no signature of broad emission feature
that peaks around 490 nm characteristic for BP aggregates [3, 15] suggest that BP in
caffeine solutions are present primarily as monomers. As evident from the Figure 7.1.b,
the fluorescence intensity of BP increases with enhancement of caffeine content in the
aqueous solutions which is in close agreement with the previously reported studies [26]
emphasizing the role of caffeine in solubilizing BP. The caffeine mediated
solubilization of BP in aqueous medium has been further studied by UV-visible
absorption spectra of the solutions upon diluting them 11 times with caffeine solutions
of equivalent concentrations as shown in Figure 7.1.b upper inset. The purpose of
diluting the BP content in the caffeine solution is to keep the optical density (O.D.)

values of BP much below 1 to avoid significant light scattering for the proper

136



calculation of BP concentration from its molar extinction coefficient as per the Lambert
Beer law [28]. The multiple peaks in the absorption spectra of BP in caffeine solutions
at 330, 349, 368 and 388 nm, as shown in Figure 7.1.b upper inset are assigned to the
individual electronic transitions of BP as reported earlier [29]. The enhancement in the
O.D. values of BP with the increase in caffeine concentration clearly indicates that the
number of BP molecules in aqueous medium is directly proportional to the number of
caffeine molecules in it. Figure 7.1.b lower inset shows the solubility of BP in aqueous
caffeine solution as a function of caffeine concentration, monitored from the absorption

spectra of BP using molar extinction coefficient that has been calculated from its
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Figure 7.1. (a) Molecular structure of caffeine and benzo[a]pyrene (BP). (b) The fluorescence
spectra of BP solubilized in aqueous caffeine solution with caffeine concentration varying from
0 to 100 mM, the upper inset shows the UV-visible absorption spectra of the same while the
lower inset shows the solubility of BP at different caffeine concentrations as obtained from
absorption measurements. (c) The energy minimized structure of caffeine-BP complex obtained
from the molecular modeling studies.
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known concentrations in similar medium. While calculating the concentration of BP in
the caffeine solutions the dilution factor has been considered. The plot of BP solubility
vs caffeine concentration, calculated from the O.D. values of BP as shown in Figure
7.1.b lower inset, holds well to the one reported previously from the fluorescence
intensities of the same [26].

Caffeine mediated solubilization of extremely hydrophobic BP molecules in
aqueous medium can be explained in terms of complexation between the two as
previously observed for 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)
4H-pyran (DCM) molecules [25], where it has been reported that caffeine can host

some hydrophobic molecules in aqueous medium due to its dimeric nature.

Table 7.1. Parameters from molecular modeling of caffeine-BP complex.

Complex Total energy” (E) Complex Energy”  AE¥ (kcal/mole)
(kcal/mole) (kcal/mole)

Caffeine-Caffeine 52.62 42.34 -10.28
Caffeine-BP 0.92 -10.5 -11.42
Caffeine-BP- 27.23 3.73 -23.5

Caffeine

*Mathematical sum of energy (E) for each molecule in the complex.

#Total energy calculated for various configurations of the molecular complexes.

¥Difference between mathematical sum of energies of individual molecules and calculated
energies of each complex.

In this regard, we performed some molecular modeling calculations to find a
mechanistic model of confinement of BP molecules within the caffeine dimer as shown
in Figure 7.1.c. As shown in Table 7.1, our molecular modeling studies reveal a stable
stacked dimer of caffeine molecules with stabilization energy of~10 kcal/mole which is
consistent with previous reports [25, 30]. The molecular modeling studies suggest that
at lower caffeine concentration 1:1 caffeine-BP heterodimer is stable with stabilization
energy comparable to that of caffeine dimer while at higher caffeine concentration a

ternary complex of two caffeine molecules with one BP molecule is much more stable
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with higher stabilization energy as shown in Table 7.1 and Figure 7.1.c. The structure
of caffeine-BP complex as derived from our molecular modeling studies (Figure 7.1.c)
Is consistent with the stacking sandwich type model (caffeine-BP-caffeine) proposed

previously from NMR experiments [27].

7.2.1.2. Effect of Caffeine on Electron Transfer (ET) Reaction from BP to DNA
under UVA Radiation: Upon monitoring the interaction between caffeine and BP in
aqueous medium, the effect of caffeine on DNA bound BP has been monitored through
steady-state and picosecond-resolved fluorescence spectroscopy. Figure 7.2.a shows
that the emission intensity of DNA bound BP upon exciting with UVA radiation,
enhances with the increase in caffeine concentration from 0 to 10 mM. As our previous
study [3] suggests that electron transfer (ET) reaction takes place from BP to DNA
under UVA radiation, the enhancement in emission intensity of the DNA bound BP in
presence of caffeine indicates the possibility of caffeine mediated inhibition of such
non-radiative ET pathway. For further confirmation of the role of caffeine in inhibiting
the mentioned ET reaction, fluorescence lifetimes of BP in presence of DNA under
UVA radiation, at different caffeine concentrations have been monitored at 410 nm as
shown in Figure 7.2.b and the decay parameters are presented in Table 7.2. The
purpose of monitoring the fluorescence transients at 410 nm lies under the fact that the
contribution of BP aggregates is minimum or negligible at 410 nm and therefore the
fluorescence originates essentially from the BP monomers [3]. The fluorescence
lifetime of DNA bound BP molecules under UVA radiation in absence of caffeine as
shown in Figure 7.2.b and Table 7.2, is consistent with the one reported in our previous
study [3]. Figure 7.2.b and Table 7.2 show that the contribution of electron transfer
components (70 and 900 ps) [3] in the fluorescence lifetime of BP gradually decrease

with the increase in caffeine concentration along with the manifestation of a longer
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lifetime component of 30 ns which is similar to the lifetime of BP upon complexation.
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Figure 7.2. (a) The enhancement in the fluorescence intensity and (b) lifetime of BP in CT-
DNA with the increase in caffeine concentration from 0 to 10 mM along with the fluorescence
transient of BP in caffeine solution. Fluorescence transients have been monitored (Aen) at 410
nm. Excitation wavelength (A= 375 nm).

The values of the mentioned time components have been fixed in the fitting of the
fluorescence transients to monitor the variation in the relative contribution of the
components with increase in caffeine concentration. Gradual increase of 30 ns
component of DNA-BP system in presence of increasing concentration of caffeine
clearly reveals detachment of BP from DNA to the caffeine moiety in aqueous solution.
The observation is consistent with the fact that the ET processes of BP in the DNA
moiety is severely blocked when BP is detached from DNA upon complexation with
caffeine. By measuring the relative contribution of the longer lifetime component (30

ns), which is a signature of the total population of BP bound to caffeine upon releasing
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from DNA, and knowing the total concentration of DNA bound BP ([BP]) and caffeine
([Caffeine]) in the solution, we have calculated the relative association constant (K)
between caffeine and BP in aqueous DNA solution using the following equation [31],

K — [Caffeine — BP] (1)
B ([BP]—[Caffeine — BP]) x ([Caffeine ] —[Caffeine — BP])

where [Caffeine-BP], ([BP]-[Caffeine-BP]), ([Caffeine]-[Caffeine-BP]) represent
concentration of Caffeine-BP complex, BP bound to DNA and free Caffeine in the
solution respectively. The relative association constant of BP with caffeine is calculated
to be ~100 M which is comparable with the association constant between caffeine and
a well-known DNA intercalating dye ethidium (Et) [19, 24]. It has to be noted that
molecular recognition of Et/BP depends on the length of the host DNA [31]. DNA
recognition of Et/BP upon DNA fragmentation requires further investigation and is the

motive of our future work.

Table 7.2. The lifetime components of BP in CT-DNA at different caffeine
concentrations.

[caffeine] MM 71 (NS) 7, (NS) 73 (NS) T4 (NS) <Tavg> (NS)
0 0.07 0.90 5.61 (31%) 2.10
(32%) (37%)
0.5 0.07 0.90 4.34 (30%) 30.00 (6%) 3.29
S (33%) (31%)
= 1 0.07 0.90 4.37 (30%) 30.00 (8%) 4.02
S (32%) (30%)
2 2 0.07 0.90 3.72 (27%)  30.00 (17%) 6.30
% (32%) (24%)
p 3 0.07 0.90 5.61(23%)  30.00 (20%) 7.69
o (25%) (32%)
o0 5 0.07 0.90 5.61 (20%)  30.00 (34%) 11.49
(24%) (22%)
10 0.07 0.90 5.61 (15%)  30.00 (50%) 15.98

(23%) (12%)
BP in caffeine - -
solution

- 30.00 (100%)  30.00

Lifetime components monitored at 410 nm (Aen). 7represents the time constant in ns and the
figures in the parenthesis represent relative contribution of the component. <z,4> represents
average lifetime in ns. Error £10%. The values of 71, » and 7, have been kept fixed.

141



7.2.1.3. Role of Caffeine in the Prevention of BP and UVA Induced DNA Damage:
The caffeine mediated release of BP from DNA, consequently inhibiting the UVA
radiation induced ET from BP to DNA as observed from our fluorescence
spectroscopic studies, motivated us to find the efficacy of caffeine in the prevention of
BP and UVA radiation induced DNA damage. In this regard, 1300 bp DNA fragments
were coexposed to BP and UVA in absence (-) and presence (+) of caffeine and the
formation of double-strand breaks (DSBs) in the DNA was monitored by agarose gel
electrophoresis as shown in the upper panel of Figure 7.3. As evident from the Figure
7.3, coexposure of the DNA fragments to BP and UVA (lane G) results in the
formation of a smear around 250 bp as shown by the dotted arrow and the result is in
close agreement with earlier studies [12]. Given the composition of the loading it is
unlikely that the buffer could denature the DNA under study. In addition, the intactness
of the ds DNA marker under the same loading buffer also rules out the possibility of
DNA denaturation. Thus, the fragments obtained in lane G can be considered as DSBs
and not SSBs. However, in presence of caffeine (lane H), the linear DNA fragments
produce their corresponding band (shown by bold arrow in Figure 7.3) at around 1300
bp in accordance with the DNA marker and no smaller fragments of DNA due to DSBs
are observed which emphasizes the efficacy of caffeine in preventing the DSBs in
DNA. One of the possible mechanisms imparting caffeine such preventive role against
DNA damage can be the inhibition of ET from BP to DNA. Here it has to be noted that
the absence of sharp DNA bands in lanes G and H upon coexposure to BP and UVA
even in presence of caffeine, is due to the fact that intercalation of BP into the DNA
prevents ethidium (Et) in the agarose gel to get into the DNA to produce the sharp
bands of DNA bound Et under UV-transilluminator. Therefore the weak bands are due

to the DNA bound BP which also fluoresces blue-green under the transilluminator.
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Such inference has been drawn upon repetition of the above experiment with
visualization under transilluminator both before and after staining with Et which
produced blue-green emission of BP from the DNA bands in lanes G and H. For better
understanding of the obtained results, we have employed steady state spectroscopy to
monitor the binding affinity of Et towards DNA upon exposure to UVA radiation both
in absence and presence of BP and found that the binding affinity of Et to DNA
decreases upon coexposure of BP and UVA. Such BP and UVA induced reduction in
the binding of Et to DNA may be rationalized in terms of significant perturbation of
DNA structure including the formation of cyclobutane pyrimidine dimers (CPDs), 8-
oxoguanine and single/double strand breaks which invite further investigation. In
presence of caffeine, BP does not get completely released from DNA but the effective
concentration of BP in the DNA decreases which is enough to prevent the DSBs. As a
control set of experiments, DNA fragments have been exposed only to BP without
UVA dose (lane C) which result in no DSBs holding well to the fact that DSBs form
under the coexposure of BP and UVA [12]. Sharp DNA bands produced by DNA
intercalated Et in the gel upon exposing the DNA fragments to BP without UVA dose
(lane C) signify the weaker association of BP with DNA which gets released from the
DNA during electrophoresis. Excess BP and caffeine-BP complex which are not bound
to DNA remain in the loading wells of the agarose gel (lanes C, D, G and H) and do not
migrate during electrophoresis as they carry no charge. As BP and Et have comparable
spectral overlaps of their absorption coefficients with the transilluminator emission at
312 nm, both the dyes have similar absorption of photons from the said source. On the
other hand, the fluorescence quantum yield of BP is around unity [32] while that of
DNA bound Et [33] is ~0.15 which is the reason behind the extensive fluorescence of

BP under the transilluminator. However, BP undergoes through nonradiative electron
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Figure 7.3. Upper Panel. DNA fragments of 1300-bp were exposed to (3 x 10 M) BP with
UVA radiation (~400 J/cm?) (lanes G and H) in absence (lane G) and presence of caffeine
(lane H), loaded onto a 0.8% Agarose gel and electrophoresed. DNA fragments without
caffeine (lane E) and with caffeine (lane F) in presence of UVA radiation were also loaded and
electrophoresed. Similar experiments without UVA radiation were commenced (lanes A, B, C
and D) as control. The absence and presence are represented with the symbols (-) and (+)
respectively for UVA radiation, BP and caffeine. M represents the lane loaded with DNA
marker of varying sizes (in base pairs). The fragmented DNA resulting from double strand
breaks (DSBs) (~200-250 bps) is shown in dotted arrow while the bold arrow represents the
1300 bp DNA without any DSBs. The gel was stained with ethidium bromide and all the
experiments had been repeated five times with similar results. Lower Panel. DNA fragments of
1300-bp exposed to (3 x 10* M) BP (lanes 2 to 7) with UVA radiation (~400 J/cm?) with
varying caffeine concentration 0.0, 0.1, 0.5, 1.0, 5.0 and 10.0 mM respectively. Lane 1 contains
similar DNA fragments exposed only to UVA radiation (~400 J/cm?) without BP and caffeine,
as a control. M represents the lane loaded with DNA marker of varying sizes (in base pairs).
The fragmented DNA resulting from double strand breaks (DSBs) (~200-250 bps) is shown as
dotted arrow. The gel was stained with ethidium bromide and all the experiments had been
repeated three times with similar results.

transfer (ET) pathway upon associating with DNA. As a result, the emission intensity
of excess BP and BP-caffeine complexes remaining in the wells is much higher

compared to that of BP molecules associated with the DNA bands. Our control
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experiments where DNA has been exposed only to caffeine in presence (lane F) and
absence of UVA radiation (lane B) show that caffeine does not cause any significant
change in the DNA which can be reflected through the gel electrophoresis.
Furthermore, our control experiments suggest that only UVA radiation has some effect
on the DNA fragments due to which a portion of DNA gets stuck into the loading well
(lane E). Such retardation of DNA migration is known to arise from DNA-DNA cross-
links [34]. Lower panel of Figure 7.3 shows DNA fragments of 1300-bp exposed to (3
x 10* M) BP (lanes 2 to 7) with UVA radiation (~400 J/cm?) with varying caffeine
concentration 0.0, 0.1, 0.5, 1.0, 5.0 and 10.0 mM respectively. Lane 1 contains similar
DNA fragments exposed only to UVA radiation (~400 J/cm?) without BP and caffeine,
as a control. M represents the lane loaded with DNA marker of varying sizes (in base
pairs). The fragmented DNA resulting from double strand breaks (DSBs) (~200-250
bps) is shown as dotted arrow. The intensity of DSBs fragment as indicated by the
dotted arrow gradually decreases with the increase in caffeine concentration.

To study the mechanism of such cross-link formation, the absorption spectra of
DNA and the plastic material of 96-well plate in which the experiments were carried
out, have been monitored as shown in the Figure 7.4.a and the emission intensity of the
used UV source has also been checked within the same wavelength range as shown in
Figure 7.4.b. As evident from Figure 7.4.b, along with the major emission peak at 365
nm, there are negligible or 100 times less intense contribution of the UV source at 313
and 334 nm. Some earlier works [9] suggest that low energy of UVA photons (322-390
nm) can be directly absorbed by DNA and are sufficient to produce cyclobutane
pyrimidine dimers (CPDs) usually in the form of thymine-thymine cross- links, yet at a

low level. The observed DNA-DNA cross-links can also occur indirectly through the
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Figure 7.4. (a) UV absorption spectra of DNA (subject), caffeine (protector) and plastic
material of the 96 well plate (sensitizer). (b) Emission intensity of the UV-source within the
same wavelength range and inset shows the 100 times magnified image of a portion of the
spectra marked by a rectangle.

formation of hydrogen peroxide (H,O;). One of the previous studies [35] find that
UVA irradiation of DNA solution or phosphate buffer alone on plastic Petri dishes can
result in the formation of H,O,. The formation of H,O, on plastic plates can be
explained on the basis of the absorption spectrum of the plastic as shown in Figure
7.4.a (blue line) over the wavelength range of UVA radiation (320 — 399 nm). As
plastic has significant absorbance in the UVA region, it can act as a sensitizer and
expected to produce ROS like H,O, that may result in oxidative damage of DNA [36]
and DNA-DNA cross links [37]. Interestingly, such phenomenon of DNA-DNA cross-
links is not observed in the agarose gel when the DNA fragments are exposed to UVA
radiation in presence of caffeine (lane F of Figure 7.3). The relatively higher

concentration of caffeine molecules in the experimental system compared to DNA
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results in absorption of UVA radiation by caffeine to a greater extent (as shown in
Figure 7.4.a, pink line) and acts as a protector preventing the formation of DNA-DNA
cross-links by direct absorption of UVA photons by DNA. Another possible
mechanism through which caffeine can prevent DNA-DNA cross-linking is through its
free radical scavenging activity [38]. However, the significant amount of DNA which
gets stuck to the loading well in the agarose gel as observed from lane E of upper panel
of Figure 7.3 may not be solely due to the formation of intermolecular cross-links. In
this regard, the possibility of the DNA being contaminated with the products extracted
from the purification column can be ruled out, as we did not observe such attachment
of DNA to the wells of other lanes in the agarose gel. The different types of DNA
damages associated with such exposure of DNA to the UVA source can be preferably
found out using a DNA plasmid assay employing DNA repair enzymes which is one of
the motivations of our future works. Here it has to be noted that our experiment on the
agarose gel is mostly the reproduction of the work reported by Toyooka et al on DNA
DSBs due to coexposure of BP and UVA [12], except the study on the role of caffeine
in the UVA and BP induced DNA fragmentation. We reproduced their results to
highlight the caffeine-mediated prevention of such DNA fragmentation. Our sole aim is
to establish the fact that the presence of caffeine inhibits DNA fragmentation which is

apparent from lanes G and H in the Figure 7.3.

7.2.1.4. Caffeine Mediated Exclusion of BP from Various Cell Lines: Cellular
Studies under Ex Vivo Condition: The in vitro experimental results emphasizing the
role of caffeine in releasing BP from DNA upon forming caffeine-BP complex have
been further verified in biological milieu using different animal cell lines. Figure 7.5.a
shows the fluorescence micrographs of BP stained squamous epithelial cells (collected

from the inner lining of human mouth) along with their corresponding bright field
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images taken at 10 and 180 seconds following treatment with caffeine (+ caffeine) and
with buffer without caffeine (- caffeine) as control. As evident from the fluorescence
micrographs, BP stains both the nuclei and the cytoplasms unlike ethidium (Et) and
DAPI which are known to stain specifically the nuclei of the cells [24]. The ability of
BP to stain the whole cells can be attributed to its interactions with both DNAs and
proteins as evident from one of our recent studies [3]. Our control experiments suggest
that BP emission from the squamous epithelial cells undergoes significant photo-
bleaching with time and the rate of photo-bleaching has been determined by plotting
the relative fluorescence intensity of BP in the cell against time as shown in Figure
7.5.b and has been found out to be 74 seconds from its exponential fit. After addition of
caffeine, there is significant BP emission outside the cells as evident from the
fluorescence micrographs shown in Figure 7.5.a. Such BP emission from outside the
cells just after the addition of caffeine is a clear signature of caffeine mediated
exclusion of BP from the cells upon forming the caffeine-BP complex. Figure 7.5.c
shows the time dependent emission intensity of BP outside the cells following the
caffeine treatment. The first micrograph that can be taken next to the caffeine treatment
is after 10 seconds which includes the time required for adjusting the focus. As evident
from the Figure 7.5.c most of the BP gets released from the cells within the first 10
seconds at a very fast rate beyond the experimental resolution. After 10 seconds BP
gets slowly released which is reflected in the slow enhancement of the emission
intensity of BP outside the cells within 10 to 180 seconds. Figure 7.5.c inset shows the
relative fluorescence intensity inside the cells with respect to that outside the cells
against time (within 10 to 180 seconds) and the exponential decrease of such relative
fluorescence intensity with time further signifies the temporal increase in emission

intensity of BP outside the cells due to the release of BP molecules. Such exponential
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decrease of the relative fluorescence intensity of BP can be fitted with a time constant
of 127 seconds which signifies the time constant for slow release of BP from the cells
after 10 seconds of caffeine treatment. As time dependent relative fluorescence
intensity of BP has been monitored inside the cells with respect to that outside the
same, the change in emission intensity due to some extent of photo-bleaching in
presence of caffeine gets nullified. Here, it has to be noted that photo-bleaching of BP
in presence of caffeine gets significantly reduced as caffeine-BP complexation prevents
ET reaction between BP and biomolecules inside the cells. However, in the analysis
shown in Figure 7.5.c inset, a significant component has been missed as most of the BP
gets released from the cells within the first 10 seconds after the addition of caffeine
which falls beyond our experimental time resolution. A caffeine dose dependent
extraction of BP from the cell lines in 5 minutes incubation time is evident from Figure
7.5.d. An efficient extraction of BP at caffeine concentration of 140 mM is clearly
evident from the inset of the Figure 7.5.d.

Upon monitoring the role of caffeine in releasing BP from squamous epithelial
cells, such activity of caffeine has also been studied in fibroblast cells (W1-38). Figure
7.6.a shows the bright field and fluorescence micrographs of BP stained WI-38 cells
taken at 10 and 70 seconds after the treatment with caffeine (+ caffeine) and with buffer
without caffeine (— caffeine) as control. Similar to the observation in case of squamous
epithelial cells, significant photo-bleaching of BP occurs in the control set of
experiments within 10 to 70 seconds. The plot of relative fluorescence intensity of BP
inside the WI-38 cells vs. time in absence of caffeine as shown in Figure 7.6.b, reveals
a time constant of 32 seconds of such photo-bleaching from its exponential fit.

Addition of caffeine leads to the release of BP resulting in BP emission from exterior of

149



the cells as evident from the fluorescence micrographs (Figure 7.6.a) and from the plot
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Figure 7.5. (a) Fluorescence micrographs of BP stained squamous epithelial cells taken at 10
and 180 seconds after the addition of caffeine (+ caffeine). Images in grayscale show the
respective bright field micrographs. As a control set of experiments, micrographs were taken at
similar timescales upon the addition of buffer without caffeine (— caffeine), white circles
capture a particular cell in the fluorescence micrographs for better clarity of the viewer. The
change in relative fluorescence intensity of BP inside the cells with time in absence (b) and
presence (c inset) of caffeine where bold lines are the exponential fits of the experimental data
points within 15% error. (c) The fluorescence intensity of BP outside the cells at different time
intervals upon the addition of caffeine (+ caffeine) where bold line is the guide to the eye. (d)
Caffeine dose dependent washing of BP from squamous epithelial cells in 5 minutes of
incubation time. Inset of the figure shows the micrograph of a cell before and after washing
with 140 mM caffeine solution. All the experiments are repeated three times.
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Figure 7.6. (a) Fluorescence micrographs of BP stained WI-38 (fibroblast) cells taken at 10
and 70 seconds after the addition of caffeine (+ caffeine). Images in grayscale show the
respective bright field micrographs. As a control set of experiments, micrographs were taken at
similar timescales upon the addition of buffer without caffeine (- caffeine), white circles
capture cell(s) in the fluorescence micrographs for better clarity of the viewer. The change in
relative fluorescence intensity of BP inside the cells with time in absence (b) and presence (c
inset) of caffeine where bold lines are the exponential fits of the experimental data points
within 15% error. (c) The fluorescence intensity of BP outside the cells at different time
intervals upon the addition of caffeine (+ caffeine) where bold line is the guide to the eye. All
the experiments are repeated three times.

of temporal emission intensity of BP outside the cells after the addition of caffeine as
shown in Figure 7.6.c. It is evident from the Figure that a significant amount of BP gets
released from the WI-38 cells within the first 10 seconds after the addition of caffeine.
Figure 7.6.c inset shows the plot of relative emission intensity of BP inside the cell with
respect to that outside the same vs. time following the caffeine treatment. The

exponential fit of such plot reveals time constant of 18 seconds which signifies the
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Figure 7.7. Fluorescence micrographs of BP stained MCF-7 (breast cancer) and HelLa
(cervical cancer) cells taken at 10 and 120 seconds upon the addition of caffeine (+ caffeine)
and buffer without caffeine (— caffeine). Images in grayscale show the respective bright field
micrographs. All the experiments are repeated 3 times with similar results.

characteristic time of caffeine mediated BP release from the cells after 10 seconds of
caffeine treatment. The caffeine mediated release of BP has not only been checked in
normal cells but also in some cancerous cell lines like breast cancer (MCF-7) and
cervical cancer (HeLa) cells, as shown in Figure 7.7. Both the bright field and
fluorescence micrographs of BP stained MCF-7 and HelLa cells taken at 10 and 120
seconds upon the treatment with caffeine (+ caffeine) and with buffer without caffeine
(— caffeine), are shown in Figure 7.7. The fluorescence micrographs of control studies
(— caffeine) show significant photo-bleaching of BP similar to the observation with

normal cells of squamous epithelium and W1-38. Upon treatment with caffeine, BP gets
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released from both the cancerous cell lines of MCF-7 and HelLa which results in the
enhancement of BP emission from the exterior of the corresponding cells as evident

from Figure 7.7.

7.3. Conclusion:

Our present study emphasizes the role of caffeine on the biomolecular recognition of
benzo[a]pyrene (BP) interrupting the electron transfer (ET) pathway from BP to DNA
under UVA radiation. The steady-state emission and absorption spectroscopy results
suggest that caffeine can host extremely hydrophobic BP molecules in agueous medium
by forming stacked sandwich type structures of caffeine-BP-caffeine complexes as
revealed by the molecular modeling studies. The formation of caffeine-BP complexes
further leads to the dissociation of BP from DNA and thus the ET from BP to DNA
under UVA radiation gets inhibited in presence of caffeine as observed from our
steady-state and picosecond resolved emission spectroscopy results. Such caffeine
mediated prevention of ET from BP to DNA consequently protects the DNA from
reductive DNA damage as monitored through our agarose gel electrophoresis. The
cellular studies reveal the efficacy of caffeine in dissociating BP from both normal and
cancerous cell lines. Our current study may find significance in the potential
therapeutic use of caffeine for preventing DNA damage/DNA double strand breaks

(DSBs) and eventually preventing cell death that arises due to such DNA damages.
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Chapter 8

Nanoparticle-sensitization of Photodynamic

Drugs for Cancer Therapy

8.1. Introduction:

In the last two decades, there has been a phenomenal progress in the field of targeted
drug delivery by nanomaterials in order to increase solubility, prolong half-life and
diminish the immunogenicity of the drug [1-4]. Semiconductor nanoparticles (NPs)
with their distinct physicochemical properties have several biomedical applications in
bioimaging and drug delivery. ZnO NPs unlike most semiconductor NPs are less toxic,
low-cost with reasonable biocompatibility and hence are amenable to serve as a
productive drug delivery vehicle [5, 6]. ZnO NPs are attributed with exclusive
properties viz-their size is similar to that of biomolecules and their functionality is
copious on large surface areas. The nanohybrids consist of drug-loaded ZnO NPs or
ZnO hollow spheres incorporating drugs promote the intracellular delivery of the
nanoparticles enabling the invasion of cancer cells through precise ligand-receptor
recognition or by nonspecific binding forces such as hydrophobic or coulombic
interactions [5]. As ZnO NPs possess a wide band gap of 3.3 eV, they can only be
excited under UV-light of wavelength less than 380 nm. It is not judicious to use UV
light for in vivo assays as it has high penetration depth and is detrimental to health.
Fortuitously, ZnO NPs serve as competent drug delivery vehicles in photodynamic

therapies (PDT) which are effective in obliterating dangerous drug-resistant pathogens
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when standard antibiotic therapies fail and destroying somatic cells in cancer therapy
[7]. PDT is a non-thermal and minimally invasive technique which involves the
activation of a photosensitizing agent by light ranging from ultraviolet-A (UV-A) to
near-infrared wavelengths [8]. A photosensitizer (PS) absorbs photons and elevated to
singlet excited state prior to light exposure of a particular frequency [9]. The excited
state of the photosensitizer either decays back to ground state or converts to the triplet
state subjected to intersystem crossing. The excited triplet state then reacts with
ambient oxygen and generates reactive oxygen species (ROS) which are cytotoxic and
kill cells by reacting with intracellular components thereby destructing both cell walls
as well as DNA [7, 10]. Generally, photosensitizers possess a high absorption
coefficient in the spectral region of the excitation wavelength, pertinent energy in the
triplet state so that effective energy transfer to ground state oxygen occurs and immense
quantum vyields of the triplet state. Moreover, they also exhibit long triplet state
lifetimes as the efficiency of the photosensitizer is dependent on the photophysical
properties of its lowest excited triplet state and its favourable photostability [11].

Rose Bengal (4,5,6,7-tetrachloro-2',4',5',7'- traiodofluoresceindisodium) or RB
IS a water-soluble, anionic, xanthene photosensitizer which generates singlet oxygen
(*O,) from oxygen molecules (O,) if irradiated with green light [12-15]. The presence
of halogen atoms in RB molecule increases the ability of intersystem crossing to the
triplet state that leads to the generation of singlet oxygen [16]. Therefore, RB is
considered as a propitious sensitizer in PDT of tumours with minimum side effects [17-
19]. Besides, it is commonly used in ophthalmology and has microbiocidal activity
against bacteria, viruses, fungi and protozoa [20-22]. The small penetration depth of
green light makes RB particularly useful in treatments of many cutaneous lesions and

dermatological diseases [23]. There exist considerable literature that describe the use of
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RB as a photodynamic sensitizer for cancer chemotherapy [24]. Constructive
photosensitization predominantly depends on the physical and chemical characteristics
of the PS, such as chemical purity, charge, solubility, distinct localization in tumour
cells, sufficiently long residence time, minimum time interval between the drug
administration and its accumulation in neoplastic cells. Moreover, the PS should be
easily cleared from normal tissues, excitation at wavelength with favourable tissue
penetration and absence of toxicity in the dark [25]. The intracellular localization and
uptake of a photosensitizer in cells is vital to the photodynamic process as the
photoinduced cellular damage occurs proximally with the oxidizing species formed by
the excited molecules. The anionic nature and poor lipid solubility of RB obstruct its
capability to cross biological membrane barriers which restricts its clinical application
[26]. There are earlier reports where the RB’s photodynamic efficiency is improved
using delivery carriers such as liposomes, [26, 27] developing hydrophobic derivatives
(e.g. phosphate or acetate) or tagging with organically modified Si NP [28-30]. In
addition, there are studies which report the conjugation of RB with biocompatible
polymer and even gold nanorods for potent photodynamic activity [31-34]. One of our
previous articles reports the sensitization of an effective cancer drug, protoporphyrin 1X
(PP) with ZnO NPs. We subsequently explored the photoinduced ultrafast dynamics of
the NP sensitized drug and proved that the nanohybrid displays improved activity in
PDT in comparison to that of the free drug. Zinc oxide NPs serve as drug delivery
vehicle and assist the charge separation which in due course enhances the drug activity
[35]. Furthermore, in a complementary study, we sensitized vitamin B, a notable
antioxidant, with various NPs and modulated the radical scavenging property [36].
Despite the importance of the topic and to the best of our knowledge, there is no

literature till date which reports the sensitization of RB with ZnO NPs leading to an
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increase of the photodynamic activity of the drug. Herein, in the present work, we
synthesized nanohybrids of RB with Zinc oxide (ZnO NPs) of approximately 24 nm
sizes. The sizes of the NPs and crystallinity were confirmed using high resolution
transmission electron microscopy (HRTEM). Picosecond-resolved fluorescence
experiments on the nanohybrids were performed to fathom out the efficient electron
transfer from photoexcited RB to ZnO NPs which eventually upgrades the ROS activity
in the RB-ZnO nanohybrids. Picosecond-resolved Forster resonance energy transfer
(FRET) from ZnO NPs to RB has been used to understand the nanohybrid formation at
the molecular level. The ROS formation has been monitored by the dichlorofluorescin
(DCFH) oxidation. Enhanced ROS generation is observed in the presence of RB-ZnO
nanohybrid compared to that of free RB upon green light illumination. The nanohybrid
is used as a model photodynamic therapeutic agent in bacterial, fungal and HeLa cell

lines.

8.2. Results and Discussion:

8.2.1. Photoinduced Dynamics and Toxicity of a Cancer Drug in Proximity of

Inorganic Nanoparticles under Visible Light [37]:

Figure 8.1.a depicts a characteristic high-resolution transmission electron microscopic
(HR-TEM) image of ZnO NPs An interplanar distance of ~0.25 nm which corresponds
to the spacing between two (002) planes, is analysed from the lattice fringe of ZnO NP.
The average particle size is deduced from our experimental TEM data and found to be
~23.9 £ 0.5 nm. The complexation of RB and ZnO NPs can be understood using UV-
Vis spectroscopy as shown in Figure 8.1.b. The major absorption peak of RB appears at

560 nm with a shoulder at 540 nm in acetonitrile. The characteristic peaks of both RB
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and ZnO are observed in the nanohybrids. There is a 5 nm peak shift in the absorbance
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Figure 8.1. (a) HRTEM image of ZnO NPs. Inset shows the size distribution of ZnO NPs. (b)
Absorption spectra of RB-ZnO (blue), RB (red) and ZnO (green). (c) Thermogravimetric
analysis profile of RB-ZnO (blue), RB (red) and ZnO (green).

maxima of RB as well as ZnO in the RB-ZnO nanohybrid compared to free RB and

ZnO NPs, respectively. This observation indicates that there is a perturbation in the
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molecular structure of RB when bound to surfaces of ZnO NPs [38]. RB loading on
ZnO NPs and the thermal stability of the nanohybrids have been studied by
thermogravimetric analysis. Figure 8.1.c shows the thermogravimetric curves of RB,
ZnO and RB-ZnO. An onset at about 330°C and a major decomposition at 400-500°C
for RB are depicted in the TGA plot whereas pure ZnO NPs are very stable with
negligible decomposition in air in the range of 30—600°C. The thermal decomposition
of ~2.5% of the nanohybrids in between 400-500°C is attributed to the presence of RB
molecules. Inset of Figure 8.1.c shows the magnified graph of RB-ZnO degradation.
The number of RB molecules on one ZnO NP is calculated to be 643 which is
consistent with the value calculated from the UV-visible absorption spectra. The
absorption spectrum of RB-ZnO nanohybrids after baseline correction was exploited to
quantify the number of RB molecules on ZnO surface of 30 nm The RB concentration
is calculated from the absorbance maxima at 560 nm as ZnO has no absorbance above
380 nm.

The emission spectra of RB and RB-ZnO are shown in acetonitrile in Figure
8.2.a and the corresponding excitation spectra are shown in the inset of Figure 8.2.a.
The RB exhibits emission peak at 570 nm in acetonitrile upon excitation at 510 nm.
The RB emission is significantly quenched when it is attached to the ZnO NPs. This
observation indicates the efficient non-radiative photoinduced processes from RB to
ZnO NPs. To further study the quenching, time-resolved fluorescence transients were
carried out. The fluorescence decay profiles for free RB and RB-ZnO were obtained
upon excitation at 510 nm in acetonitrile and monitored at 570 nm as shown in Figure
8.2.b. The time constants of the PL transients at 570 nm for the singlet excited-state of
RB in acetonitrile solution showed single exponential decay, with a lifetime of 2.42 ns.

The quenching of the life-time transients is observed in RB-ZnO with an average life-
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time of 0.11 ns after the timescales are fitted by bi-exponential decay. The fitting
parameter details of the fluorescence decays are diplayed in Table 8.1. The average
lifetime of the RB in the presence of ZnO NPs is faster owing to efficient electron
transfer from excited RB to the conduction band of the ZnO NPs. RB-ZnO nanohybrid

using ZnO NPs with approximate size ~24 nm which does not have intrinsic defect
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Figure 8.2. (a) Room temperature PL spectra of RB (red) and RB-ZnO (30 nm) (blue) upon
excitation at 510 nm. Inset shows the excitation spectra of RB (red) and RB-ZnO (30 nm) (blue)
at detection wavelength 570 nm. (b) Fluorescence decay profiles of RB (red) and RB-ZnO (30
nm) (blue) upon excitation at 510 nm and detection wavelength at 570 nm.

state emission has been used to study the interfacial dynamics. The 5 nm ZnO NPs
which has an intrinsic defect state emission is used to investigate the molecular

proximity between RB and ZnO NPs using Forster Resonance Energy Transfer (FRET)
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Figure 8.3. () Emission spectra of ZnO (5 nm) (green) and RB-ZnO (5 nm) (blue) upon
excitation at 375 nm. Inset depicts the spectral overlap between ZnO (5 nm) emission and RB
absorption spectra. (b) Fluorescence decay profiles of ZnO (5 nm) (green) and RB-ZnO (5 nm)
(blue) upon excitation at 375 nm and detection wavelength at 550 nm.

technique. ZnO NPs have a particle size of 5 nm has a broad steady-state emission in
the blue green region owing to defect centres located near the surface of NPs as shown

in Figure 8.3.a.

The broad emission arises from two different vacancy centres, one as a result of
doubly charged vacancy centres (V,"*) located at 555 nm (P,) and the other arises from
singly charged vacancy centres (V,') located at 500 nm (P;) [39, 40]. There is a
considerable decrease in the intensity of the defect state emission of ZnO NPs in the
nanohybrid which occurs as a consequence of effective non-radiative photoinduced
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processes from ZnO NPs to the RB. The spectral overlap between the donor ZnO NP
emission and the RB absorption as shown in Figure 8.3.a inset, indicates the
plausibility of convenient energy transfer from ZnO NPs to RB. In this regard, here we
propose the phenomenon of Forster Resonance Energy Transfer (FRET) from the ZnO
NPs (donor) to the RB (acceptor). FRET is a convenient tool to measure the donor-
acceptor distance and so it is like a “spectroscopic ruler” [41]. The fluorescence decay
transients of the 5 nm ZnO NPs (donor) in the presence and absence of the RB
(acceptor) were measured at 550 nm (P, defect centre near the surface) after excitation

at 375 nm (Figure 8.3.b).

Table 8.1. Picosecond-resolved fluorescence data fitting of RB and RB-ZnO

Nanohybrids.
Sample  Excitation  Detection 71 (NS) T, (NS) T3 (NS) Tavg
wavelength  wavelength (ns)
(nm) (nm)
RB 510 570 2.42 - - 2.42
(100%)
RB-ZnO 510 570 0.04 0.36 (20%) - 0.11
(80%)
ZnO 375 550 0.60 13.91 (47%) - 6.85
(5nm) (53%)
RB-ZnO 375 550 0.09 0.52 (29%) 7.58 0.81
(5nm) (63%) (8%)

®Numbers in the parenthesis indicate relative weightages.

There is a prominent quenching in the excited state lifetime of ZnO NPs attached RB in
comparison to bare ZnO NPs. The estimated distance between the donor ZnO NPs and
the drug is found to be 1.5 nm. The calculated energy transfer is 88% and the overlap
integral [J(4)] is found out to be 2.98 x 10> M™ cm™ nm?. Thus, the calculated FRET
distance confirms the proximity of the RB drugs to the ZnO NPs. After the
investigation of interfacial dynamics and molecular proximity, the rate of reactive

oxygen species (ROS) production was evaluated by the conversion of
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dichlorofluorescin (DCFH) to dichlorofluorecein (DCF) in the aqueous medium. The
DCFH is a widely known marker which is used in ROS detection assays [42, 43]. The
ROS generated in the medium oxidized non-fluorescent DCFH to fluorescent DCF.
The fluorescence emission intensity of DCF was monitored with respect to time as
shown in Figure 8.4.a. There is a maximum enhancement of fluorescence intensity
under green light irradiation in RB-ZnO nanohybrids. The ROS production has
increased to almost two fold in RB-ZnO compared to free RB. A control experiment
was performed where ZnO NPs upon green light illumination shows negligible ROS
generation as the NPs lack photon absorption in the green zone of optical spectrum.
However, DCFH oxidation is inconclusive in determining the nature of generated ROS
I.e. whether they are singlet oxygen or superoxide anions. On the other hand, Luminol
oxidises to produce chemiluminescence in presence of superoxide [44]. It is seen in
Figure 8.4.c that no chemiluminescence is obtained in the presence of RB-ZnO after
green light irradiation for 15 minutes which rules out the possibility of superoxide
generation by the nanohybrid. In order to elucidate the involvement of singlet oxygen,
the DCFH oxidation assay was performed in the presence of sodium azide which is a
well-known singlet oxygen quencher [45]. As shown in Figure 8.4.b, the rate of ROS
generation is inhibited in presence of sodium azide. These observations indicate that the
nature of ROS is predominantly singlet oxygen rather superoxide anions which is
consistent with the report of mechanistic pathway of ROS upon photo irradiation of RB
alone [11]. To investigate the role of dissolved oxygen in water, DCFH oxidation assay
was performed after nitrogen purging for one hour. The decrease in DCFH oxidation
indicates that the dissolved oxygen in the medium assists in the generation of singlet

oxygen. Therefore, ZnO NPs when conjugated with RB drugs not only aid in efficient
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Figure 8.4. (a) DCFH oxidati

on with respect to time with addition of RB-ZnO (blue), RB (red),
ZnO (green) and control DCFH (black) under dark followed by green light irradiation (b)
DCFH oxidation with respect to time with RB-ZnO addition in an atmosphere of purged
nitrogen (pink), sodium azide (green) and control (blue) under dark followed by green light
irradiation (c) Luminol chemiluminescence prior to green light illumination for 15 minutes for

(1) control, (11) NaOH + H,0, and (I11) RB-ZnO.

drug delivery vehicle but also augments ROS formation due to the enhanced charge

separation of the excited drug in the proximity of the semiconductor NPs.
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The in-depth characterization studies and analysis of photoinduced dynamics in
RB-ZnO nanohybrid was followed by the use of the nanohybrid as an efficacious
photodynamic therapeutic agent. In order to affirm the in-vitro results of ROS
generation in the medium, the RB-ZnO nanohybrid has been employed to inhibit the
growth of Escherichia coli (E. coli) and Candida albicans (C. albicans). Nanohybrids
contain RB conjugated ZnO NPs of particle size of 24 nm instead of 5 nm due to lower
in vivo toxicity [46]. The images of E. coli cultures treated with RB-ZnO nanohybrids
with and without green light are shown in Figure 8.5.b and 8.5.c. The bacterial growth
inhibition prior to photodynamic treatment is distinctly observed. The petri plate with
RB-ZnO along with green light exposure contains a significantly less number of
colonies. To rule out the toxicity solely arising from free drug and ZnO NPs, control
plates with equimolar concentrations of drug and NPs were included in the experiment.
In order to assess the viability, bacterial colonies were counted for control along with
ones treated with RB drugs, ZnO NPs and RB-ZnO nanohybrids with and without
green light exposure as shown in Figure 8.5.a. The colony forming unit (CFU) in
control and ZnO treated samples are almost similar in the presence and absence of
green light. This observation indicates that the concentration of ZnO NPs used in the
assay shows minimal toxicity. 30% bacterial growth inhibition is observed in case of
RB treated samples whereas maximum inhibition of 65% was deduced for RB-ZnO
treated sample after photodynamic treatment. Similarly, the nanohybrid has a lethal
effect on fungal cells under green light. Figure 8.6.b and 8.6.c shows pictures of C.
albicans cultures incubated with RB-ZnO nanohybrids in the presence and absence of
green light irradiation. There is 26% fungal inhibition in samples treated with RB prior

to photodynamic treatment. The fungal inhibition has increased to 54% when RB-ZnO

169



900

(a)

800 -

f———y
——i

700 -

—_

600 -

——
——

500

CFU X10°/ ml

w i
o (=
o o
1 1

HH

200 —

100

1 ) 1 4 1 Y 1 Y I ' I S 1 1 1
Cell-d Cell-l ZnO-d ZnO-l RB-d RB-l RB-ZnO-d RB-ZnO-

- Green Light + Green Light
RB-ZnO sensitized

Figure 8.5. (a) Antibacterial activity of RB-ZnO, RB and ZnO in the presence and absence of
green light. Images of RB-ZnO treated E. Coli plates in the absence (b) and presence (c) of
green light.

is used in the assay. The antimicrobial results vividly denote the active role of increased
ROS formation in the presence of RB-ZnO nanohybrids compared to that of free RB.

The in vitro cytotoxicity assays were conducted in HeLa cell line using MTT, which is
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Figure 8.6. (a) Antifungal activity of RB-ZnO, RB and ZnO in the presence and absence of
green light. Images of RB-ZnO treated C. albicans plates in the absence (b) and presence (c) of
green light.

a model marker of cell viability [47]. Bioreduction of MTT leads to formazan
production [48] which was estimated at 570 nm. The cell cytotoxicity profile of RB
along with the nanohybrid is illustrated in Figure 8.7.a. The cells were stained with

DAPI before taking the microscopic images of control as well as RB-ZnO treated cells.
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Figure 8.7. (a) In vitro cytotoxicity assay in HeLa cells with RB-ZnO, RB and ZnO using MTT
as an indicator dye in presence and absence of green light. Images of control and RB-ZnO
treated HelLa cells in the absence (b), (d) and the presence (c), (e) of green light.

DAPI specifically stains chromatin of nucleus and has a blue emission [49]. A distinct
change in morphology with rounded nucleus is observed in case of RB-ZnO treated

cells under green light irradiation (Figure 8.7.e) compared to that in dark (Figure 8.7.d)

172



whereas the morphology of the control cells remain intact (Figures 8.7.b and 8.7.c).
After seeding 5000 cells/well in 96 well plate, the cells were subjected to drug
treatment with RB, ZnO NPs and RB-ZnO followed by green light exposure for four
hours. The cells were then incubated overnight at 37°C in an atmosphere of 5% CO,
before the MTT assay was performed. The experiment was done in triplicate and the
cell viability was determined by comparison with the control plate. It was observed that
the cell viability in case of free RB was reduced to half and the value is less than one-
third when the nanohybrid is used under green light irradiation. However, ZnO NPs
show minimal cell cytotoxicity. The enhanced ROS generation as a result of charge
separation of the drug in the proximity of semiconductor NPs is responsible for the
augmentation of the drug activity. The present study will therefore be helpful in

designing efficient photodynamic drugs.

8.3. Conclusion:

The application of rose bengal (RB) as a photodynamic therapeutic agent has a long
record of pragmatic evidence. In the present study, we illustrated the vital photoinduced
dynamics of RB upon complexation with semiconductor ZnO NPs. Here, we
synthesized nanohybrids of RB with ZnO NPs of approximately 24 nm size and
characterized them by high resolution transmission electron microscopy (HRTEM),
UV-Vis absorption and steady-state fluorescence studies. Picosecond-resolved Forster
resonance energy transfer (FRET) was employed to reveal the proximity of the drug
and the semiconductor at the molecular level. It is inferred that the energy is transferred
from the defect state emission of ZnO NPs to RB upon excitation with green light.
Furthermore, picosecond-resolved fluorescence studies on RB—ZnO reveal an effective
electron migration from photoexcited RB to ZnO NPs, resulting in elevation of the
ROS activity in the nanohybrid. Dichlorofluorescin (DCFH-DCF) oxidation assay
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proves that the ROS generation is found to be more than two fold magnitude greater in
nanohybrid compared to that of free drug. Moreover, the photodynamic activity of the
nanohybrid in bacterial, fungal and HelLa cell lines corroborates with the in vitro ROS
detection assay. Hence, these studies could be incorporated in the development of safe,
beneficial and low cost alternative photodynamic therapeutic agents to treat various

diseases.
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