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PREFACE

Since recent decades nanotechnology and its interdisciplinary fields are
encouraging to synthesized nanoparticles, nanorods, graphene, nanocomposites to
treat a number of infectious diseases (carcinomas, bacterial and viral infectiions),
chemotherapeutic agents, antivirology responses and removal of contaminants to treat
waste water from industries and other sources and how these nano’s get enter the cell

cycle to inhibit their functioning.

Nanoparticles/Nanocomposites/Nanostructures have shown an enormous
awareness since decades as therapeutic mediators for many pathogenic disease like
carcinomas, antimicrobial, antibacterial diseases. One of the major limitations
however is their untargeted, nonspecific toxicity. Therefore the application of
nanoparticles in biomedical fields it is essential that various process induced by these
particles in human tissues and genetic material (DNA, RNA) to further improve their
sensitizing properties. Hence for any material being developed for the therapeutic
purpose, the determination of toxicity in human cells is highly important.
Furthermore, by using metallic nanoparticles with a thermal method is an important
alternative for the carcinomas therapy. Since optical properties of nanoparticles in
infrared range have provided a pathway for the advancement of new techniques,
carcinomas therapy using nanoparticles along with photo-thermal treatment has
become more effective, so we are interested in exploring the cytotoxicity of metallic

nanoparticles.

The complete research analysis has been divided in to seven chapters. First
chapter consists a number of views described the method of synthesis of

nanomaterials, nanostructure materials and their significance in their biocatalytic



reactions. The structure and properties dependent biocatalytic properties viz.
anticarcinomas studies of nanostructure materials have been systematically reviewed.
The leading objectives and brief framework of the present examination carried out in

this thesis are described in brief.

Second chapter reveals detailed instrumentation techniques used in analysis
and identification of prepared nanostructure/nancomposites/nanoparticles. These
methods include the absorbance and band-gap analysis using the UV-visible
spectroscopy, Dynamic light scattering (DLS)@zeta potentials, Fourier Transform
Infrared Resonance (FTIR) spectroscopy, X-ray diffraction analysis (XRD), Surface
Enhanced Raman spectroscopy (SERS), Brunauer-Emmett-Taylor analysis (BET),
Scanning Electron Microscope (SEM) with Energy Dispersive Spectrum (EDS)
analysis, Field Emissive Scanning Electron Microscopy (FESEM) and Transmission

Electron Microscopy (TEM).

Third chapter represents the synthesis of different shapes and sized palladium
nanoparticles (Pd NPs) by reducing potassium tetrachloropalladinate(ll) by L-ascorbic
acid (LAA) in aqueous solution phase in the presence of an amphiphilic nonionic
surfactant poly ethylene glycol (PEG) via sonochemical method. Synthesized material
has been characterized by XRD, SEM, TEM, EDX, FTIR, SERS, particle’s
distribution and zeta potential studies. Truncated octahedron/fivefold twinned
pentagonal rods are formed at room temperature (25 °C) while hexagonal/trigonal
plates are formed at 65 °C. XRD results show evolution of anisotropically grown,
phase pure and well crystalline face centered cubic (fcc) Pd NPs at both temperatures.
FTIR and SERS studies revealed adsorption of ascorbic acid (AA) and poly ethylene
glycol (PEG) at NP’s surface. Particle size distribution graph indicates formation of

mesoporous particles having wide size distribution while the zeta potential particle's
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surface is negatively charged and stable. The truncated octahedron/fivefold twinned
pentagonal rods shaped Pd NPs, formed at room temperature while thermally stable
and kinetically controlled hexagonal/trigonal plate-like Pd NPs have been evolved at
higher temperature 65 °C. The obtained Pd NPs has a high surface area and narrow
pore size distribution. To predict protein reactivity of Pd cluster, docking has been
done with DNA and lung cancer effective proteins. The cytotoxicity of the Pd NPs
has been screened on human lung cancer cells A-549 at 37 °C. The biological

adaptability exhibited by Pd NPs has opened a pathway in biochemical applications.

The fourth chapter describes the synthesis of a-Fe,O3 NPs using polyethylene
glycol (PEG) as a surfactant and L-ascorbic acid (LAA) as a stabilizer. The product
has been characterized by UV-visible absorption spectroscopy, FTIR, Dynamic Light
Scattering, particle size distribution analysis, X-ray diffraction analysis, TEM,
FESEM, EDX and BET, which show formation of variable size and shape,
mesoporous, PEG-coated a-Fe,O3 NPs (LAA@IONP-PEG) with B-FeOOH as an
impurity. The present work emphasizes upon an anti-cancer study of LAA@IONP-
PEG against renal carcinoma HEK-293 human embryonic kidney cell lines. The study
suggests that LAA@IONP-PEG is a promising material against renal carcinoma
HEK-293 human embryonic kidney cell lines. The docking study has confirmed anti-
proliferative action of NPs through binding affinity with renal carcinoma molecular
targets. The synthesized NPs show the synergistic effect with Axitinib as an anti-
cancer drug effective against renal carcinoma cell lines. ROS and 1,1-diphenyl-2-
picrylhydrazine (DPPH) free radical scavenging assay have shown the antioxidant
capability of synthesized NPs. The efficient biocatalytic activity of LAA@IONP-PEG

prescribes its use as one of the best suited drugs for the future perspectives against
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fatal renal carcinoma and thus it is reckoned that synthesized NPs will have persistent

utilization in different field of medical applications.

In the fifth chapter sonochemical synthesis of Cu,O nanostructures
(LAA@Cu,0-PEG nanopolyhedra) by reduction of Cu(ll) complex K3[CuCls] by L-
ascorbic acid (LAA), stabilized by polyethylene glycol (PEG) and their cytotoxicity
against HEK-293 Human embryonic kidney cell lines has been discussed. The
products have been characterizes by UV-visible spectroscopy, FTIR, XRD, SEM
(EDX), FESEM, TEM, particles size distribution and BET surface area analyses
exhibited formation of well crystalline, mesoporous LAA@Cu,O-PEG polyhedral
nanostructures capped with PEG molecules. The molecular and computational
analysis revealed the role of capturing protein in capping analysis and stabilization of
Cu,0 nanopolyhedra. The synthesized LAA@Cu,0-PEG nanopolyhedra were found
to have a stable zeta potential in a range of -18+0.29mV. The ICs, of the prepared
LAA@Cu,0-PEG nanopolyhedra against renal carcinomas HEK-293 human
embryonic kidney cell lines are in the range of 15-60 uM, inducing morphological

changes in proteins.

In the sixth chapter controlled sizes and distribution nickel nanoparticles with
enormous surface properties have been prepared by a novel method and cytotoxicity
has been examined against cancer cell lines MCF-7 for the assessment of mortality
and developmental changes. Nickel nanoparticles exposure was compared with
respect to established antitumor drug. Cytotoxicity has significantly been increased
when one or two layers of L-ascorbic acid and/or polyethylene glycol were deposited.
Cytotoxicity and in silico studies suggested that the configuration of nanoparticles
may affect cytotoxicity more and defects from Ni NPs exposure occur by biological

MTT assay analysis.

viii



In the seventh chapter Ag-Au nanocomposite has been prepared by reduction
of silver and gold complexes (Ks[AgCly]),(Ks[AuClg]) using L-Ascorbic acid (LAA)
and polyethylene glycol (PEG) as reducing and capping agents respectively via
sonochemical approach. The Ag-Au nanocomposite has been characterized by UV-
visible absorption spectroscopy, FTIR, Dynamic Light Scattering (DLS), particle size
distribution analysis, X-ray diffraction analysis, TEM, FESEM, EDX and BET. The
data obtained exhibited formation of variable shape (like needles, rods, spirillum
structures), mesoporous, LAA-PEG-coated Ag-Au nanocomposite (LAA-PEG@Ag-
Au). Cytotoxicity of synthesized LAA-PEG@Ag-Au nanocomposite was analyzed
against bronchial carcinomas A-549 lung cancer cell lines by MTT and SRB assays.
Nanocomposites also induces the reactive oxygen species, (ROS) and suppression of
reduced Glutathione, (GSH) resulting in damage to various cell components, DNA
breaks, lipid membrane peroxidation and protein carbonylation which causes
cytotoxicity by oxidative stress induced apoptosis and damage to cellular components
The study suggests that LAA-PEG@Ag-Au nanocomposite is a promising material
against bronchial carcinomas A-549 lung cancer cell lines. The docking study has
confirmed anti-proliferative action of NPs through binding affinity with bronchial
carcinoma molecular targets. The synthesized nanocomposite has shown the
synergistic effect with cis-platin as an anti-cancer drug effective against bronchial
carcinoma cell lines. ROS and 1,1-diphenyl-2-picrylhydrazine (DPPH) free radical
scavenging assay have shown the good antioxidant capability of synthesized LAA-
PEG@Ag-Au nanocomposite. The sulphorhodamine B (SRB) assay is used for the
cell density determination, based on the measurement of cellular protein content. The
study demonstrated that the lung cancer stem like cells obtained from A-549, which

were cultured in serum free conditioned medium, had strong proliferation and self-



renewal abilities and expressed higher level of stem cell markers (CD24, CD44,
CD90, CD133, CD147, CD166, CD326 etc.) as compared with A-549 adherent cells.
The efficient biocatalytic activity of LAA-PEG@Ag-Au nanocomposite emphasizes
its use as one of the best suited drugs for the future perspectives against fatal
bronchial carcinoma and thus it is reckoned that synthesized LAA-PEG@Ag-Au

nanocomposite will have broad utilization in different field of medical applications.

And in the last eighth chapter summary, conclusion and scope of further

research work has been given.
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Chapter 1

General Introduction and Objectives of Current
Work,

“The chapter introduces a number of views described the method
of synthesis of nanomaterials, nanostructure materials and their
significance in biocatalytic reactions. The structure and properties
dependent biocatalytic properties viz. anticarcinomas studies of
nanostructure materials have been systematically reviewed. The
leading objectives and brief frameworR, of the present
examination carried out in this thesis are described in brief.”




Chapter 1

1.1. Introduction

1.1.1. Nanotechnology

The credit for the discovery of the nanoparticles goes to Dr. Richard Feynman,
(an American Physicist), by his famous talk, “ That there is a plenty of rooms at the
bottom” proposed in year 1959.% The term nanotechnology was initially coined by the
Japanese scientist Professor Norio Taniguchi in an International conference held in
Tokyo Science University, Tokyo in 1974 based on the subject on Production
Enginering.? Professor Eric Drexler formulated the term nanotechnology in his
famous book, “Engines of Creations” in 1986, and popularization of knowledge of
nanotechnology in his book, “Nanosystem : molecular machinery, manufacturing and
computations”.* Nanotechnology and its interdisciplinary fields are newly emerging
advanced perspective area to import welfares in various fields of investigations and
application in world of science and technology. Nanotechnology is commonly
described an easily understandable, controllable and renovation of material on an
atomic and molecular scale or in consequence of particles lesser in size estimated to
lesser than 100 nm to produce materials built from them, essentially with novel
behavior and properties.® The significance meaning of prefixed nano’s is one
billionth. The scaling of nanometer is equivalent to a billionth of meter scale or 10
part of a meter,” which indicates that these structures are extremely small ( an inch is
equal to 25,400,000 nanometers, a single sheet of newspapers consisting of 100,000
nm thickness or ten thousand times lesser comparable to width of human hair). As for

an evaluation analysis the DNA’s diameter, lymphocytes and viruses are 2.5, 20-30

and high on 7000 nm respectively.?
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The present era witnessed that nanotechnology is an interdisciplinary field across the
long established boundaries between information technology, engineering, chemistry,
physics, biology and mathematics. These also give a great commitment to establish a
future correspondence to develop breakthrough in modification for the direction of
technological process in the massive range of utilities. It also summarizes a
comprehensive study of research and improvement in the determination of accessing

its perspective for technological innovations.
1.1.2. Nanostructures

The nanostructure of any shape and size are intermediate structure at microscopic and
molecular level which possess one or more dimensions in a range of 100 nm or less.”>
° These nanosized structures contain enhanced behavior like improved hardness,
ductility in ordinary inelastic materials, high tensile strength, erosion and corrosion
resistance, wear-resistance and advanced chemical properties.’® They are more
popular in favor to its conventional and commercially accessible supplements, and
possess a lot of commercial, scientific relevance in areas like drug delivery, analytical
chemistry, bio-encapsulation, electronics, and magnetic, optical and mechanical
devices. The modern area of technology has describing a number of nanostructures
like one dimensional structure consisting nanotubes, nanorods, nanoribbons,
nanowires to fascinate the terrific attention due to their fascinating properties and high
aspect ratio.**"*®> This phase comprises the two dimensional electron confinement and
delocalization along the axis of nanorod/tube/wire. One dimensional structure of
several metals, metal oxide, semiconductor and its composites prepared by different
routes are known and their applications have been projected for many sensors, solar

cells and capacitors etc.




Figure.1.1. Different shapes of nanparticles.**

In year 2010, Noble prize was awarded to “Graphene”, a single layered
arrangement of carbon containing the state of hybridization sp? with honeycomb like
resemblances. Due to its exciting physical and chemical behavior, it is used as a
supporting substance with potential application in various devices.*® So on behalf of
aforementioned research, it is proved that graphene is a 2-D structure with its two
dimensional nature performs significant role in identifying their exceptional set of
behavior are recently shown preparation and accessing several inorganic equivalents
of graphene i.e. various inorganic 2-D substance have enriched considerable
attention.™®” These inorganic 2-D substances generally possess mono-layered
graphene with a number of atoms and molecules. These are connected through weak
Van der Waal forces and separated via exfoliation. The thickness of these mono-
layered substances is reasonably less than 100 nm, the length and width may outstrip
to nanometric dimensions. Noticeably, it has been attained on varying the number of
monolayer; there is dramatic alteration in chemical properties. Among the numerous
inorganic 2-D structures, the transition metal oxides and sulfides are well known for

their comprehensive range of optical and electronic properties, which has increased




Chapter 1

remarkable attention since past decades and considered as biggest competitors of

graphene.

1.1.3. Types of Nanostructures

1.1.3.1. Nanoparticles

Generally, the nanoparticles are considered to be a most fundamental unit of
technology and define particles in a size range of 100 nm and principally zero
dimension in morphology. A numerous of nanoparticles are lesser in size and contain
21-15000 atoms, in range of Newtonian and Quantum scales.”® These consist of single
crystal, amorphous particles and polycrystalline substances with all probable
morphological properties like cubic, spherical and platelets with a representative size
of petty nanometers. Recently this field has attended an enormous attraction due to
ability to synthesized, engineering nanotechnology and their utilization for the human
welfares. So due to their more interest in science, this has been a more advantageous
and evolutionary statement in the field of nanotechnology and its interdisciplinary

sciences.®
1.1.3.2. Nanotubes

These can be described as one form of nanostructure material with one
dimensional tube like hollow structure in nanometer scale to work as an electrical
insulators or conductors. Credit for the discovery of nanotubes goes to L.V.
Radushkevich et al. for their well-defined images of 50 nm diameter of carbon
nanotubes in Soviet Journal of Physical Chemistry in 1952.2° A single layer of
nanotube contain one tube of graphite collectively known to be single walled

nanotube (SWNT),?* a numerous of several parallel and side by side tubes for their
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multiwalled nanotubes (MWNT). Morphological properties of nanotubes control

conductance, density and lattice structure.

Fig.1.2. Types of nanotubes.?"%

Three kinds of nanotubes viz. armchair, zigzag and chiral, can be classified on
the basis of enclosed carbon sheet arrangement in tube pattern with a well-defined
geometry.?> Kontos et al. proposed the nanotubular arrangement of titanium oxide
(TiO,) synthesized via electrochemical method using polyethylene glycol as solvents
as an electrolytes. These nanotubular titanium oxides (TiO,) are tested for the removal
of organic contaminants like benzene and toluene under irradiation of ultraviolet light
at room temperature and pressure. The photocatalytic behavior varies on altering the

length of nanotube (NT) arrays.?
1.1.3.3. Nanowires

Nanowires are the special kind of nanostructures with one dimensional (1-D)
orientation having cross sectional diameter in nanometer (10°) range. The

nanostructures contain ratio of length to width greater than 1k™. These can also be
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understood in terms of their thickness, which possess a strained thickness of 1-10 nm.
At these stages the quantum mechanical effects are dominant and this stage is
commonly known as the term “Quantum wires”. Nanomaterials reforming towards
the nanowires to afford more promising electron transport with minimum
recombination loss than that from nanoparticles based solar cells. The main research
work on the structural nanowires stated with very simple and three dimensional (3-D)

classified nanostructure to improve higher photoactive efficiency.

Fig. 1.3. a-c Structure of different nanowires.

1.1.3.4. Nanoribbons

These can be usually illustrated as two dimensional (2-D) layered structures
with width approximated to 1-50 nm. Graphene were commonly received as
nanoribbons. Pascal Ruffieux et al. mentioned that graphene based nanoribbons
performed well electronic properties than continued graphene. Quantum confinement
in terms of armchair nanoribbons and carbon nanotubes generate the considerable
electronic band gap that are related to their structural boundary conditions.?* The
nanostructures containing zig-zag edges are estimated to host spin polarized electronic
edge stage and serve as key points for the graphene based spintronics devices.?® The

electronic nanoribbons are mostly governed by structure of edges (armchair or
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zigzag). Two dimensional structures of nanoribbons have an immense thermal and

electrical conductivity.

XEP WAL

Fig.1.4.Different types on nanoribbons.
1.1.3.5. Nanorods

These materials are a one dimensional (1-D) nanostructure with their standard
appearance ratio of length and width with in a range of 3-5 nm and their dimensions
ranges from 1-100 nm. These may be fabricated through pure metals and
semiconducting materials. These nanorod structured materials are initially interacting
from their exclusive electrical and optical properties and optoelectronics with entirely
depend on their morphological shape and size. The nanorods of silver and gold metals
composites are being applied to be treated against cytotoxicity against cell lines
passaging analysis, photovoltaic devices, and heterogeneous catalysis and chemical
sensors because of its exceptional semiconducting and optical behavior. The optical
behavior of these substance are a result of electronic interaction of electron of
conduction band of metal and an electric field component of electromagnetic radiation
but few cases Zinc oxide (ZnO),%"* has shown a forceful absorption in visible range

of spectrum and in turn to unusual bright color which is not detected in bulk material.




Fig.1.5. Differnt types of nanorods.

1.1.3.6. Nanocomposites

The multiphase materials which are achieved by the engineered consolidation
of two or more dissimilar substances having one phase as reinforcing phase and occur
in a kind of fiber sheet or particles. These can be implemented as supplementary
materials as matrix phase. The most fundamental work of the matrix is to transmit
stress between reinforced phases of matrix and defend them from machine driven and
environmental destruction. Although an existence of particles in nanostructure
composites increases its mechanical strength and stiffness. So an interdependent
arrangement of more than two micro-components has dissimilar physical properties
and chemical arrangement. The main intention of fabrication of composite material is
to boost the property of substance without cooperating on the weakness of each other.
Composite materials have symbiotically replaced the traditional materials in several
advances such as light weight and high strength usage. An important justification
behind the collection of composite material and their relevance is principally because
of its extraordinary tensile strength at high temperature and more strength to weight
ratio, high toughness and high resistance. The reinforcing materials of
nanocomposites are robust with lesser in density and matrix is typically ductile and

tough material. If the nanocomposite materials are systemically planned and
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synthesized, they enhance the strength of materials with toughness of matrix to attain
a combination of required properties, those even not gained in any material. The
influence of composite initially depends on the quantity, arrangement and type of

particle reinforcement in resin.

RO e -

Fig.1.6. TEM images of Ag-Au nanocomposites.

Nanostructures also exhibit outstanding consequences for numerous
applications such as antibacterial activity, bio-sensational behavior, gas sensation,
paints, photo-catalysis, solar cell etc. Most commonly, palladium, iron, copper, silver,
silver and gold composites, and cerium and ruthenium based nanocomposites are
performing a number of photoactive performances including photocatalysis in visible
light, cytotoxicity analysis etc. The metal oxide of zinc is also owe to appearance of
intermediate states to absorb light to inhibit recombination of exciton during

photoreduction.®**

1.1.4. Properties of nanostructures

Nanostructure materials behave as a linkage among the bulk materials having

the atomic and molecular structures. The bulk semiconductors are not able to change
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with simple variation in shape and size i.e. in a bulk semiconducting materials, the
properties are size independent and depend only on the chemical composition of
materials. Due to their inimitable shape and size dependent wealth like photonics,
optics, electronics and photo-catalytic performances, nanostructure materials have got
more interest. The novel properties are fundamentally dependent on the shape and
size of nanostructured materials or thin films as a result of contraction in dimension of
materials or diminution in the length of nanoparticles below to ferromagnetic
exchange length, Fermi level of electron etc.®*° The properties of nanostructure can

be described as follows:
1.1.4.1. High Surface to Volume ratio

As the outer surface of nanomaterials have more significant characteristics and
have shown vital properties against nanostructure materials. The existence of atoms
on the outcome of nanostructure is more important chemically and
thermodynamically related to their bulk atoms, as less neighboring coordinate system
and more active bonds. The imperfections present on the nanoparticles produce or
generate sub electronic states in the ground states in band gap, which shows trapping
behavior for an electron or hole (exciton). For the nanoparticles the relation between
the surface area and radius are inversely proportional to one another. So the relation
between surface properties and size of nanostructures are interconnected,’®*® the
surface to volume ratio increases with the decrease in size value, the surface effects
become more apparent and thereby easier to explore. Apart from this the gap between
the energy levels of nanostructures are also concerned by these effects.*** The
system which has only few hundred atoms, an enormous number of atoms will be
positioned on outward. Smaller the nanomaterials, greater the energy of surface

contributed to the total energy of the surface, which makes considerable differences in
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the properties of materials. Imperfections, size and residual stress etc. are also known

to impact the ownership of nanoparticle materials.
1.1.4.2. Quantum confinement

Quantum confinement alters the optical performance of nanostructure
materials. The optical, electronic and magnetic behavior of nanomaterials depends
mainly on the size.** The electronic energy level are not in continuous as in bulk
materials, and are changed to discrete and quantized energy level owing to the
electronic confinement wave function to the spatial arrangement of particles. This
phenomenon is known as quantum confinement and nanocrystals are said to quantum
dots. So the electronic transition between the bands becomes discrete. The increase of
band gap energy of semiconducting substances are a result of reduction in size or
quantum confinement influences as compared to bulk materials.”> The materials
associated with larger nanoparticles, the excitation of electron throughout the band
gap hinges the energy difference between the valence and the conduction band. When
the size is confined near to the Bohr radius, quantum confinement effect initiates to
impact the excitation energy throughout the band gap.*®*® Based on the orientation of
the environment, the quantum confinement have been subdivided in to three major

categories as quantum wire, quantum well and quantum dots or nanocrystals.

Structure  Quantum confinement Number of free dimensions

Bulk 0 3
Quantum well 1 2
Quantum wire 2 1
Quantum dot/ 3 0
nanocrystal

11
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1.1.4.3. Brownian motion

Brownian motion is originated by the irregular and continuous motion of
miniature particles in liquid or gas. The particles of molecules are suspended entirely
in the liquid or a gas due to inherently random nature of motion and collision with the
bigger suspended particles, making them movable. At microstate level we can hardly
see the movement of particles or why they move, but in case of Nano’s origin, they

move widely batted about by smaller particles.

1.1.5. Applications of nanostructures

1.1.5.1. Drug Delivery

A number of kind of nanostructures that can be used in drug delivery system,
although these inorganic nanostructure can be utilized for their significant
consideration since recent decades for consequence of their exceptional properties like
high loading ability, chemical and physical robustness, less toxicity, straightforward
and cheap manufacture in laboratory. Dendrimers like hyper-branched are class of
nanostructures, having fabrication for wide applications to treat and the diagnosis of
carcinomas. In these the drug molecules can be lined to side branches, and can be
applied as specific coating agents to safeguards or distribute drugs to required sites or
work as time release machine for biologically active agents in body. They also work
as healing agents in the remedy of cancer, known as Boron Neutron Capture Therapy
(BNCT). This medical procedure contains an injection of isotope of boron (:°B) along
with non-radioactive pharmaceuticals. It is selectively migrated to the cancerous cells.
When an injection of boron (*°B) is administered to patient, it is thermally treated
with neutron and it be reacted with boron to release a number of alpha particles, in
cancerous cells which destroy the tumor cells.* Dendrimers are also helpful in gene

therapy by working as vectors, who are transporters, which transport genes through
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the cell membranes to the nucleus.®® Apart from these medical applications, they are

also applied to expand industrial processes.
1.1.5.2. Space applications

A number of carbon nanotube (CNT) has been acquired for the utilization in
space,” which significantly decreases the mass of space structures. These are
excellent structures for the usage in space elevator cables, in respect to their unique
properties like light weight and more strengthen nature. Carbon nanotubes (CNT) are
also applicable for the further advancement of solar cells. These weightless nano-
devices are used for the reflection of sunlight for the mobility of spacecraft and save
huge amount of commercial fuel in the form of energy. So the use of nanostructures in
the form of nanorobots is being used for making space suit for the aeronauts to protect
themselves from space rubbles. Due to lightweight and stretching nature of nano-
materials, these can be used as a coating agent to anti-corrosion and applicable in
aerospace constituents like landing gear and constructive apparatus like drill bits and

bulldozer blades.
1.1.5.3. Electronics

The carbon-nanotubes like nanostructures (CNT) are being utilized for the
manufacture of hybrid with many types of polymer to fabricate composite samples
and applicable as an electromagnetic protector in cell phones and static electricity
resistance in cars. The applicability of carbon-nanotubes is being well known for the
applications in the flat displays. In Light Emissive Diode (LED) recently zinc oxide
(ZnO) and gallliun nitrides (GaN) nanoparticles are used.> In latest modern time, zinc
oxide (ZnO) nanowires are being used for the display pattern on the flexible pattern.>?
LASER devices are composed of array of quantum dots and nanowires.>® Carbon

nanotubes (CNT) and nanostructures of cobalt, manganese and vanadium are being
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useful in lithium-ion batteries for their improved importance.>® Coated and dopants
semiconducting materials are applicable for making some electrical goods to protect
its properties. Silver nanostructures with polymer resin are used for the manufacture
of major parts of refrigerator in order to restrict the growth and enhanced variety of
bacteria and quashed odors. Besides applying coating with silver nanoparticles with
coating agents other methods like silver wash method is applicable to expand the

cleaning of cloths.
1.1.5.4. Displays

The manufacturing of displays with small consumption of energy could be
consumed by consuming carbon nanotubes (CNT) which are used as a good
conductor of electricity as consequence of their petite diameter of several nanometers.
These can also be applied for the field emitters with an enormous high efficiency in

field emission displays (FED).
1.1.5.5. Catalysis

The assistance of catalysis particularly from nanostructure materials have
owed large surface to volume ratio. There is an extensive range of structures of
nanomaterials from the fuel cells and catalytic conversion of photo-catalytic devices
or the removal of contaminants of organic dyestuffs from the waste water. Inorganic
metal semiconductor nanostructures have huge surface area so that there is an
enhanced catalytic activity in short time interval owe to more catalytic reaction at an
outer face. Nanocatalyst are simply isolated and reproduced with greater retention of
catalyst activities than their bulk counterparts. The catalyst can effort as two different
roles in degradation process, they can be the site of catalysis or they act as support for

the catalytic pathway.>
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1.1.6. Methods of synthesis of nanostructures

A number of methods have been applied for the synthesis of nanostructures,
but two elementary processes are required with various rates of quality, cost and

speed:

Top down method: Involve the breaking down of bulky fragments of materials to

produce the preferred nanostructures as physical method.*

Bottom up method: Involve the collection of single atoms along with molecules

into an essential nanostructures as chemical method.>®

Nanoparticle Synthesis

There are two approaches for synthesis of nanomaterials and the fabrication of nano
structures.

Top-Down approach Bottom-Up approach

(or self-assembly approach)

TOP-DOWN BOTTOM-UP

uud:i 3‘5»‘5;'

Clusters Atoms

Bulk metal Powder

* Top down approach refers to slicing  * Bottom up approach refers to the build up of

or successive cutting of a bulk material a material from the bottom: atom by atom,

to get nano sized particle. molecule by molecule
* Atom by atom deposition leads to formation of

B Self- assembly of atoms/molecules
S il and clusters

/ * These clusters come together to form self-

i assembled monolayers on the surface of

Tmal molecute 1e

nertied substrate
manciayers TAM)

Fig.1.7. Synthesis of nanoparticles by top down and bottom up methods.

Many disciplines including subjects like physics, chemistry, biology and

engineering are pursuing a wide assortment of methodologies for producing
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nanomaterials. A number of techniques for the fabrication of nanoparticles are

generally classified as either physical or chemical methods.>

1.1.7. Chemical method

1.1.7.1. Chemical vapor deposition

This is a chemical technique pragmatic for the fabrication of high purity and
high functioning nanostructure solid samples. This is defined as any chemical process
in which formerly precursor materials are vaporized and finally condensed for the
solidification to produce solid phase materials. The methods are ordinarily applied to
fabricate the coated materials to modify the corrosion resistance, electrical,
mechanical, thermal, optical, and wear hindered properties of numerous substrates.
These can also further applicable to design free-standing bodies, fiber, films and to
infiltrate template to form the nanocomposite samples. Since recent time they have
been commonly explored for the synthesis of several nanostructures. This method is
typically occurring in a vacuum chamber. In this process if no chemical reactions are
taking place, and then it is known as physical vapor deposition (PVD) otherwise it is

termed as chemical vapor deposition (CVD).
1.1.7.2. Sol-gel method

This is a very imitable and versatile wet method for the production of various
advanced nanostructure materials with cost effective, low cost at minimal temperature
and informal control of shape and morphology.**®® The characteristic sol gel method,
consisting hydrolysis of precursor materials e.g. inorganic salts, metal alkoxides and
organic polymers, poly-condensation to produce suspended sol and then sol

transformation occurred to gel phase by freezing process. Then, drying of this wet gel
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along with treatment produces crystalline nanostructured materials. A vastly porous

and low density material termed as aerogel is produced.

1.1.7.3. Hydrothermal synthesis

This includes a common and versatile method, accompanied in stainless steel
containing container at an appropriate high temperature known as an autoclave. The
autoclave discipline temperature or pressure along with Teflon liners with reaction
medium solution, (aqueous). This process consisting, the reaction temperature to be
enhanced boiling point of water (solvent) and extending pressure to vapor saturation.
The core pressure be fashioned, during the reaction is hinged upon the quantity of
solvent containing the autoclave. There are a number of groups of researchers, who

61-65

had also used this technique for the fabrication of TiO,, ZnO nanostructure, etc.

1.1.7.4. Chemical co-precipitation

This is a very widely adopted method for the synthesis of desired
nanomaterials like metal oxide nanoparticles, from its inorganic salts or precursors
salt solution by the addition of salts in an inert atmosphere ( in an existence of
nitrogen or argon gases) at common temperature or at desirable temperature in huge
scale with reasonable charge. The elemental composition like shape and size of the
particles are mainly hinge for the precursor used (sulfates, chlorides, and nitrates).
Nanostructure materials can be produced by two general ways viz. addition of basic
solution in a very slow manner and in fast manner into precursor salt solution of

metal .6
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Fig.1.8. Co-precipitation method of preparation of nanopatrticles.

1.1.7.5. Micelle and inverse micelle method

This includes the general accumulation of surfactants with well-mannered
circulation of colloidal liquid at above the surfactant concentration known as critical
micelle concentration (CMC). It is the concentration of surfactants, free solution in
equilibrium with surfactants in an aggregated form. Micelle contains two parts, head
and tail. Head part is hydrophilic in nature and is oriented towards the surrounding
aqueous solvents and tail, hydrophobic lying towards the interior of micelle center.
The concentration of existing lipid in solution has determined the self-organization of
surfactants and lipid molecules. Lipid created layer on the outward of liquid and are
dispersed in a solution below the CMC. CMC is ascertained by the chemical
composition along with the ratio of head area to the tail length significantly. Reverse
micelle are established in non-aqueous solvents owing to the arrangement of

hydrophilic head group and hydrophobic tail group as inverse to each other. So, head
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moves to inner side toward the center of micelle while hydrophobic tail is moved
outward towards the non-aqueous media. Micelles have shaped like globular and
roughly spherical and cylinder, ellipsoidal, bilayers are also possible. The shape of
micelle is molecular arrangement of its surfactants molecules and solution

circumstances like surface, concentration, pH, temperature and ionic strength.
1.1.7.6. Sonochemical technique

These methods employ high energy sound waves for construction of an ample
range of nanoparticles containing huge surface area of transition metal oxides,
sulfides, alloys, carbides and colloids. In the synthetic sonochemical process, transient
high energy ultrasound waves with standard frequency is obtained into a reaction of
meticulously selected metal complex precursors. Owing to vapor pressure, assured
threshold during the sonolysis in solvent have wave discontinuity in solvent extraction
and miniaturization origin cavities for construction, growth and collapsing of bubbles

in liquid.”®™
1.1.7.7. Solvothermal process

The technique is virtually analogous to hydrothermal process excluding the
non-aqueous solvents used in this method. In this technique, the enhanced
temperature related to hydrothermal method, which is a cause to use dissimilar types
of organic solvents possessing high boiling points. The solvothermal technique
generally has much control than hydrothermal method for the fabrication of desired
shape and size with homogenous distribution of crystalline nanostructures. This
technique has been adopted as versatile tool for the fabrication of versatile of electric

variety of nanostructure with required size and shape distribution.”*™
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1.1.8. Physical methods

1.1.8.1. Physical vapor deposition

This method illustrates methods describing the vacuum deposition technique
operated on the prepared nanomaterials and its coated substances. This method
involves the vaporization of the precursor and then condensation to get
nanostructures. The principal method for this technique involves thermal deposition,

ion plating, ion implantation, sputtering, laser vaporization and laser surface alloying.
1.1.8.2. Laser ablation synthesis

The technique deals with the fabrication of nanostructure materials by
applying high energy laser beam. This technique comprising the high energy laser
beam concentrated on the reaction mixture. The laser beam conveys the short beam of
high energy, adequate to evaporate the small portion of metal objective compressed in
nanostructure material in reaction solvent. This technique is applied to produce the
nanostructure samples of gold, silver, platinum, etc. However, this may be expanded
to the fabrication of other nanostructure materials like metal alloys. The advantage of
short pulse beam in this process is to consent the ablation process to accept a number
of mediums containing more volatile to vastly reactive monomers. This process can

be applied to a wide range of sample and reaction solvent assurance.
1.1.8.3. Mechanical Milling process

This method is applied to the fabrication of nanostructure materials for its
simplicity and flexibility in an industrial scale. This process consist the bulk material
to strongly pulverize in milling process to fabricate nanoparticles which also exist in

various dimensions.
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1.1.8.4. Arc discharge method

This is also a physical method for the synthesis of nanostructure materials. In
this process, nanomaterials are produced through arc asserted dissection of bulk
materials. In this process, two electrodes are held closer to each other and high
voltage applied between them to produce electrical disruption for ion discharge.
Enhancement of arc discharges to produce the thermal discharge and increases the
temperature of plasma to some thousand degrees Celsius which potentially vaporizes
the surface of electrode in the reaction medium. They produce the metal compact in
the reaction medium to fabricate the nanostructure substances. The compacting
reaction medium, applied voltage and electric current are the foremost factors that are
responsible for the production of nanostructure materials. An enormously huge
temperature created in between the nearer electrode to assist the aggregation of atoms
to produce new particle that is dissimilar to electrode materials. The carbon nanotubes

(CNT) are most frequently for this process.

1.1.9. Nucleation and growth of nanoparticles in solution phase

1.1.9.1. Classical nucleation

It is considered as a process which atomic nuclei work as a process for the
crystal growth. Mullin has proposed that primary nucleation is an earlier instance of
nucleation in which the absence of any other crystalline matter.”® This can be applied
to understand the nucleation of several chemical synthesis.”®’" However the
production of various types of solids do not constantly obeyed the classical method of
crystallization in solution. Further, Habraken et al. has proposed that ion combination
complex come together for biomimetic nucleation of calcium phosphate in classical
and non-classical means. When uniform nuclei are formed in parent phase then

homogenous nucleation arises and in case of heterogeneous nucleation,
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inhomogeneity’s structure like container surface, impurity, grain boundary and
dislocation etc. In case of a liquid phase heterogeneous smoothly stable nucleating
surface is also present. The nuclei obtained by the homogenous process can be
thermodynamically stabilized by the total free energy of the particles describe as
summation of surface free energy and bulk free energy.”® If we consider the radius
of spherical nanoparticle be r, surface energy, y and bulk free energy as AG,, have
providing a total energy as given by the equation. The own free energy of the crystal
AG, depends on the atmospheric temperature (T), Boltzmann’s constant (kg), super
saturation of solution (S) and molar volume (V). Then AG, is described as in given

equation:

4
AG = 4mr?y + §nr3 AG,

_ {=kgT In(5)}
=

AG,

The surface energy is always a positive value due to this; the crystal free
energy is always a negative quantity. It is possible to obtain the maximum free
energy, which passes through a nucleus forming stable nucleus by differentiating AG

w.r.t. r, and give it to zero i.e. dG/dr = 0, which provides a critical free energy. The

pathway of critical free energy can be described as:

4
AGeriy = §7T7Tcrit2 = AGélroi?w

_ 2y 2yv
Terit = TUGy T kgT In(S)

The critical radius is related to their size, so that particle can stay alive in
solution in lack of re-dissolution. The same process is to be applied on particle free

energy, where critical free energy is mandatory to achieve stable in solution.

The kinetics of nucleation of N nanoparticles at time (t) can be defined with

the help of Arrhenius rate equation:
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k = Ae-Ea/RT

Where A is pre-exponential factor.

dN_ A <_AGcrit>
dr = P\ Tt
dN ( 1613 v? >
— = Aexp | —5———
dt 3k T3(InS)?

Where S is super saturated solution, T is an absolute temperature, and AGy is
the surface free energy. Kwon and Hyeon,”® studied by plotting these parameter. The
super saturation shows the maximum effect on the rate of nucleation, when it changes
its value from 2-4, the nucleation rate enhanced about 1070 times and deviation in the

surface free energy produced by various surfactants.

Reversible rreversible

AG
(Gibbs Free Energy)

Fig.1.9. Free energy diagram of nucleation elucidating, presence of critical

nucleus.
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1.1.9.2. Classical growth

The growth of nanostructure materials mainly depend on the surface reaction
and diffusion monomer on the surface.”® The growth of nanostructures by diffusion on
the surface is illustrated by the Fick’s first law as:

- w3
] = 4nx dx

Where x is the particle radius, D is the diffusion coefficient, C is the
concentration at distance x respectively, and J is total flux of the monomer passes

through a spherical plane with radius (x).

Fick’s first law can be used for the case of growth of nanoparticles in solution.
The distance from particle surface to the bulk of monomer is 8, bulk concentration
(Cp) of solid/liquid monomers, C; and C, are the solubility of particle.

_ 4nDr (r + 6)
B S

(Cy — Cp)

As J is irrespective of x due to steady state of solute diffusion, the integration

of Cx from (r + d) to r gives equation:

J=4xnDr (Cb - Ci)
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Fig.1.10. Growth of nanoparticles in terms of nucleation rate.

The equivalent equation can be used for the kinetics of surface reaction k. Rate

of reaction does not depend on the size of the particles.
J=4mu?k (Ci— C))

So it is clearly shown from the above equation that, there are two surface
parameters either the monomer diffusion on the surface or rate of reaction of
monomer on the surface. If limiting parameter is diffusion then variation in size of

particle with time is given by the given equation:

dr Dv

7= 7 G -G

Correspondingly if the limiting parameter is the surface reaction then:
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dr
dr kr(Cp, — Cp)

But when the growth of particle is not dependent on the both limiting
parameter, then increase in particle radius with time is represented as:

dr _ Dv(Cb — Ci)

dt D
T+F

It is well understood that solubility of nanoparticles is dependent on the
particle size and Gibb’s- Thompson equation, a spherical nanoparticle has chemical
potential Ap = 2yv/r. Then C; is the solubility of particle as a function of r, where v is
the molar volume of bulk crystal and Cy, is the concentration of bulk concentration of

solution.

2y

For the growth of nanoparticle which is already expressed, can be formed by

the combination of equation as given by the above equations:

1
dr* S-exp (Tcap)

dr Teap + K

Where, all the constants are described as follows:

RT

rcap = %T’

_ kg’T?DC, .
T 49v

T

_ kgTD
- 2wk
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In the given equation 2yv/kgT is the length of capillary and K is known as
Damkohler constant. This constant demonstrates the reaction is diffusion or
dependent on the rate. If D <<1, then nuclear diffusion is independent on the surface

reaction.
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Fig.1.11. Rate of nucleation as a function of temperature of crystal growth.
1.2. Theory of nucleation and growth

A number of theories have been represented to describe the method of

nucleation and growth of nanoparticles in solution phase.
1.2.1. La Mer mechanism

This method was first described by the La Mer et al. in the preparation of
sulfur sol colloids from homogenous aqueous medium experiment in 1950.8°8! They
explained the nucleation and growth conceptually by separating in two stages. Firstly,
to produce free sulfur sol from decomposition, solid thio-sulphate, and sulfur sol are
formed in solution. For the better understanding of nucleation and growth by La Mer
method, it can be categorized into three categories. First category comprising the free
monomers concentration in solution, second stage involved the burst nucleation of
monomers, which incomparably decrease the free monomer in solution. The rate has

been determined by the slowest step of this nucleation and after this there is no
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nucleation occurs due to minimization of concentration of monomers at this point and
finally in third category, growth of particle occurring at controlled diffusion of
monomer in solution. All the three categories can be represented by extrapolation of
concentration of monomer with time function. An excellent example of this has been

described in case of silver halides.®?
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Fig.1.12. La Mer schematic.

1.2.2. Ostwald ripening and digestive ripening

This is consider as the method of synthesis of growth initiated by the variation
in solubility of nanoparticles dependent on their size and can be easily explained by
Gibbs-Thompson equation. Because of high surface energy and solubility of smaller
particles in solution, these are re-dissolved and allow the formation of larger particles.
The mathematical explanation of Ostwald ripening mechanism in closed system is
defined by Lifschitz, Slyozov and Wagner.®*®* Digestive ripening and Ostwald
ripening mechanism are reverse to each other. Digestive ripening is more efficient
than the Ostwald ripening. According to digestive ripening system, the growth of
smaller particles is due to the destruction of larger one and it is better explained by the

Lee et al. where related Gibb’s Thompson relation is applicable.
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1.2.3. Finke-Watzky mechanism

This mechanism can be explained in two step where nucleation and growth
occur simultaneously.® In first step, relaxed but continuous nucleation occurs while
in second self-catalytic growth takes place which is not controlled by the nucleation

process.®
A—B
A+B—2B

This mechanism was realized by the reduction of transition metal salt through

hydrogen which was explained by the reduction of cyclohexane.®’

1.3. Factors affecting the growth of nanoparticles

1.3.1. Effect of pH

For the measurement of growth rate of materials with chemical route in
solution phase, the pH value of solution plays an important role in the production of
final product. For e.g. the effect of pH on the ZnO nanostructures has been carefully
measured before and after the growth. G. Amin et al. reported the synthesis of high
density nanostructures in solution phase at pHinitiar (6.6) in 5 hrs. This experiment
indicates in this medium only rod like structure can be developed. Rising the pH from
6.6 to 8, the morphology of ZnO nanostructure materials change from rod like to
tetrapod.®® This can be described by the specialty of hydroxide ion concentration in
the initial solution, providing the growth in anisotropic directions. On increasing the
pH upto 9.1 the growth rate further increased, due to rising in the concentration of

hydroxide ion, which provides a flower like pattern of ZnO nanostructures with thick
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arms in solution phase. On further rising the pH from 9.1 to 12, sea urchins like
nanostructures of ZnO, with a needle length and diameter of ~50 nm is synthesized.
Parallel surface morphological nanostructures were achieved at a pH of 12.5 because
of the formation of tetrahydroxyzincate(ll) [Zn(OH)4]'2 intermediates in reaction
medium. However in acidic medium, large 2-D rods were formed at pH < 4.6, no
growth was achieved when pH value was dropped by the addition of HCI, because of

the fact that etching is dominating over the growth.
1.3.2. Effect of concentration

It is well known that raising or lowering the concentration of precursor of
chemical reactors, ultimately affects the final products. G. Amin et al. reported that
the growth of ZnO nanoparticles in aqueous medium, have found the micro-rod like
structure at high concentration of precursor reactant,® at very low concentration, have
obtained the nanowires and nanorods of ZnO nanostructures.®® This suggested a good
control over the chemical reactants that can be applied to improve the direct resistor
over the dimension of ZnO nanostructures. So from this conclusion more research has
been studied the effect of precursor concentration on the concentration of
nanostructures at constant pH value. On varying the concentration of precursor
density, diameter and length of synthesized nanostructure varies, at higher
concentration produced at micro sized ZnO nanostructures with densely packed along
c axis. Zhu et al. had fabricated the ZnO based core/shell nanostructure by applying 5

mM precursor with a shorter time by modifying the aqueous solution.*
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1.3.3. Effect of temperature

The effect of temperature has an importance over that influence of formation
of nanostructures just advantageous to pH and concentration. The synthesis of
nanostructure materials by physical method involves the highest temperature (350 °C)
but chemical process involves the temperature as usually less than physical method.
Under the most circumstances the fabrication of nanoparticles using in green
nanotechnology needs temperature lower than 100 °C or room temperature. The
temperature of precursor reaction medium controls the nature of synthesized

nanostructures.®
1.4. Semiconductor nanostructures

These have gaining attention due to cause of its shape and size dependent
photo-physical and photochemical properties in various branches of chemistry,
physics and material sciences, which differentiate it from the bulk semiconductor.
They adopt several geometrical properties due to its electronic structure that can
exhibit their conductor, semiconductor and insulator properties. The use of
semiconducting nanostructures in opto-electrical device makes it a special class of
material. These nanomaterials have technological potential for application in various
areas as light emitting diodes and photo detectors, lasers,”® photovoltaic solar cells,***
photocatalyst for water splitting or dye degradation,®*® and biomedical field,*" etc.
For example most of the nanostructures have been used as a catalyst for industrial

applications like oxides as active phase, promoter and support. The various types of

semiconductors with their band-gap values are listed as:
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Semiconductor Band gap energy, (eV)
Diamond 5.4
Cu,O 2.172
CuO 1.20
ZnS 3.6
TiO; 3.03
Sn0O, 3.54
ZnO 3.36
CdSe 1.70
WO; 2.76
Si 1.170
Fe,03 2.3
PbS 0.286
PbSe 1.65
ZrO, 3.87
Ge 0.744
Cds 3.42
Ag-Au NPs 3.75
Ce-Ru NPs 2.76
Ni NPs 3.45

1.4.1. Fundamental theory of semiconductors

In a photoactive semiconductor a number of terms like valence band (VB),
conduction band (CB), traps sites and Fermi level are used. In materials, bands are

allowed energy states in which electrons can occupy in their states. The highest
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energy band filled by electrons are called valence band while the empty energy level,
next to valence band is known as conduction band. Semiconductors have clearly
separated bands than that of metal. The energy difference between the top of valence

band and the bottom of conduction band is called band gap energy (Eg).
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Fig.1.13. Reprsentation of band diagram in semiconductor.

On the behalf of band structure, the band gap energy is classified into two
types, direct and indirect band gaps. For, direct band gap semiconductors, the
minimum energy state of conduction band and maximum state of valence band occur
at momentum at k = 0 (k is a wave vector).®® For, direct band gap can be estimated in

samples like ZnO, SnO,, SnS, and CdS respectively. In case of indirect band gap
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semiconductors, minimum state of conduction band and maximum state of valence
band are not at same k value,” e.g. Ge, Si, GeS etc. The Fermi level is a probability
distribution curve that represents 50 % probability of locating an electron at a given
energy level. For n type semiconductor such as ZnO, the Fermi level is closed to

conduction band.

A semiconductor demonstrates the process of photo illumination. The
radiation of light have more energy compared to band gap of semiconductor, that
excite the electron from valence band to next energy level conduction band leaving
behind the same number of hole in valence band and generate one electron hole pair
known as exciton. The recombination of exciton must be prohibited for the
photocatalyzed reaction. For e.g. ZnO has a wide band gap than semiconducting
materials and hence yield e-h pairs on illumination of ultraviolet light. The presence
of electrons and holes are responsible for the redox activities at the semiconducting
surface. Photo generated electron hole pairs are also delocalized in semiconductor.
These locations are called trap sites. The electron-hole can undergo fast
recombination results in decreasing the effectiveness of semiconductor. The number
of photo generated electrons in ZnO is dictated by ability of surrounding to scavenge

electrons and holes and recombination between photo-generated electron hole pairs.

ZnO + hv— ZnO (e-h")
h* + H,0 —OH + H"
h*+ OH — OH
e +0;,— 07

1.4.2. Quantization effect

The size of nano-conducting materials which are conducting to its Bohr

exciton radius,” corresponds to regime of quantum confinement, for which the spatial
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extent of electronic wave function is comparable with the dot size. The excite Bohr
radius describe the electronic excitation in microscopic and bulk semiconducting
materials determined by the strength of coulombic interactions of electron-hole pairs.
Due to geometrical constraints, electron ambience causes the existence of particle
boundaries and retort to modification in size of particle by adjusting their energy
(discretization of energy level). The systematic mechanism is known as quantum size
effect and it is very well played role in Quantum dots (QDs). As the particle size goes
nearer to exciton Bohr radius, the wave function of electron and hole are confined in
nanoparticles and charge carrier (electron and or hole), and kinetic energy enhances.
So it can be explained as a major reason, for the change in absorbance edge in higher

energy with reduction in size, known as blue shift in absorption spectrum.

Energy Levels

Isolated Silicon Atom vs. Crystalline Silicon Atoms
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Fig.1.14. Representation of band gap analysis in semiconductor.

Semiconducting nanomaterials exhibit distinctive size dependent properties
(quantization effect) that adjust its photochemical, photophysical, photochromic and

optical applications.”? Both the huge (ZnO, TiO,, SnO.) and small band gap exhibit
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this property (CdSe, CdS). So due to quantization effect the initiation of charge,
separation, retention and transfer across semiconductor and its surroundings are

strongly concerned. %%

The existence of surface bound species involves
surrounding electrolytes, sensitizers, like semiconductors, metal and dyes, plays an
active role in determining the mechanism of charge transfer taking place at
semiconductor and surrounding species interface. An irradiation of photon leads to
charge separation in semiconducting nanostructures followed by electron and hole
transfer to the surroundings dictated by the energetic of the surroundings. Further the
defects or vacancies are created in semiconductors largely due to method involved in

their synthesis. These defects plays vital role in their photo-electrochemical and

photo-catalytic behavior of semiconductor.

The abnormality in physical and chemical behavior is due to three main
reasons viz. the size of particle is equivalent to Bohr radius of exciton in metal
semiconductors. It controls optical, luminescence and redox properties of
semiconductors. The atoms present on the surface operate a considerable fraction of
total number of atoms in nanostructures. And in last the comparable size of
nanoparticles as size of molecules. This measures the peculiarities in the kinetics of
chemical process on the surface of nanostructures. Since date the nanoparticles of
Zn0, TiO,, Fe,03, SiO,, Mo0S,, CdS, HgS, GaP, CdsP,, Bils, Pbl, and other

semiconductors have been synthesized and investigated.
1.4.3. Effective Mass Approximation

The quantum size effects are understood on the basis of effective mass
approximation (EMA)'®% and empirical tight binding method (ETBM)'®% as

aside from first principle calculations.
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1.4.4. Anti-carcinomas activities of nanoparticles

A huge amount of literature is vastly describing the metallic nanoparticles to
be diagnosed against anticancerous activities. Metallic nanostructures have
tremendously different physicochemical properties than their bulk. The nanoparticles
due to their pore size and surface area are regarded as a best drug for the treatment of
various fatalities including cancer. This approach is proved to be a best way for the
recognition of nanoparticles as specific drug for the protection, cure and treatment of
fatality caused by this disastrous disease. The advantage of this treatment be
developed as a separate sub-branch nano-organobiocatalysis as a branch under
consideration of nanotechnology. A number of effective procedures like MTT, SRB,
Glutathione, MMP, ROS, DNA damage analysis are seen out in cell lines by

administered micro molar dosages of nanoparticles.
1.4.4.1. Palladium nanoparticles

Since few decades, identification of new cytotoxic compounds led to the
beginning of new therapeutic compounds to diagnose a variety of carcinomas. It is
noteworthy that less than 40 agents were used routinely in clinical stage over 600,000
compounds in testing phase due to limitation of their application as an
anticarcinomous drugs.’®” The application of various anticarcinomous drugs used to
diagnose carcinomas is limited due to their severe side defects like cis-platin has
several undesirable effects on patients suffering from carcinomas due to their
haphazard toxicity to brain, drug resistance, low stability and low solubility in
physiological media. These disadvantages caused an improvement in the synthesis of
novel derivatives with an anticarcinomous activity.'®® *® Many palladium complexes

were synthesized and characterized because of their morphological resemblances with
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platinum based drugs and their anticarcinomous properties, like less renal toxicity.**

112 Chelating ligands with nitrogen, sulphur and oxygen containing donor groups such
as phenanthroline derivatives, N-Heterocyclic carbenes, and Schiff bases enhance the
activity of DPN@LAA_PEG.™ The activity is also increased using lipophilic ligands
which less by improved transferring through cell membranes.*** 2, 2 bipyridine (bpy)
as NN-donor chelating ligands can form a planar complex with transition metal
moieties and act as DNA intercalator.’** > Metal complexes containing lipophilic
ligands bind to DNA which favors via non-covalent interaction such as Vander walls
and hydrophobic forces. Since recent decades considerable attention has been drawn,
directed toward 8-Hydroquinoline (8Q) and derivatives because of diversity in their
biological properties such as antifungal, antibiotic and antibacterial efficiency.'’*!8
Recently transition metal complexes containing 8Q derivatives have been reported
and used in anticarcinomous activity.'*”" % 12122 ynteraction studies of small
molecules with DNA are important for the investigation and the morphology and
function of DNA and designing of novel drug effective against anticarcinomous
activity. Molecules can bind with DNA via three types of non-covalent interactions
like electrostatic binding, metal groove binding, and intercalation binding modes.'?*
124 The drug-protein interaction with blood stream, serum and plasma may cause the
formation of a drug-protein complex that greatly influences the distribution, toxicity
and metabolism of drugs in the body. Albumin is most numerous plant proteins in
class mammals with diverse function in the transportation of substances and in
metabolism and distribution of exogenous and endogenous molecules.’**?” Bovine
serum albumin (BSA) is mainly selected as an adequate protein model for drug-
protein interaction, due to its low cost, availability, morphological resemblances with

human serum albumin and high bonding sites to metal complexes.'?*™*
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Among the noble metal nanoparticles, dendritic Pd NPs capped by PEG and
stabilized by L-Ascorbic acid (DPN@LAA_PEG) is most widely used in diverse
biological applications. Particularly palladium nanosheets covered highly mesoporous
silica NPs composites were found to particularly deliver the drug and affect
carcinomatous cells.*® Likewise, palladium complexes containing sulphone and other
flexible linkages and chloro group possess efficient activity against malignant cells.**
DPNs supported on mesoporous silica SBA-15 and MSU-2 is found to show better
activity against carcinomatous cell lines when compared to other metal based
complexes supported on mesoporous silica.’® Recent decades are witnessing the
interest for transition metal complexes bearing planar extended aromatic ligands has
tremendously risen due to their application as a probe capable to utilize the nucleic
acid structure. Palladium based electrocatalysts have been explored and developed the
diverse morphology and structure™® by various synthesis technologies including

138-1
d, 38-139

hydrothermal/solvothermal ~ synthesis,**’  template  metho galvanic

140 d 140

replacement,**° reverse micro emulsion method'*® and electrochemical deposition.***
A number of eminent scientists, researchers in the global era has witnessed the
formation of DPN@LAA_PEG via numerous synthetic approaches. Ziba Sorinezami
et al. have shown new ultrasonic-assisted palladium nanoparticles as in vitro
evaluation of cytotoxicity and DNA/BSA binding proteins.'® Yanru Yin et al.
demonstrated the synthesis of palladium nanoparticles and their elecrtocatalytic
properties, insight in to the role of polypyrollidone.!** K.I. Dhanlekshmi et al.
demonstrated photocatalytic activity and DNA binding studies of Pd@SiO; core shell
nanoparticles in vitro.'*® Preeti Dauthal et al. demonstrated biosynthesis of palladium

nanoparticles using Delonix regia leaf extract and their catalytic activity nitro-

aromatics hydrogenation.*** Stefanos Mourdikoudis et al. prepared highly porous
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palladium nanodendrimers via wet chemical synthesis, electron tomography and
catalytic activity.**® Hijiang Jang et al. demonstrated graphene-templated synthesis of
palladium nanoplates as novel electrocatalyst for direct methanol fuel cell.**® Stefano
Cataneo et al. has synthesized the highly uniform and composition controlled gold-

palladium supported nanoparticles in continuous flow.**’
1.4.4.2. Iron nanoparticles

Since recent decades iron and iron oxide nanoparticles have shown special
attention in medicines, including in contrast agents, biosensors and carcinomas
treatment.****® A number of methods have been reported for optimization of these
nanoparticles for particle size distribution, morphology and crystallinity.****>* Recent
decades are witnessed, the synthesis of iron and iron oxide nanoparticles in effective
catalytic activity, omitting of unwanted reaction, performance under mild
environment and diverse sort of stereo selectivity in a chemical reaction, hydrolysis,
oxidation-reduction and esterification.">**>> Nanoparticles doped with vitamins, and
enzymes are extensively suited for biomedical assays, food or pharmaceutical
industry considering their substrate specificity, green synthetic approach and ease of
production.’®®***" Hydrolase group of enzymes like lipases, triacylglycerol acyl
hydrolase are a remarkable enzyme that catalyzes the plethora of process of
esterification, hydrolysis and trans-esterification of the compounds establishing the

most sparked biocatalyst for industrial applications.***%

In comparison with
traditional chemical catalysis, enzyme doped materials can meet the environment and
economical wants for their sustainable development. The employment of enzymes

and vitamins as an alternative to chemical catalysts promotes green processes due to

their unique presence including mild reaction condition, biodegradability, high
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specificity, low toxicity and catalytic efficiency.’®®™® The immobilization of
enzymes, vitamins onto various supports has much more potential in biological
applications because it provides a facile separation of reaction media for repeated use
and minimizes the contamination of products.'®®® However one of the drawbacks of
the immobilization process is their mass transfer limitations imposed by some
matrices. So the developing, nano doped inorganic carriers would be an effective
approach for substrate diffusion limitations.’*”*"® Moreover, immobilization process
improved the catalytic importance of enzymes due to decreasing aggregation to the
favourable environment and enhancing the 3D- crystallization of the enzymes which
might protect it again auto-proteolysis and denaturing agents.'”*"*”? Nanoparticles
prepared using plant extract are the best-suited method to effective against the

diagnosis of carcinomas of various organs.
1.4.4.3. Copper nanoparticles

The nanoscale precursors of copper and its alloys have been used in catalysis
e.g. gas shift catalysis and gas detoxification catalysis.'”® The preparation of copper
nanoparticles with controllable size, shape and morphological pattern is vital to be an
effective catalyst. Such abilities fasten the use of copper nanoparticles as the
precursor of reaction that is predominantly dominated to gold, silver and platinum
nanoparticles. There is a number of methods to prepare nanoparticles regarding shape
control specificity to control their shape and size effectively.!™ Due to the presence of
propensity to get oxidize, a key issue is to prepare nanoparticles with controllable
morphological pattern.!”® Recent literature reveals that limited attempts have been
used to prepare copper nanoparticles with controllable shape, size and other

morphological and surface properties.’’® Previous reports on the synthesis of copper
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nano’s have witnessed the organic encapsulation in organic phase,'’” encapsulation of

178

thiol as capping agent'’® and thermal decomposition.'”® Copper nanoparticles

prepared by the above required method has either limited to their size monodispersity

or their susceptibility to getting oxidized. %8

Pileni et al. has reported a chemical reduction of copper ion prepared by the
sonochemical method in mixed reverse micelles to produce nanocrytals with different
shapes and sizes.'®® The shape of the formed nanoparticles was agreed with a
concentration of reducing agents. Low concentration dosed to a spherical shape and
high dosage led to truncated, elongated, cubes, etc. Yanhuwei et al. has demonstrated
the synthesis of stable, low polydispersity copper nanoparticles and nanorods
estimated for their antifungal, anticarcinomatic and catalytic properties.’** The
literature survey witnessed the synthesis of nanostructures with controllable shape and
size at the cardio of modern technology and is important their application in optics,
bio-detection and catalysis.’®* ¥*1% Dunying Deng et al. has demonstrated the
aqueous phase synthesis and conducting film fabrication at low sintering temperature
of copper nanoparticles.®” The literature surveyed to a new application of metallic
nanoparticles offer the possibility of developing new products and paved the way for
new applications. The electronic industry has detected the surface effects and small
size effects for this approach. Recently a considerable influence has been directed to
develop conducting copper nano-inks for printable electronics plastic substrates. %%
200203 \ - Arul Dhas et al. has synthesized, characterized copper nanoparticles by using
thermal reduction and sonochemical reduction of copper(ll) hydrazine carboxylate
Cu(N,H3C00),2H,0 in an aqueous medium.?**?% Derrick Mott et al. prepared size
control and shaped copper nanoparticles using control reaction temperature and

capping agents with different alloy in organic solvents.?%¢2%
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1.4.4.4. Nickel nanoparticles

Nickel nanoparticles (Ni NPs) have received enormous attention due to their
unique property in thermal, magnetic, electrical and chemical applications. They
possess an exceptional capacity for catalysis, super capacitors, additives in oil,
magnetic media for bio-chemicals and many other applications.?”® For economic,
ecological and energy-saving reasons, recycled polyethene terephthalate was used
instead of virgin materials. Based on the previous reports the properties of recycled
polyethene terephthalate did not differ from those of virgin polyethene
terephthalate.?’® A number of eminent philosophers, academicians and scientists are in
approach to prepare a number of nickel nanoparticles (Ni NPs) for their best
characterisation in a field to diagnose a number of various pathological activities like
antitumor, antimalarial and antiphagocytic applications. H. Yin et al. has proposed the
effect of particle size and surface coating on the cytotoxicity of nickel ferrite.?**
Cristina Espace et al. have proposed the toxicity and developmental defects of

different sizes and shaped nickel nanoparticle in Zebrafish.?*?

Angel Ezhilarazi et al.
has reported the green synthesis of NiO nanoparticles using Moringa oleifera extract
and their biomedical applications, the cytotoxicity effect of nanoparticles against HT-

29 cancer cells.?*3

Masanori Horie et al. have proposed ultrafine NiO particles induce
cytotoxicity in vitro by cellular uptake and subsequent Ni(Il) release. Elham S. Aazam
et al. have proposed the synthesis of copper/ nickel nanoparticles using newly
synthesized Schiff-base metal complexes and their cytotoxicity and catalytic

activities.?**

Mohan Prasath Mani et al. proposed the green synthesis of nickel oxide
particles and its integration into polyurethane scaffold matrix ornamented with ground
nut oil for bone tissue engineering.”*> Bahareh Moazzenchi et al. has proposed the

click electroless plating of nickel nanoparticles on polyester fabric, electrical
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conductivity, magnetic and EMI shielding properties.”*® Fatemeh Mohammad khani et
al. proposed the microwave absorption and photocatalytic properties of magnetic
nickel nanoparticles/recycled nickel nanofibres web.”*® Bushra Bashir et al. has
proposed the copper substituted nickel ferrite nanoparticles anchored on graphene
sheet as an electrode materials for super capacitors fabrication.”* Jyoti Chaudhari et
al. has prepared the synthesis and biological function of nickel and copper
nanoparticles.”” So inspiring from the above literature the Ni NPs has been prepared
with a mesoporous range were synthesized by using the sonochemical method. The
mesoporous range of Ni NPs was prepared by using the grafting with polyethylene
glycol (PEG) and coating of L-Ascorbic acid added on the nickel coordinated
complete to obtain a homogenous solution.””>?** The Ni NPs grafted polyethylene
glycol (PEG) and coated on L-Ascorbic acid (LAA) were finally fabricated by the
thermal spinning.”*?* Further the morphological characterisation with like size
estimation analysis and further biological adaptability has been estimated against

breast carcinoma cell lines MCF-7.22%2%

1.4.4.5. Silver and Gold nanocomposite

Silver and gold nanocomposites are widely used for the industrial and
biomedical applications.?** However, several studies revealed that nanocomposites
cause injuries to a biological system.?*>?*° Till then little has been known concerning
the interaction of nanocomposites with living cells.?***** Nanocomposites have small
sizes to cellular components or proteins and thus may bypass the natural barriers, such
as cell membranes, possibly returning in harm to living cells.?****" Therefore, further
understanding is necessary considering that these nanocomposites may cause adverse
effects on living cells.?®*! Silver and gold nanoparticles are two versatile

constituents in biomedical and immunological applications. Gold nanoparticles (Au
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NPs) can easily bind with amine and thiol group that has enabled the surface
modification with amino acids®* and DNA.?*%' On this approach, gold
nanoparticles (Au NPs) are widely used for cell tracers,®® biodiagnostics,?*°

2002% drug  delivery,®® and biosensing.”” For the

transfection  vectors,
biocompatibility of the clinical application of gold nanoparticles (Au NPs) is crucial.
Au NPs with size range from 14-100 nm were taken up into mammalian cells and did
not indicates any cytotoxicity.?°®2"® The kinetics of cellular uptake was demonstrated
to depend on the physical dimension of gold nanoparticles (Au NPs). Connor et al.
reported that gold nanoparticles (Au NPs) in a diameter range of 18 nm containing a
variety of surface modifiers were taken up by cells without causing cytotoxicity.?”*
Au NPs in range of 3.5 nm capped by lysine or poly (L-lysine) were found to be bio-
compatible and not-immunogenic.?”>?** Pernod et al. reported that the presence of
intracellular Au NPs in a size range of 13 nm reduced actin stress fibers and induced
major adverse effects on cell viability. Goodman et al. demonstrated that cationic Au
NPs were moderately toxic whereas anionic Au NPs were nontoxic.?®> The
cytotoxicity of Au NPs was variously described as toxic and nontoxic depending on
size, concentration, surface modification and surface charge. The remarkable anti-
immunological activity of Ag NPs is a major advantage for the development of
products. For medical treatment, Ag NPs were coated on or embedded in the wound
dressings, contraceptive devices, surgical instrument and bone-prosthesis.?®*?®° Since
the applications of Ag NPs become more widespread in medicines, the exposure of
Ag NPs in the body increases and the consequent toxicological issues becomes
important. Several studies report that Ag NPs significantly decreased the functions of
290-296

mitochondria and induced cell-necrosis and apoptosis for several cell types.

However, research into the interaction of Ag NPs with cells has been limited.
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1.5. Objectives of present work

In view of recent reports on nanoparticles and composites, author has extended
the research work on synthesis and anti-carcinomas activities of some selected

nanoparticles/nanocomposites
The main objectives of research work include:

= Synthesis of nanoparticles, nanostructures and nanocomposites by wet
chemical methods using co-precipitation/sonochemical approach.

= Characterization of nanomaterials by various physico-chemical, spectral
and electron microscopy techniques like UV-visible spectroscopy, FTIR
analysis, XRD analysis, SEM, FESEM and TEM, Raman spectroscopy
analysis for the morphology of the formed nanoparticles, particle size
distribution, Zeta potential analysis, BET surface analysis for their pore
size calculation.

= And in last, the prepared nanomaterials are treated with cancerous cell line
passage analysis to examine the effectiveness of nanostructure materials as
drug at various concentrations to confirm their cytotoxicity; ICso value,
SRB analysis, Glutathione treatment, mitochondrial membrane potential,

(MMP), DNA damage and Apoptosis.
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Characterization Techniques, Materials and
Methods

This chapter incudes a number of characterization
techniques used for the identification of nanostructures/
nanoparticles and nanocomposite materials. The crystallinity,
phase with lattice strain and purity of materials are examined via
X-ray diffraction analysis, morphological characterization via
SEM, FESEM and TEM analysis, surface area measurement
with BET analysis, SERS analysis to determine the shift in
frequency, absorbance value has been detected with UV /Visible
spectroscopy and functional groups presence has been analyzed
with FIIR, spectrometer and dynamic [ight scattering-zeta
potential for particle size analysis and surface charge on surface
of nanoparticles. The formed nanoparticles/nanostructures and
nanocomposite materials have been tested for the degree of
cytotoxicity against carcinomatous cell fines.

Instruments are proved as a warrior in the field of
experimentation, which help in established Rey role for sworded
their importance.




Chapter 2

Characterization techniques, materials and methods

2.1. General experimental methods and techniques

All the basic materials employed for the fabrication of nanostructure materials
were of analytical grade, purchased from the Sigma Aldrich, Fisher Scientific and
Merck India chemical supplier, and were used without further chemical purification.
The details of tentative method, accepted analytical process, materials required,

application of cytotoxicity application etc. are defined in this chapter.

2.2. Materials required

Palladium chloride (PdCl;), Copper chloride (CuCly), Iron sulphate
(FeS0O4.7H,0), Nickel chloride (NiCl,.6H,0), Silver chloride (AgCl) and gold
chloride (AuCl3), polyethylene glycol (PEG), L-Ascorbic acid (LAA), deionized

water etc.

For cytotoxicity measurement there is requirement of 10 % (w/v) TCA, 1 %
(v/v) acetic acid, 0.057 % SRB in 1 % (v/v) acetic acid, 10 mM un-buffered Tris base

solution.

2.3. Analytical methods

2.3.1. UV-visible spectroscopy

The UV-visible spectroscopy is commonly known as adsorption or reflectance
spectroscopy and has shown its absorbance in ultraviolet visible spectral region.
Amongst all techniques, it is considered as one of the best technique to determine
electronic structure of free atom or colloidal form of nanostructure materials in

frequent and in most simple way. This technique is correlative to the fluorescence
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spectroscopy, in that fluorescence measures spectroscopic transition from excited to
the ground state, at the same time adsorption deals with adsorption from ground to an
excited state. When an electromagnetic radiation passage over the free or colloidal
state of material, a fraction of radiation absorbed, by virtue of energy absorption,
atoms or molecules excite from ground to first excited state giving absorption
spectrum. The fraction of radiation that is absorbed has energy that is equal to path
difference between the ground state and first excited state known as band energy.
When the energy of incident light (hv) is greater than that of band gap (Eg) of
semiconductor (hv > Eg) then valence band excite into the conduction band and the
percentage of light absorbed by the particular semiconductor depends on the transition
probability of electrons between the valence and conduction band. The probability
strongly depends on the semiconductor band structure. The optical properties or
optical absorption of the nanostructure semiconductor material can also be
demonstrated by the UV-visible spectroscopy via the intercommunication between
electromagnetic radiation and semiconducting materials. The optical absorption
phenomenon is responsible for electronic transition in semiconductor material through
interband and intraband transition, or via impurity and lattice defects. The first type of
optical phenomenon involves the absorption of photons which involves the energy
greater or equal than band gap energy of a semiconductor. This type of optical
absorption is called the process of fundamental edge or interband absorption. The
fundamental absorption edge energy is determined by the semiconductor band gap.
The fundamental or interband absorption band phenomenon is typically followed by
an electronic transition through the forbidden gap, correspondingly excess electron
hole pairs are generated in semiconducting nanostructures. The absorption coefficient

is commonly very large because of interband transition.*?
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Fig.2.1. Image of UV-visible spectroscopy

The absorption band changes into very small, when the energy of
electromagnetic radiation drops lower the band energy of semiconductor. In this
circumstance, another type of optical absorption takes place which is the result of
electronic structure within the allowed energy state in semiconductor material and is
known as free carrier absorption process. Absorption of photons with energy
underneath the band gap energy of semiconductor may also lead to an electronic

transition from localized impurity state to the conduction or valence band states.’
The relation between the absorbance and concentration has been explained by
the Beer-Lambert law” as:

T =—
Iy

4 = tog ()= tog(7) =
= log (7)=log| ;)= ec

Where T is the transmittance, lp is the intensity of incident light, | is the
intensity of transmitted light, A is absorbance, € is molar extinction coefficient, | is the

path length and c is the concentration.

The schematic presentation of UV-visible spectrophotometer contains source
(hydrogen/deuterium, tungsten/halogen discharge lamp), wavelength selector

(diffraction gratings), sample, solvent and detector. A beam of monochromatic light is
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divided into two beams, one of the fragments light is passed through the specimen and
other passed to reference cell, two beams are collected to detectors when they are
analyzed. The optical absorption and transmission spectra are recorded using a Carry-

100 UV-visible spectrophotometer in 200-800 nm range.
2.3.2. Fourier Transform Infrared spectroscopy (FTIR)

This is the most broadly used technique for the characterization of
nanostructures. It is the most widespread characterization technique to investigate the
IR spectra, absorbed by the sample, when it kept in path of IR radiation source.” The
infrared spectrum performs only when the vibration amongst the bonded atoms
provide a permanent change in electric dipole moment of molecule or material. It is
well understood that more polar the bond, more intense will be the IR spectrum
arising from the vibration of bond. The information concerning structure, symmetry,
bond length, inter and intra molecular interactions etc., are obtained from IR spectra.
Therefore IR spectroscopy is operating to recognize the type of bond between atoms
of a molecule and consequently identifies functional groups like -OH, COOH, NH,
and CH, etc. The intensity and spectral position of IR absorption allow the
identification of structure of molecule. Solid, liquid and gaseous samples can be

characterized by this technique.

The entire infrared spectrum of polyatomic molecule can be divided into the
functional group region and fingerprint region. The functional group region is
generally considered as 4000 to 1500 cm™ while fingerprint region has been ranges
from 1500 to 400 cm™. The fingerprint region® involves usually bending vibrations
that are characteristics of entire molecule or fragments of molecule and are used for
the identification. The functional group region mainly includes stretching vibration

that is localized and characteristics of typical functional groups found in organic
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molecules.® These are not very useful to confirm its identity, but provide useful

information about the components of sample.

Schematic diagram of FTIR spectrometer

Fig.2.2. Image of FTIR instrument.

IR spectroscopic technique mostly encloses a source, a monochromator and
detector. IR source provide a high radiation energy output in IR region. The most
frequently used source in the production of IR is Nernst Glower and Glober.” The
deuterated triglycerine sulfates (DTGS), L-alanine doped deuterated triglycerine
sulfate (DLaTGS), mercury cadmium telluride (MCT) are generally used detectors in
IR spectroscopy. DTGS detectors have significantly lesser sensitivity as compared to
MCT detectors, which have to be cooled typically using liquid nitrogen. The basic
description of source, monochromator, filters and detectors has defined by Colthen et
al. In FTIR spectral analysis, the dispersive device, prism and monochromators are
replaced by interferometer. The beam splitter splits the radiation into two beams that
are reflected back from mirror to beam splitter. The recombined beam at beam splitter
provides interference. If a beam passes through the sample, absorption cause gaps in
frequency distribution: one mirror of the interferometer is moved towards and away
from the splitter at a constant speed. The detector sees time domain signals
(interferogram), which convert to frequency domain by Fourier transform using

software and computer. It is faster and sensitive system than the older dispersive
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instruments. FTIR measurement has high resolution, high signal to noise ratio and

higher accuracy.
2.3.3. Powder X-ray diffraction

The powder X-ray crystallography is an important non-destructive analytical
technique for investigation of chemical and physical features of nanostructure
materials, to explore atoms in crystalline phase and interatomic distances and angles
etc. It also endows evidence about the preferred crystal orientation and phase and
other structural constraints such as average particle size, crystallographic unit cell,
crystal defect and crystallinity.®® In this characteristic technique, a beam of
accelerated electrons colloid with metal target to produce X-rays. In this procedure
inner electron moves down to fill vacancy and emit X-rays. X-rays have wavelength
in angstrom (A), which is the characteristic range of distance inner atoms in
crystalline solids. The beam of X-ray have similar wavelength that interacts on a
material (single crystalline or amorphous powder) of the nanostructure under

investigation.

Tyl schamo of 2 BragyBrantand iype difactomotyr

Fig.2.3. Image of XRD instrument
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The diffraction pattern is the outcome of interaction among the X-rays and
inner electrons of atoms. On behalf of arrangement of atoms, retardation between the
scattered rays is profitable, when path between the two diffracted rays is different
from an integral number of wavelengths. The situation is illustrated by the Bragg’s

equation and is given by'?:

nd = 2d Sinf

Where, n is an integer quantity, A is the wavelength of X-ray, d is the space
between the planes in atomic lattice, 0 is the diffracted angle between X-rays and
atomic planes. This law represents a relationship between wavelength of incident X-
ray, diffraction angle and lattice distance in crystalline material. The diffracted X-ray
from the material is then perceived, refined and counted. By scanning the material
through a range of 20 angle, all possible diffraction directions of lattice should be
obtained because of random orientation of powdered sample. The conversion of
lattice peaks to d-spacing allows identification of samples because each sample has a
set of unique d- spacing with joint committee on powder diffraction standard

(JCPDS).
Applications

The mean size of crystalline material can be calculated by adopting the full
width half maxima (FWHM) of diffraction peaks by applying the Scherrer’s
equation™® is given by:

D 0914
~ Bcosb

Where 0.91 is the value of shape factor, A is the wavelength of X-ray which is 1.5406
nm for the CuKa, B is the FWHM of diffraction peaks, measured in radians and 0 is

Bragg’s angle.
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The bond length and volume was calculated from the unit cell for the prepared

material with the help of given equation®?:

A S
B EAV I

a? N
zZ = —
3c?

AN

V = 0.866a%c
Where a and c are lattice parameters that are determined by the following

expression™:;

1 4<h2 + hk + k2> [?
C

d2 3 a?

The microstrain, (€) present in the material also be calculated by using the

following relation™*;

_ BCosb
4

€

The dislocation density, (8) in the nanoparticle was estimated by the

Williamson and Smallman equation®>:

Where n is constant usually close to one.
2.3.4. Transmission Electron Microscopy

It is a powerful technique, developed in 1930 for obtaining the information of
morphology, size, crystal structure, and defect structure of the prepared material.*® It

is direct and most advanced most important technique for imaging the nanostructure
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materials. The energy of electron for imaging and diffraction pattern decided by the
de’ Broglie wavelength i.e. A = h/p, where h is a Plank’s constant and p is the
momentum of electron. In an experimental pattern, a thin sample typically less than
200 nm, is bombarded by the high energy level ( few hundred keV) and focused
electrons of very short wavelength emitted from the tungsten filament at the top of
cylindrical column of height of about 2 m.""*® These bombarded electrons scattered
or backscattered elastically or in-elastically or produce many interactions between the
fast electron and atomic electron. An image is formed from the electron, transmitted
through the sample, the image is stretched and focused onto an imaging device such
as fluorescent screen or on a layer of photographic film and detected by a detector
such as CCD ( charge couple device) camera. The back scattered electron give
diffraction pattern to obtaining the information of structure of materials, including
perfect crystal and defect structures. The preference of electron diffraction over other
methods i.e. X-rays or neutrons are due to the generation of extremely short
wavelength (2 pm), the strong atomic scattering and more capability to scrutinize

insignificant volume of matter ( 10 nm).**

When we consider the schematic ray diagram of the TEM analyzer, an electron
gun (electron source) generated electron beam, and confined through the condenser
lens, passes the condenser aperture and strikes the sample, which is ultra-thin and
most of un-scattered electrons are transmitted through the materials with some
undergoing deflection as a result of elastic and inelastic scattering. The scattered and
un-scattered electrons are then recombined through the objective lens forming either a
first intermediate image or a diffraction pattern in back focal plane. The image of
diffraction pattern will be further magnified by an intermediate lens, and by altering

the projector lens, an enlarged image or diffraction pattern will be focused and
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projected on the fluorescent screen or reduced on a digital camera (CCD). TEM
microscopy has dominance over other, because it can’t obtain the image of sample but
diffraction pattern also, which be enable to make crystal structure analysis of the
sample. So using diffraction analysis one can find the size dependent changes in
lattice parameters, defects etc. in sample. It is also possible to analyze single particles

of very small dimension (nanometer).
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Fig.2.4. Image of TEM instrument.

High resolution TEM is capable of providing the atomic resolution lattice
images. In case of HRTEM images are formed because of phase difference in
scattered electrons waves through a thin specimen. The emergence of HRTEM has
allowed the direct reconstruction of Bragg’s differential electron beams to create an

interference pattern.?
2.3.5. Scanning Electron Microscopy

It is frequently used characterization technique that applied to beam of electrons to
obtain high enlargement of three dimensional images for the morphological and
topographical studies of material and surface on a micrometer and sub-micrometer

scale. It can also provide information about the elemental composition of sample by
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an additional part of this technique known as electron dispersive X-ray spectroscopy

(EDS).

In the experimental process, the electron beam of high intensity generated

from the electron gun,??

passes through the electromagnetic lenses and strikes a
point on the sample, the molecules in the materials are strikes on sample, and excites
to high energy level, because of the number of effective collision between generated
electron beams and atoms in the molecules of materials will occur, which causes the
production of secondary electrons. Many secondary electrons are created by inelastic
interactions between incident electrons and weakly bound conduction band electron in
atom of samples. Secondary electrons possess very small kinetic energy (5 eV).
Hence, average distance that a secondary electrons travels in solid is less than 2 nm.
Apart from secondary electrons, backscattered electrons, characteristic X-rays and
various energy of photons are also produced.”® Backscattered electrons are also
generated by elastic interaction (diffraction angle > 90) between the incident electrons
and nucleus of atom in sample. High energy backscattered electrons can penetrate
deeper than secondary electrons in solid sample. The penetration depth is strongly
dependent on the specimen’s atomic number (Z), decreases with increasing (Z). The
secondary as well as backscattered electrons have comparatively low energy and can
conveniently gather by detector. The detectors tallies the number of electrons released
from the specimen and resulting pattern produces a three dimensional image of
morphology and topography of the sample on the screen of the detector.
Compositional analysis of the material may also be achieved by observing X-ray
produced by the interaction of electron and interaction specimen. Scanning takes
place at lower pressure so that electrons are not scattered by gas molecules inside the

chamber.
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Fig.2.5. Image of SEM instrument

2.3.6. Brunauer Emmett Taylor (BET) surface analysis

This method is applied to recognize the physical adsorption of gas
molecules® on the surface of nanostructure materials and assist as a fundamental
technique for an estimation of surface area analysis of nanoparticles expressed in m%/g
per unit volume. The BET method is applied to multilayer adsorption of materials and
commonly used those gases which do not react to the surface on nanoparticle
materials act as adsorbate for the measurement of specific surface area. Nitrogen gas
is specially used as adsorbate for the surface inquiry by BET method. The tenet of
BET surface area examination is an augmentation of Langmuir theory based on
adsorption theory of monolayer to multilayer adsorption with some hypothesis such as
gas molecules adsorb on materials with infinite layers and adsorb gas molecules can

interact with adjacent layers only. The BET equation can be represented as:

1 _(c—l)ﬁ 1

v@o/P) -1} VmC Do UmC

Where p is the equilibrium pressure, po is the saturation pressure of nitrogen gas as
adsorbate at a temperature of adsorption, v is the total quantity of gas adsorbed, vy, is
the quantity of gas adsorbed on monolayer and c is the BET constant, which can be

expressed as:
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El —EZ)

c = exp( RT

Where E; represents the adsorption of heat on the first layer and E; is for second and

higher layer. So from an equation of adsorption isotherm graph is plotted between

against pﬁ This plot is known as BET plot. To obtain linear graph, the

{v(po/p) - 1} 0
value of p/py is 0.05<p/py<0.35. From this, the value of slope (S) and intercept (1)
measure the gas quantity (vm) of adsorbed monolayer gas and BET constant, ¢ used

following equation.

1
Vm = 51
)
€= i

The total area (Siwwr) and specific surface area (Sger) is measure with the help of the

following equation:

U, Ns

Stotal = %
_ Stotal

SBET - a

Where vy, is the volume unit, N is the Avogadro’s number, S is the cross
section surface area of adsorbed gas and V is the molar volume of adsorbate gas

amount in nanomaterials.
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Measuring surface area with BET —
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Fig.2.6. Images of BET instrument.

Barrett-Joyner-Halenda (BJH) measurement can also be applied to calculate the pore

size and specific pore volume by adopting adsorption and desorption method.
2.3.7. Surface Enhanced Raman spectroscopy (SERS)

The surface enhanced Raman spectroscopy (SERS) is a powerful technique for
investigating the chemical reaction on metal nanoparticles surface.>’® In past few

11-13 and nano-assemblies* ™ with both

years, number of bi-functional nano-hybrids,
SERS and catalytic activity have been reported. SERS detection of catalysis is limited
to very few models, including the prominent reaction of 4-nitrothiophenol (4-NTP)
and 4-aminothiophenol (4-ATP).***® As a surface sensitive and molecule specific
method.?>?! SERS monitoring of catalysis should not only focus on model reaction
but also find applications in NP catalyzed Suzuki reaction to answer the fundamental
question of whether the catalyst is homogenous and heterogeneous. The Raman
scattering has been prescribed by the German physicist A. Smekel in 1923. It was
observed by C.V. Raman and K.S. Krishnan in 1928. The Indian Scientist C.\VV Raman

won the Noble Prize in Physics in 1930 for his work on the scattering of light and for

the discovery of Raman Effect.
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Fig.2.7. Image of Raman instrument

This theory stated that when a molecule, excited to the higher unstable
vibrational state, returns to the original vibrational state, we get Rayleigh scattering. If
it returns to a different vibrational state, which gives rise to Raman scattering (Stokes
lines).”® When the molecules initially in first excited vibration state is promoted to
higher unstable vibrational state and return to ground state, this again gives rise to
Raman scattering (anti-Stokes lines).” This the Raman spectrum of a molecule
consist of Stokes and anti-Stokes lines, situated symmetrically about the Rayleigh

line.

The Rayleigh line is far more intense than Stokes lines which in turn have
greater intensity than the anti-stokes lines.?” The anti-stokes lines are difficult to
observe in conventional Raman spectroscopy because they correspond to the return of
the molecule from unstable excited vibrational state to the ground state and initially

there are very molecules in the excited vibrational state.?
E-E = h(V—=") = M Vggman = hcAVraman

The shift in frequency, (v-v’) is called Raman shift. It falls in range of 100-
4000 cm™ for vibrational energy changes. These values are similar for rotational

energy changes. Since ¥= 1/, we have®:
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8
p(em™1) = %(A)

Hence Raman shift (in cm™) is given by*:

10® 10®
A —
lexc ( )

(4

AVgaman (Cm_l) = 1
Raman

Where ey IS the wavelength correspond to the exciting (incident) frequency.
2.3.8 Dynamic Light Scattering (DLS) @ Zeta potential

The standard technique used to analyze the measurement of polydisperse
samples has completed via intensity-intensity autocorrelation function of scattered
light, described in terms of distribution of decay rates. It provides a method of
distribution and information about the dispersed particles, their ranges and peaks
intensity. However, the method doesn’t permit the independent determination of a
long time baseline of the intensity correlation function and can lead to inconsistent
results when different data are included. The different version of the methods is

compared by analysis of data for polydisperse- vesicle samples.

The dynamic light scattering (DLS) technique measures motion optically by
recording the scattered light signal at a fixed angle. These particles are illuminated
with a monochromatic coherent light source (laser) and light scattered by particles is

recorded.

Principles

Several backlight systems dominate the power requirement of battery-operated
handheld devices with the color thin filmed transistor (TFT), liquid crystal display

(LCD). The introduction of dynamic light scattering analysis (DLS) of the backlight
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with an appropriate image concentration provides an effective analysis for the
determination of the size of materials in terms of their polydispersity index (PDI)
value. The particles size of the dispersed particles has been elucidating from the given

formulae:

kT
~ 3mndP

Where k is Boltzmann's constant, T is absolute temperature, 1) is viscosity.

Fig.2.8. Dynamic Light Scattering (DLS) @ Zeta potential

Zeta potential

This method describes the measurement of electrostatic potential at the
electrical double layer surrounding around nanoparticles solution. This is referred to
zeta potential analysis. Nanoparticles have value in range of -10 mV to + 10 mV are
approximately neutral. Nanoparticles having zeta value greater than +30 mV and
lesser than -30 mV are completely cationic and anionic respectively. Since most
cellular membranes are negatively charged, zeta potential can affect a nanoparticle’s
tendency to permeate membranes, with cationic particles displaying more toxicity

than associated with cell disruption.
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Fig.2.9. Zeta potential analysis.
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Chapter 3

Effect of reaction temperature on shape evolution of palladium

nanoparticles and their cytotoxicity against A-549 lung cancer cells

Abstract

Different shapes and sizes palladium nanoparticles (Pd NPs) have been synthesized
by reducing potassium tetrachloropalladinate(ll) by L-ascorbic acid (AA) in aqueous
solution phase in the presence of an amphiphilic nonionic surfactant poly ethylene
glycol (PEG) via sonochemical method. Materials have been characterized by XRD,
SEM, TEM, EDX, FTIR, SERS, particle’s distribution and zeta potential studies.
Truncated octahedron/fivefold twinned pentagonal rods are formed at room
temperature (25 °C) while hexagonal/trigonal plates are formed at 65 °C. XRD results
show evolution of anisotropically grown, phase pure and well crystalline face
centered cubic (fcc) Pd NPs at both temperatures. FTIR and SERS studies revealed
adsorption of ascorbic acid (AA) and poly ethylene glycol (PEG) at NP’s surface.
Particle's size distribution graph indicates formation of particles having wide size
distribution while the zeta potential particle's surface is negatively charged and stable.
The truncated octahedron/fivefold twinned pentagonal rods shaped Pd NPs, formed at
room temperature while thermally stable and kinetically controlled hexagonal/trigonal
plate-like Pd NPs have been evolved at higher temperature 65 °C. The obtained Pd
NPs has a high surface area and narrow pore size distribution. To predict protein
reactivity of Pd cluster, docking has been done with DNA and lung cancer effective
proteins. The cytotoxicity of the Pd NPs has been screened on human lung cancer
cells A-549 at 37 °C. The biological adaptability exhibited by Pd NPs has opened a

pathway in biochemical applications.

Keywords: Pd nanoparticles; electron microscopy; BET; XRD; docking; cytotoxicity.
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3.1. Introduction

In the last few decades, mesoporous materials have gained enormous attention
of various scientists globally in both industry and academia because of their high
surface area, tunable pore size, uniform and narrow pore size distribution."* On
account of these properties, mesoporous and nanoporous materials have shown high
demand in various fields such as energy storage®, catalysis*®> and biomedical
applications.®’ In the past, desired shapes nanoparticles, like spherical, films, rods,
tubes etc., with mesoporous structures have been prepared by soft template method
like self-assembly of micelles.® On the other hand, in hard template method, the
targeted materials are deposited in the confined spaces of a template with the desired
morphology.® Since soft template method is simple and easy approach, hence it is
favourable for the generation of desired shapes nanoparticles using low molecular
weight molecules like Brij 58, PEG etc. and high molecular weight amphiphilic

molecules, e.g. triblock copolymers as pore-directing agents.

In recent years nanotechnology has shown enormous potential in the
biomedical field as therapeutic mediators for many diseases, including cancer.*® In
this regard, metal nanostructures have shown great interest due to their size, structure
versatility, and optoelectronic properties.** Since the introduction of catalytic
converters in the USA in 1975 and in Europe in 1986 (Wiseman and Zereini 2009),
platinum group metals have shown increasing demands particularly in the area of
electronics and catalysis. The latest research demonstrate that palladium (Pd)
nanoparticles have widely been used in catalysis, (e.g. oxidation/reduction of

14,15

1,12 stereochemical oxidation of ethano

methano |13

redox organic reactions,
sensors for detection of various analytes,'® hydrogen generation/storage, methane

combustion, supercapacitors, lithium-ion batteries and in biomedical applications."’
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Kyubin Shim et al. synthesized dendritic platinum nanoparticles and demonstrated
their cytotoxicities against human embryonic kidney cells.® Unciti-Broceta et al.
demonstrated  that the prodrugs 5-fluoro-1-propargyluracil’® and  N-4-
propargyloxycarbonylgemcitabine?® are independently harmless, however, when
separately combined with Pd(0)-glycol-polystyrene resin these prodrugs exhibited
anti-proliferation properties compared to the unmodified drug in colorectal and
pancreatic cancer cells. However one of the major limitations, in the case of metallic
NPs is their nonspecific untargeted toxicity. Huang et al. used ultra-thin (1.8 nm)
hexagonal Pd nanosheet with 41 nm edge for cancer photothermal therapy (PT). The
nanosheets were able to kill 100 % liver cancer cells after 5 minutes irradiation of 808
nm laser, showing size dependant and tunable absorption peaks in the NIR region and
exhibited high biocompatibility in the absence of irradiation. More interestingly, these
Pd nanosheets exhibited better photo-stability than Au and Ag nanostructures.*
Balbin et al. reported high cytotoxicity of mesoporous silica-supported Pd NPs
against four human cancer cell lines, simultaneously displaying catalytic activity for
C-C bond formation via Suzuki-Miyaura cross-coupling between small molecules.?
Pranesh Kumar et al. prepared (polylactic-co-glycolic acid)- loaded nanoparticles
betulinic acid for improved treatment of hepatic cancer and showed in vitro and in
vivo evaluation.?® Several structural modifications have been proposed to improve
biomedical efficiency of Pd nanoparticles.?>** Porous Pd nanoparticles(22.8 nm) were
also recently reported as attractive PT agents with PT conversion efficiency as high as

93.4%, which is comparable to typical Au nanorods.?®

There is high interest to expand the applicability of Pd nanoparticles, therefore
it is highly desirable to synthesize shape and size-controlled Pd NPs for excellent
performance in biomedical applications. Generation Pd nanoparticles using

amphiphilic molecules (non-ionic surfactants) via sonochemical process is a novel
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and rapid approach to tune the kinetics of the reaction. In this investigation,
mesoporous Pd nanoparticles have been prepared via sonochemical route and their

cytotoxicity has been screened by using the culture of human lung cancer cells A-549.

3.2 Materials and Methods

3.2.1 Materials

Analytical reagent grade potassium tetrachloropalladinate (1) (K,PdCly),
polyethylene glycol (PEG) and L-ascorbic acid (AA, CgHgOg) were purchased from
Sigma-Aldrich and used without further purification. De-ionized water and ethanol

were used as solvents in this study.
3.2.2 Synthesis

In the two different vessels, 10 mL solutions of 0.1 M K,PdCl, were prepared,
and 10 mL aqueous 0.1 M ascorbic acid (AA) solutions were added to each vessel.
Further, 1 mL of 50 mg/L aqueous PEG solutions were added to each reaction
mixtures. The two solution mixtures were reacted at room temperature and 65 C,
respectively, for 30 minutes with thorough ultra-sonication (220-240V, 50-60Hz).
After the reactions, the products were collected by centrifugation and washed several
times with de-ionized water and ethanol to remove residual surfactant and excess

reactants.
3.2.3 Characterization

The X-ray diffraction patterns of the obtained products were recorded on
Pananalytical’s X Pert Pro X-ray diffractometer in the 26 range 10 to 80° with a step
size of 0.025°. Scanning electron microscope (SEM) images of the materials were

observed on JEOL 6490 LB equipment at operating electrical energy of 3 kV.
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Particles shapes and sizes of the materials were further examined on JEOL-2100
transmission electron microscope (TEM). The zeta potential of Pd nanoparticles
(formed at room temperature) was measured using a Zetasizer ZS90 (Nano series
Malvern Instrument) at room temperature. Dispersion of nanoparticles was sonicated
for 20 minutes and diluted to make a solution with concentration 80 pg/mL in
phosphate buffer saline (pH = 7.4). The particle size and size distribution were carried
out on a Zetasizer ZS90 (Nano series Malvern Instrument). SERS spectrum of Pd
nanoparticles, formed at room temperature, was recorded on NSCOM/Raman/
Confocal/AFM used for UV/lithography (200 nm) and near field imaging of features
as small as 100 nm Raman spectra and imaging for an excitation wavelength of 532
nm with an extinction coefficient of 8000 M™*cm™. FTIR spectra of the products have
been recorded on Perkin Elmer Spectrum two instrument. UV/Vis data were collected
on a Shimadzu UV-3600 spectrophotometer. Brunauer-Emmett-Teller (BET) analysis

of the materials was recorded on Belsorp-mini Il instrument.
3.2.4 Cytotoxicity Test

The culture of A-549 human lung cancer cells (~ 200000 cell mL™) were taken
in 10 % fetal bovine serum (FBS)-supplemented Dulbecco's Modified Eagle's
Medium (DMEM) in a 24-well microtitre plate. Different amounts of Pd NPs (formed
at room temperature) were suspended in deionized water to make solutions with
concentration from 10 to 60 pug mL™. Homogenization of each solution was carried
out with an ultrasonic processor (LABSONIC® M, Sartorius Stedim Biotech GmbH)
for 15 minutes and added separately to cultures, keeping one blank as reference. The
cultures were incubated for 24 hours in an incubator with 5 % CO; in a humid

atmosphere at 37 °C. After incubation, the cells were removed from the culture by
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trypsinisation and washed a coupled by Dulbecco’s phosphate-buffered saline (PBS;
pH: 7.4) to remove the residual presence of serum. The cells were again suspended in
PBS, and aliquots of 20 pL were prepared from all the cultures. Equal amounts (v/v)
of pre-filtered 0.4 % trypan blue stain added to the aliquots, and were put aside to
settle for 1 minute. To determine the cell viability, the samples were observed on an
inverted microscope in a Fuchs-Rosenthal Haemocytometer. The results of
cytotoxicity were expressed by plotting cell viability histogram and curve and

analyzed by ICs value.

3.3. Results and Discussion

3.3.1. Characterization of Pd nanoparticles

When the solution containing [PdCl4]* complexions were treated with AA at
room temperature, the solution turned black within 30 minutes, indicating a reduction
of [PACI,]* complex ions is completed in this period. This reaction was monitored by
UV-visible absorption spectroscopy experiment shown in Figure 3.1. Before
formation of Pd NPs, absorption band corresponding to the Pd complex was clearly
detected at 424 nm, which completely disappeared after reaction, indicating that the
complex ions are changed from Pd*? to Pd(0) owing to their reduction by AA.*
Moreover, the spectrum of the sample shows broad continuous absorptions in the UV-
visible range which is characteristic of the reduced Pd NPs as reported earlier.?’ On
increasing reaction temperature at 65 °C virtually no alteration in spectral profile has

been observed. The yield of this reaction was approximately 91.84 %.
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Fig. 3.1 UV-visible absorption spectra of K,PdCl, and Pd NPs synthesized at

room temperature (RT) and at 65 °C.

To observe the adsorption of organic molecules on the surface of Pd
nanoparticles, FTIR spectra of the formed nanoparticles (at room temperature) were
carried out in liquid phase as well as in solid phase (Figure 3.2 a). In the liquid phase
FTIR spectrum (Figure 3.2 b) the intense peak at 3425 cm™ is corresponding to O-H
stretching of water molecules/-OH groups. The peak at 1634 cm™ is due to the C=C
stretching frequency of AA. Red shifting of C=C stretching frequency (compared to
1665 cm™ in pure AA) is due to adsorption of L-Ascorbic acid on the nanoparticle’s
surface.?” The peak at 1452 cm™ is due to —CH, scissoring, at 964 cm™ is due to —CH
wagging, at 1029 cm™ is due to —CH, rocking and at 1268 cm™ is due to C-O-C
antisymmetric stretching vibration of adsorbed PEG at particle’s surface.”® Other
peaks at 651 and 458 cm? correspond to the vibration of adsorbed AA nanoparticle’s

surface.

In the solid phase FTIR spectrum (Figure 3.2 b) the intensity of peaks is much
decreased compared to those in the solution phase. Many peaks have been
disappeared while the intensity of a few peaks has been increased. The increased

intensity peaks at 2927 cm™ and 2853 cm™ is due to —CH, stretching vibration while
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peak at 1452 cm™ is due to CH, scissoring of alkyl chains of adsorbed PEG. Position of
these peaks is much decreased compared to those of pure PEG® due to adsorption at
nanoparticle’s surface. Although peaks correspond to —CH, stretching do not appear
in Figure 2 a, however, a small hump is visible at 2927 cm™ probably due to

preferential adsorption of AA at nanoparticle’s surface in liquid phase.

% T

Il l A l A l A I A ' A l A l
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3.2 FTIR spectra of Pd NPs formed at room temperature (a) in solution
phase and (b) in solid phase.
Further vibrational analysis of Pd nanoparticles (formed at room temperature)
was carried out by Raman measurement, which shows very strong, few broad and
weak background peaks. Intensity versus Raman shift graph was plotted to take 20

mM Pd NPs, grafted with PEG and coated with AA (Figure 3.3). In the SERS
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spectrum, the strong peaks at 480 and 633 cm™ are due to ascorbic acid, while the
peak at 278 cm™ is probably due to v (Pd...O) vibration.”® The bands at 1076, 1170

and 1516 cm™ are due to (C-O-H bend), CH, rocking and CH, scissoring.*

633

Intensity (a.u.)

| 2é0 | 5(|)0 | 7%0 | 10|00 | 12|50 | 15|00 | 17I50 | 20I00 | 22I50 | 2500
Raman Shift (cm™)

Fig. 3.3 SERS spectra of Pd NPs synthesized at room temperature.

The structural and morphological investigation of above-synthesized materials
has been performed using SEM and TEM analysis. Different shapes and sizes Pd
nanoparticles have been formed at room temperature and at 65 °C. When the [PdCl,]*
complex ions were treated with AA in PEG medium at room temperature, truncated
octahedron/fivefold twinned pentagonal rod-like Pd NPs have been formed on 30
minutes of reaction. In the SEM images (Figure 3.4 a & b) and the TEM image
(Figure 3.4 ¢), 8-10 nm edge length truncated octahedron/fivefold twinned pentagonal

rod-like Pd nanoparticles observed. The size of nanostructures varies in the range of

20-50 nm. In the corresponding EDX pattern (Figure 3.4 d) the only peak due to Pd
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observed indicating the formation of phase pure Pd NPs. When reaction temperature
was increased at 65 °C, keeping reaction time same i.e. 30 minutes, 17-20 nm edge
length hexagonal/trigonal plates are formed. In the SEM image (Figure 3.5 a),
although structures seem to be plate-like, however in the corresponding TEM image

(Figure 3.5 b) hexagonal/trigonal plates like structures are visible.

Fig. 3.4 (a,b) SEM images, (c) TEM image and (d) EDX spectrum of Pd NPs

synthesized at room temperature.
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Fig. 3.5 (a) SEM image, (b) TEM image and (c) EDX spectrum of Pd NPs

synthesized at 65 °C.

The particle size and size distribution analysis of Pd NPs, formed at room
temperature were carried out to by plotting particle's size distribution curve (Figure
3.6). The curve indicates that the size of particles is distributed in a range of 20-60 nm
while the maximum population falls at 40 nm. Zeta potential analysis is an effective
technique for determining the surface charge of nanoparticles in colloidal solution and
hence predicts their stability. The zeta potential curve of the Pd nanoparticles
dispersion (formed at room temperature) was measured in the range of -100 to +100
mV (Figure 3.7). The obtained zeta potential value (-13 mV) indicates that the surface

of nanoparticles is negatively charged and thus maintains their stability.
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Fig. 3.6 Particle’s size distribution of Pd nanoparticles formed at

room temperature.
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Fig. 3.7 Zeta potential distribution curve of Pd nanoparticles formed at room

temperature.

The phase and crystallinity of Pd NPs were investigated by wide-angle XRD
measurement. In the XRD pattern of the Pd NPs (formed at room temperature and at
65 °C), peaks observes at 26 positions 40.26, 45.78, 68.67, 79.87 and 88.85°,
corresponding to the reflection of (111), (200), (220), (311) and (222) planes of
crystalline Pd NPs (Figure 3.8 a-b). These XRD patterns indicate the formation of

phase pure face centered cubic (fcc) Pd NPs (JCPDS file No. 461043). The weak
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intensity peak at 27° in XRD pattern of Pd NPs formed at 65 °C is due to the presence
of residual PEG moieties.** Furthermore, the obtained XRD peaks are intense and
broadened, indicating the formation of good crystalline and small size Pd
nanoparticles.'® The average crystallite size (D) has been determined from the Debye-
Scherrer formula:

0.94
pcosé

Where D is the crystallites size (in nm), 4 the wavelength (in nm), £ is the full width
at half maxima (FWHM) and @ is the Bragg’s diffraction angle. Crystallites size of Pd
NPs synthesized at room temperature (RT) and at 65 °C, corresponding to different
planes determined by above formula of has been shown in Figure 2 b. From the graph
it has been found that crystallites size corresponding to (111) and (222) planes are
larger than that of rest of the planes at both temperatures, indicating orientation of Pd
NPs preferentially towards {111} facet and particles growth took place anisotropic in
shape at both temperatures.®* Further the particles size determined is smaller than
those of TEM and particles size distribution analyses probably due to wide size

distribution of particles.

(111)
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Fig. 3.8 (a) XRD patterns and (b) crystallites size corresponding to different
planes determined by Debye-Scherrer formula of Pd NPs synthesized at room
temperature (RT) and at 65 °C.
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Nitrogen adsorption/desorption isotherm plots have been used to evaluate pore
diameter (Dp) and the surface area (S) of the Pd NPs formed at room temperature.
From the Barrett-Joyner-Halenda (BJH) method, an average pore diameter of DPNs
has been found to be 24.29 nm (Figure 3.9 a). This result is indicative of its porous
structure containing mesopores. The specific surface area obtained by the Brunauer-
Emmett-Teller (BET) method® (Figure 3.9 b) was approximately 19.44 m?g *. Such

high surface area of Pd NPs indicates the presence of more catalytic sites.
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Fig. 3.9 BJH plot (a) and N, adsorption-desorption isotherm (b) of Pd NPs

synthesized at room temperature.

It is well understood that the shape, size, surface area and charge of
nanostructure affect the biological cell membrane interaction and thus decide their
biological applications.®* It is reported that cellular uptake of Pd nanoparticles are
shape-dependent apart from surface charge because of membrane binding energy
barriers during endocytosis predominantly responsible for shape effect.*® Hence a
better understanding of shape evolution Pd nanoparticles would aid the development

of physicochemical and reaction parameters for generation of Pd nanoparticles for

effective biochemical applications.
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The inside atoms of face centered cubic metals (eg. Pd) have coordination
number (CN) 12 while the atoms at the various low index surfaces (eg. {111}, {100}
and {110}) have the CN of 9, 8 and 7 respectively. The planar density of three
surfaces increases in the order {111} > {100} > {110}, hence the surface energy
increases in the order yp113 < v g100y < Ygu10y0> When aqueous solution of KyPdCl,
was treated with ascorbic acid in presence of surfactant PEG, Pd*? ion is readily

reduced to Pd(0) owing to reaction.
Pd+2 + AA (CeHgOs)—> CeHgOs + Pd(O) + 2H".

Here [PdCl,] reduction takes place using AA as reductant via sonication. It is
supposed that Pd nanoparticles evolved following three steps; supersaturation of
monomers, burnt nucleation and controlled growth according to the LaMer method.*
In the prevailing reaction conditions when monomer concentration increased steadily
and reaches to stage of the critical point of supersaturation, small clusters
spontaneously separates decreasing the monomer concentration by nucleation. Now
concentration of monomer decreases below critical concentration and available
monomer henceforth used for particle growth, however, during the nucleation period,
particle growth may also take place simultaneously.* Thus to control size broadening
of particles, a short nucleation span and controlled growth kinetics should be
maintained which can be achieved by the presence of adsorbate, additives or

surfactant in the reaction medium.

When K,PdCl, is reduced by AA in an aqueous medium in presence of PEG,
truncated octahedron/fivefold twinned pentagonal rod-like polyhedral structures
enclosed by {111} and {100} mixed facets are formed because {111} is the most

stable facet followed by {100} and then {110}. From stability point of view only
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{111} facet terminating shapes like octahedral and tetrahedral seed should be formed
during nucleation stage, however according to Wulff's theory, since octahedron and
tetrahedron have larger surface area than the cube per unit volume, the truncated
octahedron, known as Wulff's polyhedron nucleated as the most stable speed in order
to minimize both surface area and interfacial face energy.*’ On increasing reaction
temperature at 65 °C the concentration of monomer increases, thus the rate of reaction
increases. Now among two facets {111} and {100} of a octahedron, {111} surface
grows more rapidly than {100} because of availability of higher monomer
concentration at elevated temperature. Thus thermodynamically stable and kinetically
controlled hexagonal/trigonal plate-like Pd NPs have been evolved at higher

temperature 65 °C.

3.3.2. Molecular Docking Studies of Palladium clusters with DNA

3.3.2.1. Computational Details

Dataset
DNA

The PDB format file of DNA sequences with PDB ID 1BNA was downloaded from
RCSB Protein Data Bank.** Ligands and water molecules were removed from DNA

sequence using CHIMERA.*?
Drugs

The structure of Pd cluster was taken after optimization. Fig.3.10 shows the chemical

structure of the cluster.
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3.3.2.2. Molecular Docking

AutoDock 4.2 was used for molecular docking simulations using Lamarckian
Genetic Algorithm (LGA).*” Docking was performed using DNA sequences as a rigid
receptor molecule, whereas Pd cluster was treated as a flexible ligand. The receptor
and ligand files were prepared for docking using AutoDock Tools (ADT).** The grid
box size was set at 50-50 and 100 A° for X, y and z respectively, and the grid centre
was set to 14.748, 20.984 and 8.809 for X, y and z respectively. The Gasteiger charges
were added to the complex by AutoDock Tools (ADT) before performing docking
calculations. Lamarckian genetic algorithms, as implemented in Auto Dock, were
employed to perform blind docking calculations. For metal, modifications were done
in the parameter file to include Pd. The lowest energy docked confirmation, according

to the AutoDock scoring function, was selected as the binding mode (Figure 3.10).

Fig.3.10 Three dimensional structure of Pd-cluster.

3.3.2.3. Result

The figure shows the Minor groove binding of Pd-cluster with 1BNA present in
lung cancer A549 cell lines. Pd cluster binds in the minor groove of the DNA
sequences concluding that cluster is minor groove binder. The computationally
calculated binding energy is -0.14 kcal/mol, which indicates this it is an effective drug

against cancer cells (Figure 3.11).
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Fig.3.11 Minor groove binding of Pd-cluster with 1BNA.

3.3.3. Molecular Docking Studies of Palladium clusters with Lung
Cancer proteins

3.3.3.1. Computational Details

Dataset

DNA

The PDB format file of proteins with PDB ID 2ITW, 2ITX, 2ITY, 2J6M and
4LQM were downloaded from RCSB Protein Data Bank.* These are crystal
structures of the EGFR kinase domain. Mutations in the EGFR kinase are a cause of
non-small-cell lung cancer.** Ligands and water molecules were removed from each

protein using CHIMERA.*°
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Drugs
The structure of Pd cluster was taken after optimization. Figure 3.10 shows the

chemical structure of the cluster.
3.3.3.2. Molecular Docking

AutoDock4.2 was used for molecular docking simulations using Lamarckian
Genetic Algorithm (LGA).*® The docking was performed using Protein as a rigid
receptor molecule, whereas Pd cluster was treated as a flexible ligand. The receptor
and ligand files were prepared for docking using Auto Dock Tools (ADT).** Grid
boxes of various dimensions were used to prepare grid maps using Auto-Grid for each
protein. The Gasteiger charges were added to the complex by Auto Dock Tools
(ADT) before performing docking calculations. Lamarckian genetic algorithms, as
implemented in Auto Dock, were employed to perform blind docking calculations.
All other parameters were default settings. For metals, modifications were done in the
parameter file to include Pd. According to the Auto Dock scoring function, the lowest

energy docked conformation was selected as the binding mode.

3.3.3.3. Result

The computationally calculated binding energies of all protein-drug complexes
are given in Table 1. From the tabulated data it is very much clear that binding
energies of all EGFR proteins with Pd cluster are of the same range. The binding
modes and geometrical orientation of all compounds were almost identical;
suggesting that all the inhibitors occupied a common cavity in the receptor. The
lowest binding energy is with 2ITY complex. Molecular Docking gives the best and
stable conformations of the ligand with proteins in the receptor active pocket. Figure

3.12 shows interaction of the ligand with proteins.
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In silico studies revealed the entire synthesized molecule showed good binding
energy toward the target protein. Pd cluster binds in the pocket of the proteins

(Tablel).

(¢)

Fig.3.12 Interaction of Ag-Au cluster with (a) 2ITW (b) 2ITX (c) 2ITY (d) 2J6M

(€) 4LQM.
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Tablel Binding energies of protein-drug complexes

S.No Proteins Binding energies(Kcal/mol)
1 2ITW -0.44
2 2ITX -0.46
3 2ITY -0.48
4 2J6M -0.42
5 4LQM -0.44

3.3.4. Cytotoxicity

With a view of the above fact, it is also necessary to observe the use of Pd
nanoparticles (formed at room temperature) in biochemical system, we performed the
cytotoxicity effects using A-549 human lung cancer cells. The cytotoxicity result was
analyzed by plotting viability histogram curve, and ICs, values. As per data obtained
from Figure 3.15, the positive control i.e. Adriamycin kills all the cytotoxic cells at 10
pg/ml concentration indicating that our cell culture experiment moved to a positive
direction in all respects.*” It is found that the cell viability is dose-dependent manner
with noticeable changes in shape and size from 10-30 pg/ml concentrations (Figure
3.13, 3.14).% The observed ICsyis <10 pg/ml, indicating good therapeutic efficacy in
the biological system i.e. against lungs carcinoma. This action may be due to the
cytotoxic effect of the palladium nanoparticle on the DNA (shown in docking
experiment in Fig. 3.11).* Cell viability decreased according to increase the
concentration, which implies that our synthesized compound may be active against

lung cancer which is beneficial for future drug design perspectives.
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Fig. 3.13 Effect of dose of Pd NPs (synthesized at room temperature) on cell

viability of A-549 human lung cancer cells.

Fig. 3.14 Cell viability curve: Effect of dose of Pd NPs (synthesized at room

temperature) on A-549 human lung cancer cells.
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Fig. 3.15 Cell viability curve: Effect of dose of Pd NPs (synthesized at room

temperature) and Adriamycin on A-549 human lung cancer cells.

Conclusion

In summary, we have successfully synthesized different shapes and sizes Pd
nanoparticles, like 8-10 nm edge length truncated octahedron/fivefold twinned
pentagonal rods and 17-20 nm edge length hexagonal/trigonal plates in agueous
solution phase by reducing K,PdCl, with ascorbic acid in the presence of surfactant
PEG via sonochemical method at room temperature. XRD study revealed particles
growth took place anisotropically at both temperatures. FTIR and SERS studies
revealed adsorption of AA and PEG at NP’s surface. The particle's size distribution
graph indicates formation of particles having wide size distribution while the zeta
potential value -13 mV indicated that the particle's surface is negatively charged and
hence stable. The truncated octahedron/fivefold twinned pentagonal rods shaped Pd
NPs, formed at room temperature while thermally stable and kinetically controlled
hexagonal/trigonal plate-like Pd NPs have been evolved at a higher temperature 65
°C. The obtained Pd NPs has a high surface area and narrow pore size distribution.

The computationally calculated binding energy indicates this Pd cluster is an effective
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drug against cancer cells. The lowest binding energy is with 2ITY complex.
Molecular Docking gives the best and stable conformations of the ligand with proteins
in the receptor active pocket. Biochemically, the effect of PD NPs on A-549 human
lung cancer cells exhibited that cytotoxicity is dependent on the dose of NPs. The

results described here indicate much potential for use of these NPs in biomedical

applications.
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Effect of Reaction Temperature on Shape Evolution of Palladium
Nanoparticles and Their Cytotoxicity against A-549 Lung Cancer

Cells
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ABSTRACT: Palladium nanoparticles (Pd NPs) of different
shapes and sizes have been synthesized by reducing potassium
tetrachloropalladinate(II) by vr-ascorbic acid (AA) in an
aqueous solution phase in the presence of an amphiphilic
nonionic surfactant poly ethylene glycol (PEG) via a
sonochemical method. Materials have been characterized by
X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy
dispersive X-ray soectrscopy (EDX), Fourier transform
infrared (FTIR), surface-enhanced Raman spectroscopy
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(SERS), particle distribution, and zeta potential studies. Truncated octahedron/fivefold twinned pentagonal rods are formed
at room temperature (RT) (25 °C) while hexagonal/trigonal plates are formed at 65 °C. XRD results show evolution of
anisotropically grown, phase-pure, and well crystalline face-centered cubic Pd NPs at both temperatures. FTIR and SERS
studies revealed adsorption of ascorbic acid (AA) and PEG at NP’s surface. Particle’s size distribution graph indicates formation
of particles having wide size distribution while the zeta potential particle surface is negatively charged and stable. The truncated
octahedron/fivefold twinned pentagonal rod-shaped Pd NPs, formed at RT, while thermally stable and kinetically controlled
hexagonal/trigonal plate-like Pd NPs, evolved at higher temperature 65 °C. The obtained Pd NPs have a high surface area and
narrow pore size distribution. To predict protein reactivity of the Pd cluster, docking has been done with DNA and lung cancer-
effective proteins. The cytotoxicity of the Pd NPs has been screened on human lung cancer cells A-549 at 37 °C. The biological
adaptability exhibited by Pd NPs has opened a pathway in biochemical applications.

1. INTRODUCTION

In the last few decades, mesoporous materials have gained
enormous attention of various scientists globally in both
industry and academia because of their high surface area,
tunable pore size, and uniform and narrow pore size
distribution."”” On account of these properties, mesoporous
and nanoporous materials have shown high demand in various
fields such as energy storage,’ catalysis,”” and biomedical
applications.”” In the past, nanoparticles of desired shapes,
such as spherical, films, rods, tubes, and so forth with
mesoporous structures have been prepared by a soft template
method like self-assembly of micelles.” On the other hand, in
the hard template method, the targeted materials are deposited
in the confined spaces of a template with the desired
morphology.” Because the soft template method is a simple
and easy approach, hence it is favorable for the generation of
desired shapes of nanoparticles using low molecular weight
molecules like Brij 8, poly ethylene glycol (PEG), and so forth
and high molecular weight amphiphilic molecules, for example,
triblock copolymers as pore-directing agents.

In recent years nanotechnology has shown enormous
potential in the biomedical field as therapeutic mediators for
many diseases, including cancer.'” In this regard, metal
nanostructures have attracted great interest because of their
size, structure, versatility, and optoelectronic propcrtics.“

W ACS Publica’tions © 2019 American Chemical Society

21839

Since the introduction of catalytic converters in the USA in
1975 and in Europe in 1986 (Wiseman and Zereini 2009),
platinum group metals have shown increasing demands
particularly in the area of electronics and catalysis. The latest
research demonstrate that palladium (Pd) nanoparticles have
widely been used in catalysis, (e.g, oxidation/reduction of
methanol,'” stereochemical oxidation of ethanol,'® redox
organic reactions,"'® sensors for detection of various
analytes,'® hydrogen generation/storage, methane combustion,
supercapacitors, lithium-ion batteries, and in biomedical
applications.'”” Shim et al. synthesized dendritic platinum
nanoparticles and demonstrated their cytotoxicities against
human embryonic kidney cells.'"® Unciti-Broceta et al.
demonstrated that the prodrugs S-fluoro-1-propargyluracil'’
and N-4-propargyloxycarbonylgemcitabine® are independently
harmless; however, when separately combined with Pd(0)-
glycol-polystyrene resin these prodrugs exhibited antiprolifera-
tion properties compared to the unmodified drug in colorectal
and pancreatic cancer cells. However, one of the major
limitations, in the case of metallic NPs is their nonspecific
untargeted toxicity. Huang et al. used ultrathin (1.8 nm)
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Efficient Anticarcinogenic Activity of a-Fe,03
Nanoparticles: In-vitro and Computational Study on Human

Renal Carcinoma Cells HEK-293

Abstract

The present study has witnessed the synthesis of a-Fe,O3 NPs using polyethylene
glycol (PEG) as a surfactant and L-ascorbic acid (LAA) as a stabilizer. The product
has been characterized by UV-visible absorption spectroscopy, FTIR, Dynamic Light
Scattering, particle size distribution analysis, X-ray diffraction analysis, TEM,
FESEM, EDX and BET, which show formation of variable size and shape,
mesoporous, PEG-coated a-Fe,O3 NPs (LAA@IONP-PEG) with B-FeOOH as an
impurity. The present work emphasizes upon an anti-cancer study of LAA@IONP-
PEG against renal carcinoma HEK-293 human embryonic kidney cell lines. The study
suggests that LAA@IONP-PEG is a promising material against renal carcinoma
HEK-293 human embryonic kidney cell lines. The docking study has confirmed anti-
proliferative action of NPs through binding affinity with renal carcinoma molecular
targets. The synthesized NPs show the synergistic effect with Axitinib as an anti-
cancer drug effective against renal carcinoma cell lines. ROS and 1,1-diphenyl-2-
picrylhydrazine (DPPH) free radical scavenging assay have shown the antioxidant
capability of synthesized NPs. The efficient biocatalytic activity of LAA@IONP-PEG
prescribes its use as one of the best suited drugs for the future perspectives against
fatal renal carcinoma and thus it is reckoned that synthesized NPs will have persistent

utilization in different field of medical applications.

Keywords: PEG-coated a-Fe,O3NPs; HEK-293; renal carcinoma; docking; XRD
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4.1. Introduction

Renal carcinoma is one of the most frequently diagnosed malignancies in men,
which causes mobility and mortality globally [1]. To improve the efficacy of cancer
therapy and to minimize its hazardous impacts on healthy tissues and organs, new
treatment methods are urgently needed. Since recent decades, nanotechnology and its
interdisciplinary fields are emerging as the best tool to diagnose several diseases fatal
to mankind and causing problems to the environment. Synthesis of nanoparticles has
gained attention in the field of a wide variety of biomedical applications like
hyperthermia, gene or drug delivery, magnetic resonance imaging (MRI) and in vivo
cell tracking [2,3]. It has been reported that cytotoxicity depends on the
nanoparticle size, shape, its structure and morphology [4,5]. The small size of
such particles means that they are able to more easily evade the immune system of the
body and penetrate cellular membranes to come into close proximity to sensitive
biological components [6] Generally, the cytotoxicity of nanoparticles results due to
cations on the surface of the metal oxides, which generate harmful free radical species
catalytically within the cytoplasm [7] and are then able to chemically attack sensitive
cellular components. Thus increased free radical concentrations can lead to apoptosis

[8] or can responsible for potential carcinogenesis [9].

Due to structural imperfection and uncompensated spins, magnetic
nanomaterials exhibit induced permanent magnetic moments on the surface of the
particles [10]. The surface uncompensated exchange couplings at the surface modify
the magnetic properties, [11]. Although several associated issues like aggregation,
toxic states of the nanoparticles, surface functionalization, poor durability etc. restrain

the use of bare magnetic nanoparticles, however, these problems can be addressed by
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coating magnetic nanoparticles with non-magnetic materials like polymers, organic
monolayers, enzymes etc. [12-14]. Such coated magnetic nanoparticles have added
advantage in the biomedical field due to easy separation and sensitivity to a magnetic

field [15].

Iron oxide nanoparticles exhibited exceptional features in catalysis by
reducing unwanted reactions, good selectivity, the requirement of the mild
environment in various examples like hydrolysis, esterification, and redox reactions
[16,17]. In case of biocatalytic applications, for example inhibition of proliferation
and differentiation effect on morphology, functionality and death, little is reported
that analyzes the chemical reaction on the surface of nanoparticles as a source of
cytotoxicity [18,19]. It has been reported that a-Fe,Oj3 is highly biocompatible and it
has potential free radical scavenging behaviour, which is attributed due to spinel
defects of tetrahedrally coordinated Fe sites (T-defects) on their surface [20]. In many
cases, this problem is addressed by shielding or binding the highly reactive surface of
these particles with some organic macromolecules to scavenge reactive oxygen

species (ROS) generated from ionizing radiation [21].

Several efforts have been performed on the synthesis of nano-biocatalysts,
which are effective against fatal carcinoma and drug-dosage ability of enzymes using
grafted nanoparticles [22-27]. Due to their mesoporous nature, PEG-coated iron oxide
NPs have drawn particular attention in medicines, including in contrast agents,
biosensors and anti-carcinomas treatment [28]. Zhongwen Chen et al. demonstrated
pH-dependent dual enzyme-like activity of iron oxide nanoparticles and their
concentration-dependent cytotoxicity on human glioma U 251 cells [29]. Leila
Gholami et al. reported green facile synthesis of low toxic superparamagnetic iron

oxide nanoparticles, (SPIONs) and their cytotoxic effect towards Neuro2A and
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HUVEC cell lines [30]. R. Abhinayaa et al. reported synthesis of cytotoxic
consequences of halloysite nanotube/iron oxide nanocomposite and iron oxide
nanoparticles upon interaction with bacterial, noncancerous and cancerous cell lines
[31]. In an excellent work, Dean Cardillo and co-workers demonstrated
morphological and structural defects dependent cytotoxicity of hematite nanoparticles

against MDCK cell lines [4].

Inspiring from the above works, the present investigation deals synthesis and
characterization of PEG-coated and L-Ascorbic acid grafted o-Fe,O3 NPs
(LAA@IONP-PEG) as an effective anti-carcinogenic agent against HEK-293 human

embryonic kidney cell lines.

4.2. Experimental section

4.2.1. Materials

DMEM (Gibco Invitrogen), Trypsin (0.25%, Gibco Invitrogen), FBS US
Origin (Gibco Invitrogen), Trypan Blue (Gibco Invitrogen), DPBS (Gibco
Invitrogen) FBS, Iron(lll) chloride (FeCls), potassium chloride (KCI),
polyethyleneglycol (PEG) and L-ascorbic acid (LAA) were purchased from Sigma

Aldrich and used without further purification.

4.2.2. Synthesis

In a typical procedure, aqueous solutions of potassium hexachloroiron(l1l)
[K3(FeCl)¢] and L-ascorbic acid reacted in the presence of an amphiphilic nonionic
surfactant PEG at 37 °C to produce iron oxide nanoparticles in its stable oxidation
state. In the first step, aqueous solutions of FeCl; and KCI in a 1:3 ratio (dissolved in

de-ionized water) were mixed for 6 hours with continuous magnetic stirring at room
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temperature to produce coordinate complex Ks[FeClg]. For synthesis of iron oxide
nanoparticles, 30 mL of 20 mM of the complex Ks[FeClg], 30 mL of 0. M L-ascorbic
acid and 6 mg/mL of PEG (surfactant) were taken in a vessel and mixed thoroughly
on a magnetic stirring at 37 °C for one hour. Thus formed dark reddish-brown
solution was sonicated for 1 hour at 37 °C temperature, centrifuged at 10000 rpm for
20 minutes, washed several times with de-ionized water to remove excess surfactant

and other contaminants and dried in a microwave oven.

4.2.3. Instrumental techniques

The UV-visible absorption spectrum of the material was recorded on
Shimadzu UV-3600 spectrophotometer in the range 200-700 nm while surface coating
and adsorption of PEG and L-ascorbic acid have been examined by Fourier Transform
Infrared spectral study, recorded on Perkin Elmer Spectrum Il instrument. FESEM
and EDX analyses were carried out on JEOL 6490 LB equipment at an operating
voltage of 15 kV. The particles sized distribution was measured by Horiba Scientific
Nanopartica (SZ100Z). The zeta potential of iron oxide nanomaterial was measured
using Zetasizer ZS90 (Nano series Malvern Instrument) at room temperature. The
dispersion of nanoparticles was sonicated for 20 minutes and diluted to make solution
concentration 80 pg/mL in phosphate buffer saline (pH = 7.4). Nitrogen adsorption-
desorption and pore-size diameter have been estimated by Belsorp mini-Il instrument.
Transmission electron microscopy images of the material were recorded using JEOL-
2100 equipment. X-ray diffraction pattern of the material was recorded on
Pananalytical’s X’Pert Pro X-ray diffractometer in the 26 range 10 to 80° at a
scanning rate of 2° per minute using CuKa radiation at a wavelength of 1.54059A°.

CO; Incubator (Eppendorf Galaxy 170), Fluorescent Microscope (Carl Zeiss),
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Refrigerated Centrifuge (Thermo scientific), and Hemocytometer were used for in-

vitro cell line assay.
4.2.4. Docking

The docking studies of LAA@IONP-PEG was performed with anticancer
molecular targets, namely PPARy (PDB:2PRG) and GLUT1 (PDB:1SUK), using
AUTODOCK 1.5.4. Before docking study, the active site domain was determined
through LogP active site recognizer. The grid box was set according to the best
configuration of the active site amino acid sequence [32,33]. The binding affinities

(kcal/mole) and the count of probable hydrogen bonds were also evaluated.
4.2.5. In vitro cell line assay

MTT  [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium  bromide]
viability assay was performed as per protocol reported earlier in the literature. Briefly,
HEK-293 cells were seeded in 96-wells plate (5.0x10°cells/well) and kept for 24 h.
The cells were treated with 200 uL of varying concentrations of LAA@IONP-PEG
(15-60 pg/mL) and the samples were incubated in a humid condition of CO, at 37 °C.
After 24 h, 50 pL of MTT solution (1 mg/mL) was added to each well and incubated
for another 4 h. Then, the media and excess MTT were removed and 150 pL of
dimethyl sulfoxide (DMSQ) was also added. The absorbance was recorded at 570 nm
using the Infinite M200 microplate reader (Tecan Group Ltd., Mannedorf,
Switzerland). Samples containing media with and without cells were also analyzed
and labelled as ‘control’ and 'blank’, respectively. All the experiments were performed
in triplicates. The final organic solvent concentration was 0.3% (v/v). Cell survival (%

of control) was calculated relative to untreated control cells.
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4.2.6. Determination of Reactive Oxygen Species (ROS)

100 pL suspension of LAA@IONP-PEG was incubated with a MIC
concentration at 37 °C for 2 h, thereafter 20 pL (20 uM) of H, DCFDA (cellular ROS
assay kit) solution was added to the resulting mixture. The fluorescent intensity was
measured on spectrophotometer Biotek Synergy HT with an excitation and emission
wavelength of 480 and 520 nm, respectively, at time tenure of 30 minutes. An
untreated sample suspension was used as a control. The experiment was completed in

triplicate.
4.2.7. Radical scavenging analysis

The reducing ability of LAA@IONP-PEG was done using 1,1-Diphenyl-2-
picryl hydrazine radical, (DPPH) assay analysis. For antioxidant ability, 3 mL of
DPPH (0.0004 %) was added tol mL aliquot of samples having concentration 15, 30,
45, and 60 pg/mL. The prepared solution was put in rest for half an hour in the
darkroom and UV-visible spectra were recorded at 517 nm. The value of percentage

inhibition was determined using the formula as:
% Inhibition (DPPH radicals) = [(Ac - Ay) / A * 100

Where A stands to an absorbance of the control sample and A, the absorbance of the

test sample.

4.3. Results and discussion

4.3.1. Structural studies of LAA@IONP-PEG

UV-visible absorption spectroscopy was performed to observe the formation
of LAA@IONP-PEG. The sample was dispersed in de-ionized water and

measurement was carried out in the range of 200-700 nm (Fig. 4.1 a). The graph
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shows a peak at 429 nm, which is characteristic of LAA@IONP-PEG, wherein iron is

coordinated [34,35].

FTIR spectral analysis of LAA@IONP-PEG was carried out in the range of
400-4000 cm™ region at room temperature to analyze the interaction of IONPs with
functional groups of L-ascorbic acid and polyethylene glycol (Fig. 4.1 b). The graph
shows a broad absorption peak at 3429 cm™ due to -OH stretching of the carboxyl
group [36]. The broadness of this peak indicated the presence of hydrogen bonding
between LAA-PEG-iron oxide nanoparticles. The peak at 1728 and 1634 cm™ are due
to C=0 of five-membered lactone ring and C=C stretching of ascorbic acid,
respectively. These peaks are red-shifted compared to those of pure ascorbic acid (at
1750 and 1655 cm™, respectively of C=0 and C=C) due to its adsorption on the
nanoparticle’s surface. The strong peak at 1089 cm™ is due to C-O stretching, peaks at
1406, and 1357 cm™ are due to —CHj scissoring and wagging while the peaks at 2942
and 2888 cm™ are due to stretching vibrations of PEG [37]. The peak at 946 cm™ is
due to out of plane bending vibration C-H of PEG. Moreover, small intensity peaks in
the far IR region at 591 and 472 cm™corresponds to Fe-O vibration modes of o-Fe,Os
[38] while peaks at 811, 706 and 627 cm™ are due to vibrations of f-FeOOH (Fig. 4.1

¢) [39].
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Fig. 4.1.UV-visible spectrum (a), FTIR spectrum (b) and high resolution peaks in

far IR region (c) of LAA@IONP-PEG
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The particle size analysis of formed LAA@IONP-PEG was analyzed by
particle size distribution curve shown in Fig. 4.2 a. The curve shows that the size of
particles is distributed in a range of 70-100 nm while the maximum population falls at
83 nm. The zeta-potential analysis () of nanoparticles at -23+8 mV Fig. 4.2 b shows
that the surface of nanoparticles is negatively charged, which maintains their stability

[40].
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Fig. 4.2 a-b. Particle’s size distribution and Zeta potential curve of

LAA@IONP-PEG

The size and morphology of as-synthesized LAA@IONP-PEG NPs were
analyzed using field emission scanning electron microscopy (FESEM) and the
representative images are shown in Fig. 4.3 a-c. In the FESEM images, variable
shapes like sphere, ellipsoid, rod, chain and closed rings have been observed. In the
corresponding EDX spectrum, the peaks of O and Fe have been found (Fig. 4.3 d).
The weight percentage of the O and Fe in the EDX spectrum has been estimated to be
29.82 and 60.18 % respectively, indicating the formation of a-Fe;O3; mainly in this

experiment [41].
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Fig. 4.3. FESEM images (a-c) and EDX pattern (d) of LAA@IONP-PEG

The structural features of LAA@IONP-PEG NPs have further been examined
by TEM analyses shown in Fig. 4.4 a-d. In the TEM images, 30-70 nm diameter
spherical/ellipsoidal structures and few rod/chain like variable structures (70-600 nm
long, 50-70 nm wide) have been observed. Chain-like structures have been evolved in
variable length and shape: small to long and ring-like chains, showing granular
agglomerates with particle width in the range of 60 £ 10 nm. The addition of
surfactant PEG led to a slight increase in the size of the prepared NPs, as the average
diameter of such nanostructure was increased as proven by dynamic light scattering
analysis (DLS) measurement. From the physical interpretation of the TEM
micrograph, it seems that the size of NPs increases after binding with PEG, which is
indicative of PEG coating on-to the surface of nanoparticles. In the FTIR spectral
analyses, it has been found that LAA-PEG molecules are attached via M-O

interaction; hence increase in size and shape of nanoparticles is obvious in
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LAA@IONP-PEG. These results are also in good agreement with X-ray diffraction

analysis.

@)

200 nm
="

Fig.4.4. TEM images of LAA@IONP-PEG (a-d)

The crystal phase and purity of LAA@IONP-PEG were analyzed using X-ray
diffraction analysis shown in Fig. 4.5. In the diffraction pattern, the peaks at 20 value
32.1,35.4,40.9, 48.2,54.1, 57.4, 62.9, 64.6 and 73.4 are correspond to planes (Miller
indices; (hkl)) of (104), (110), (113), (024), (116), (112), (214), (300) and (1010)
respectively, which indicate the formation of a-Fe,O3(JCPDS card no. 33-0664), as
reported earlier [42]. Minor peaks observed at 26 values 45.7 and 69.1 correspond to
planes (Miller indices; (hkl)) of (411) and (312) of B-FeOOH (JCPDS card no. 34-
1266) showing the presence of alkaganeite as an impurity. Peaks in diffraction
patterns are intense and broadened, indicating formation of well crystalline and small
size particles. The mean crystallite size can be determined by Scherrer’s formula,

considering that the XRD line broadening caused due to decreasing crystallite size
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[43]. The obtained mean crystallite’s size by this formula is the size perpendicular to a
given plane (hkl) [44]. It is known that the 104 plan is related to the near basal plane
(a-axis); the calculated mean crystallite size corresponds to the crystallite dimensions
in the c-axis direction [45]. The narrower the 104 lines, the more elongated the crystal
along the c-axis. Inverse relation has been applied for 110 planes i.e. as the FWHM of
the 110 line increases , the crystal is thinner in the a-axis direction. The full width half
maximum (FWHM) of the two lines (104) and (110) [46] corrected for the
instrumental line broadening have been used to determine crystallite’s size and found
to be 234 and 31 nm respectively of the (104) and (110) lines which are in agreement
with values obtained in TEM results.

B-FeOOH nanoparticles are known to be an intermediate phase that gradually
transforms into the a-Fe,O3 phase in a suitable environment [47-49]. The presence of
suitable additives like surfactants and stabilizers assist the evolution of a-Fe,Os with
specific shape and size. [B-FeOOH is a slight metastable phase; the decrease of
surface energy is supposed to be driving force for transformation of f-FeOOH into a-
Fe,O3; phase. Ostwald rule suggests a competition between Kinetics, reversible
thermodynamics, and irreversible thermodynamics. As the reaction proceeded with
magnetic stirring at 37 °C, the required thermal energy gets available for 3-FeOOH
bonds breaking, and therefore its dissolution commences leading to the formation of
Fe3* ions at the surface of B-FeOOH. Now more stable a-Fe,O3 seeds nucleate and
concentration of Fe** ions decreased. This forced dissolution of B-FeOOH, provides
more Fe** jons, and therefore the growth of a-Fe,Os particles takes place rapidly. Now
surfactant PEG and stabilizer LAA present in reaction medium ensure the evolution of

stable a-Fe,O3 with specific shape and size during one hour of reaction time [50].
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Fig.4.5. XRD pattern of LAA@IONP-PEG

Nitrogen adsorption/desorption isotherm plots have been utilized to determine
pore diameter (Dp) and the surface area (S) of PEG-coated a-Fe,O3 NPs. Barrett-
Joyner-Halenda (BJH) method was applied to estimate the average pore diameter and
found to be 14 nm (Fig. 4.6 a). The specific surface area derived from the Brunauer-
Emmett-Teller (BET) method was found to be 48.37 m?g ! (Fig. 4.6 b). The high
surface area of NPs indicates the presence of more catalytic sites and thus expected to

show high catalytic properties [51].
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Fig. 4.6 a-b. N, adsorption-desorption isotherm of Pore size analysis of

LAA@IONP-PEG

4.3.2. Docking Studies

The docking studies are performed via renal carcinomas cell lines PDBs on the
molecular target of amino acid tyrosine, glutamine, threonine, etc. with LAA@IONP-
PEG nanoparticles and evaluation of their binding affinities and number of probable
hydrogen bonds are estimated. The docking images of the compound with an
analyzed compound have been docked amino acids with an energy content of -6.1

kcal/mol (Human MRP protein, 12IRJ @ two hydrogen bond), -8.1 kcal/mol (Human

MRP8, IMR8@ one hydrogen bond), -7.9 kcal/mol (KGA, 3VOZ@ two hydrogen

bonds) (Fig. 4.7).
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Fig.4.7. Binding affinity of a-Fe,O; with target proteins. Docking studies were

performed using AUTODOCK 1.5.6

4.3.3. Molecular Docking studies of iron oxide clusters with

proteins

Molecular docking is one of the crucial techniques, and it is a very useful
tool for designing and computational calculations for the interaction of drugs and
macromolecules. It is a method that predicts the preferred orientation of one
molecule to others when a stable complex is formed by the interaction of the two.
Here the iron oxide cluster is docked with DNA, proteins, and binding energy has

been reported.

4.3.3.1. Computational Details

Dataset
Protein

The Protein Data Bank (PDB) format file of proteins with PDB ID's INOW,

2ING, 2ITX, 2ITY, 4C6C, 6D96 and 1BNA were downloaded from RCSB Protein
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Data Bank [52]. The first two proteins PDBs 1INOW and 2ING are the crystal
structure of breast cancer protein BRCA2 [53,54]. 3" and 4™ proteins are crystal
structures of the EGFR kinase domain. Mutations in the EGFR kinase are cause of
non-small-cell lung cancer [55]. 4C6C and 6D96 are the crystal structure of proteins
present in Human Embryonic Kidney HEK-293 cell lines [56]. The last PDB id
1BNA is the structure of B-type DNA [57]. DNA present in the human body is mostly
B-type. Using CHIMERA software, ligands and water molecules were removed from

each protein [58].
4.3.3.2. Drugs

The nanocluster has optimized by Gaussian 09 software package [59]. This a-Fe,O3
cluster is optimized with the DFT method using B3LYP at the Def2tzvp level. The
structure of the a-Fe,O3 cluster was taken after optimization. 3-D image of the

chemical structure of the cluster is given in Fig. 4.8.

Fig. 4.8. Three dimensional structure of iron oxide cluster
4.3.3.3. Molecular Docking

Molecular Docking is done using software Autodock4.2 [60]. Lamarckian

Genetic Algorithm is implemented for the task at hand. The proteins were taken as the
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macromolecule and the iron oxide cluster as the ligand. Both macromolecule and
ligand were prepared for docking. Water molecules were deleted from
macromolecule. For Auto grid, macromolecule was contained in grid boxes. Grid
boxes of appropriate dimensions were prepared for each protein. The number of LGA
runs was set to 20. Kollman and Gasteiger charges were added to the complex by
Auto Dock Tools (ADT) [61]. The complex is modified and adjusted for blind
docking. The docked pose with the highest docking score was selected as the binding

mode of the system.

4.4. Results and Discussion

The computationally calculated binding energies of all protein-drug complexes are
given in Table 1. From the tabulated data, it is very much clear that binding energies
of all proteins with the iron oxide cluster are of the same range. All of the obtained
energies are negative, showing that the complex system is stable. The binding modes
and geometrical orientation of all compounds were almost identical, suggesting that
all the inhibitors occupied a common cavity in the receptor. For the proteins of the
same type, the ligand binds in the same active pocket. The interactions are non-
bonded. The lowest binding energy is with the 2ING complex. Molecular Docking
gives the best and stable conformations of the ligand with proteins in the receptor
active pocket. For each category of protein, the active pocket is shown with the one
with better binding energy with iron oxide cluster. Fig. 4.9 shows the stable complex

and interaction of the ligand with proteins.
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(c)

Fig.4.9. Docked complex of (a) LINOW with cluster (b) 21TX with cluster(c)
4C6Cwith cluster
The result of binding with DNA shows low interaction. Cluster binds in the
minor groove of DNA. The binding energy with 1BNA comes out to be -0.09
kcal/mol, which is very less. It shows that the cluster has very less effect on DNA

(Fig. 4.10).

157



Chapter 4

Fig. 4.10. Interaction of cluster with 1BNA

In silico studies revealed the entire synthesized molecule showed good binding

energy toward the target protein.

4.4.1. Cytotoxicity test

The MTT assay was performed to check cytotoxicity of synthesized
LAA@IONP-PEG NPs against renal carcinoma HEK-293 human embryonic kidney
cell lines. The results were analyzed by plotting percentage cell viability verses
concentration graph, the histogram curve and ICsg value (Fig. 4.11 a-c). It is obvious
from the graph that the synthesized material LAA@IONP-PEG inhibited HEK-293 in
a dose-dependent manner. The inhibition property of the iron oxide NPs was found
out up-to the highest dose concentration. Axitinib showed 100 % inhibition at lower
concentration i.e. 15 pg/mL which signified the positive direction of MTT

cytotoxicity assay and our synthesized compounds has good inhibitory property.
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However, the inhibitory action was slightly lower than that of Axitinib. The calculated
ICso was near about 40 pg/mL (ICsp value < 40 pg/mL), indicating good therapeutic
efficacy in the biological system i.e., against renal carcinoma HEK-293 human
embryonic cell lines. This action may be due to the anti-cancer cytotoxic effect of
LAA@IONP-PEG on DNA (as shown in in silico docking analysis in Fig. 4.10). Cell
viability decreases with an increase in concentration implies that the synthesized
LAA@IONP-PEG may be active against renal carcinoma, which is beneficial in
future drug design perspective. For 24 hours incubation period at 37 °C temperature, a
significant abatement has been observed in the treated cell lines at an increased

concentration of 15-60 pg/mL concentration.
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Fig.4.11. Percentage cell viability of LAA@IONP-PEG against HEK-293with
Axitinib (a), cytotoxicity of LAA@IONP-PEG against HEK-293 for 24 and 48
hours (b) and 1Cgg, 1Cy; values of LAA@IONP-PEG against HEK-293 T cell lines

at 24 and 48 hours (c)
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Microscopic observation of cells with LAA@IONP-PEG at an increased
concentration was done with an appropriate control (Fig. S7, S8). Treatment of renal
carcinoma HEK-293 human embryonic kidney cell lines with LAA@IONP-PEG
inhibited proliferation of cell lines in a time-dependent and dose-dependent manner.
The morphology seems to be lost effectively with the treatment of LAA@IONP-PEG
at higher concentrations and debris is collected at a concentration range of 45-60
pg/mL with the destruction of cells (Fig 4.12). Anti-cancer cytotoxicity analyzed at
the above concentration for 48 hours gives a prominent result with certain accuracy
(Fig. S8). The cytotoxicity of HEK-293 T cell lines has also analyzed which has a
lower value of cell abatement death, (ICq,< 30 pg mL™) that shows that it is somehow

less harmless to normal cells.

Fig. 4.12. Microscopic images of LAA@IONP-PEG against HEK-293 at different

concentration for 24 hours (A.1-A.4) and for 48 hours (B.1-B.4).

Physico-chemical properties, such as size, shape, surface chemistry and dose
play key role in inducing toxicity of iron oxide nanoparticles [4,5]. High cytotoxicity
of the LAA@IONP-PEG is attributed to its small size and possibly due to the

presence of adsorbed PEG and stabilizer L-ascorbic acid over hematite nanoparticles
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surface. The cellular response to the nanoparticle could be due to different surface
reactivity modulated by the presence of cytotoxic surface defects [62]. XRD results
show that stable a-Fe,O3 phase formed due to dissolution of metastable p-FeOOH.
Forced dissolution of p-FeOOH, provide more Fe** ions, and therefore the growth of
a-Fe;O3 particles took place in this experiment, however B-FeEOOH phase still
remained as an impurity along with a-Fe,O3 phase. Presence of f-FeOOH as impurity
induced surface defects in a-Fe,Os lattice and catalytic iron break the homeostasis by
promoting free radical production through Fenton/or Haber-Weiss reaction [63,64].
LAA@IONP-PEG induce reactive oxygen species (ROS) production [65] and activate
redox-sensitive signaling cascades [66], attacking proteins and nucleic acids, leading

to cytotoxicity effect [67].

Later ROS and free radical scavenging assay like 1,1-diphenyl-2-
picrylhydrazine (DPPH), assay have also been performed during our experiment to
check antioxidant capabilities [68]. The antioxidant assay showed that nanoparticles
have a good scavenging property of oxygen species (Fig. 4.13. a-b) [55]. All the
assays collectively suggested that our compound inhibited oxygen radicals in a dose-
dependent manner. It is well established that free radicals generated during cancerous
condition damage the normal tissue system. The scavenging ability of nanoparticles
indicated the antioxidant property. The antioxidant ability of LAA@IONP-PEG
further suggested that it has a tremendous role during the cancerogenic condition [69].
Therefore, it may be concluded that our synthesized nanoparticles may be a good

antioxidant agent during the cancerous condition of the cell.
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Fig. 4.13. ROS analysis (a) and DPPH analysis (b) of LAA@IONP-PEG against
HEK-293 cell lines.

Conclusion

Synthesis of PEG-coated and L-ascorbic acid stabilized mesoporous a-Fe;O3 NPs
(LAA@IONP-PEG) has been achieved in the sonochemical assisted method using
aqueous solution mixture of complex Kjs[FeClg], PEG and L-ascorbic acid.
LAA@IONP-PEG have been evolved in varieties of shapes and size as revealed in
TEM, FESEM, EDX, UV-visible, FTIR, XRD and BET studies. Initially formed
metastable B-FeOOH transformed into a stable a-Fe,O3 phase during the reaction at
37 °C. The anti-cancer study of LAA@IONP-PEG against renal carcinoma HEK-293
human embryonic kidney cell lines study suggests that high surface area with a large
number of active sites mesoporous a-Fe,Oznanoparticles are well suited anti-cancer
agent and serve as promising candidate for treatment of renal carcinoma HEK-293
human embryonic kidney cell lines. Docking study has confirmed the anti-
proliferative action of NPs through binding affinity with renal carcinoma molecular
targets. The synthesized NPs show a synergistic effect with Axitinib as an anti-cancer
drug effective against renal carcinoma cell lines. Cytotoxicity and 1Csg analysis led to
detailed changes in the enzyme structure. The nanoparticles sample may be a good
antioxidant agent during the cancerous condition of a cell. The results from the
experimental and theoretic studies served as a valuable anti-cancer tool against renal

carcinoma drug therapy in future.
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ARTICLE INFO ABSTRACT

Keywords: The present study has witnessed the synthesis of a-Fe;O3 NPs using polyethylene glycol (PEG) as a surfactant and
PEG-coated a-Fe;O5NPs t-ascorbic acid (LAA) as a stabilizer. The product has been characterized by UV-vis absorption spectroscopy,
HEK-293 . FTIR, Dynamic Light Scattering, particle size distribution analysis, X-ray diffraction analysis, TEM, FESEM, EDX
ll:z:i::;rcmoma and BET, which show formation of variable size and shape, mesoporous, PEG-coated a-Fe;03 NPs (LAA@IONP-
XRD PEG) with B-FeOOH as an impurity. The present work emphasizes upon an anti-cancer study of LAA@IONP-PEG

against renal carcinoma HEK-293 human embryonic kidney cell lines. The study suggests that LAA@IONP-PEG is
a promising material against renal carcinoma HEK-293 human embryonic kidney cell lines. The docking study
has confirmed anti-proliferative action of NPs through binding affinity with renal carcinoma molecular targets.
The synthesized NPs show the synergistic effect with Axitinib as an anti-cancer drug effective against renal
carcinoma cell lines. ROS and 1,1-diphenyl-2-picrylhydrazine (DPPH) free radical scavenging assay have shown
the antioxidant capability of synthesized NPs. The efficient biocatalytic activity of LAA@IONP-PEG prescribes its
use as one of the best suited drugs for the future perspectives against fatal renal carcinoma and thus it is reckoned

that synthesized NPs will have persistent utilization in different field of medical applications.

1. Introduction

Renal carcinoma is one of the most frequently diagnosed malig-
nancies in men, which causes mobility and mortality globally [1]. To
improve the efficacy of cancer therapy and to minimize its hazardous
impacts on healthy tissues and organs, new treatment methods are ur-
gently needed. Since recent decades, nanotechnology and its interdis-
ciplinary fields are emerging as the best tool to diagnose several diseases
fatal to mankind and causing problems to the environment. Synthesis of
nanoparticles has gained attention in the field of a wide variety of
biomedical applications like hyperthermia, gene or drug delivery,
magnetic resonance imaging (MRI) and in vivo cell tracking [2,3]. It has
been reported that cytotoxicity depends on the nanoparticle size, shape,
its structure and morphology [4,5]. The small size of such particles
means that they are able to more easily evade the immune system of the
body and penetrate cellular membranes to come into close proximity to
sensitive biological components [6] Generally, the cytotoxicity of
nanoparticles results due to cations on the surface of the metal oxides,
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which generate harmful free radical species catalytically within the
cytoplasm [7] and are then able to chemically attack sensitive cellular
components. Thus increased free radical concentrations can lead to
apoptosis [8] or can responsible for potential carcinogenesis [9].

Due to structural imperfection and uncompensated spins, magnetic
nanomaterials exhibit induced permanent magnetic moments on the
surface of the particles [10]. The surface uncompensated exchange
couplings at the surface modify the magnetic properties, [11]. Although
several associated issues like aggregation, toxic states of the nano-
particles, surface functionalization, poor durability etc. restrain the use
of bare magnetic nanoparticles, however, these problems can be
addressed by coating magnetic nanoparticles with non-magnetic mate-
rials like polymers, organic monolayers, enzymes etc. [12-14]. Such
coated magnetic nanoparticles have added advantage in the biomedical
field due to easy separation and sensitivity to a magnetic field [15].

Iron oxide nanoparticles exhibited exceptional features in catalysis
by reducing unwanted reactions, good selectivity, the requirement of the
mild environment in various examples like hydrolysis, esterification,

Received 17 July 2020; Received in revised form 20 January 2021; Accepted 14 February 2021

Available online 20 February 2021
2352-4928/© 2021 Published by Elsevier Ltd.

174



Chapter 5

Synthesis of LAA@Cu,0-PEG Nanostructures
and their Cytotoxicity against Renal Carcinomas
HEK-293 Human Embryonic Kidney Cell Lines




Chapter 5

Synthesis of LAA@Cu,0O-PEG nanostructures and their cytotoxicity
against renal carcinomas HEK-293 human embryonic kidney cell

lines

Abstract

The present study reports sonochemical synthesis of Cu,O nanostructures
(LAA@Cu,0-PEG nanopolyhedra) prepared by reduction of Cu(ll) complex
K3[CuCls] by L-ascorbic acid (LAA), stabilized by polyethylene glycol (PEG) and
their cytotoxicity against HEK-293 Human embryonic kidney cell lines. The products
have been characterizes by UV-visible spectroscopy, FTIR, XRD, SEM (EDX),
FESEM, TEM, particles size distribution and BET surface area analyses exhibited
formation of well crystalline, mesoporous LAA@Cu,0-PEG polyhedral
nanostructures, capped with PEG molecules. The biological analysis revealed the role
of capturing protein in capping and stabilization of Cu,O nanopolyhedra. The
synthesized LAA@Cu,0-PEG nanopolyhedra were found to have a stable zeta
potential in a range of -18+0.29mV. The ICsy of the prepared LAA@Cu,O-PEG
nanopolyhedra against renal carcinomas HEK-293 human embryonic kidney cell lines

are in the range of 15-60uM, inducing morphological changes in proteins.

Keywords: LAA@Cu,0-PEG nanopolyhedra, L-Ascorbic acid, renal carcinomas,

polyethylene glycol, cytotoxicity.
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5.1 Introduction

Since recent decades, nanoparticles are witnessing their tremendous growth
due to unusual physical and chemical properties which have been demonstrated
intermediate states of matter.”” The catalytic activity of the formed nanostructures
depends on the shape, size and stabilizing agents which are dependent on preparation
techniques.> There are a number of diverse approaches for the preparation of
nanostructures as elucidated from a literature review.*” Controlled chemical
reduction,* electrochemical reduction* and metal vaporization® are included briefly to
describe the methods of formation of nanostructures.” But most recently the
sonochemical method has been emerged as the best method for the formation of novel
nanostructures due to their unique properties.” The chemical effects of ultrasound
which arise from acoustic cavitation, which involve formation, growth and an
implosive growth of bubbles in liquids have produced unusual chemical environment.
The major condition attained during bubble collapse has been exploited to prepare
nanoscale metal® metal oxide® and nanocomposite.’® The ability to synthesize
nanomaterials of different morphology with their shape and size is exploring their
applications in the catalytic system, sensing technology, microelectronical gadgets
and other important fields of nanotechnology.*** The nanoscale precursors of copper
and its alloys have been used in catalysis e.g. gas shift catalysis and gas detoxification

catalysis.*®

The preparation of copper oxide nanoparticles with controllable size, shape
and morphological pattern is vital to be an effective catalyst. Such abilities have
fastened the use copper oxide nanostructures as the precursor of reaction that is
predominantly dominated to gold, silver and platinum nanoparticles. There is a

number of methods to prepare nanoparticles regarding shape control specificity to
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control their shape and size effectively.'* Literature review revealed that limited
attempts have been used to prepare copper oxide nanostructures with controllable
shape, size and other morphological and surface properties*>™°. Previous reports on
the synthesis of copper oxide NPs have witnessed the organic encapsulation in
organic phase,’® encapsulation of thiol as capping agent' and thermal
decomposition.'” Copper based nanostructures prepared by the above required method
has either limited to their size monodispersity or their susceptibility to getting
oxidized.’®**® The major limitation of nanoscale copper oxide particles is lack of
sufficient stability because of large energy associated with their high surface area of
their dispersions and therefore they have strong tendency to aggregate and form larger
clusters.?>?? The cluster formation leads to rapid sedimentation which diminishes
reactivity and activity of copper oxide, associated with nanometric size.”> To
overcome this problem surfactants like SDBS, CTAB, AOT etc. have been used as
stabilizers and to generate nanoparticles with uniform size.??* Polymeric stabilizers
like PEG is supposed to be better stabilizers for copper oxide NPs because of its

suitability in biological systems.

Several studies have reported antibacterial activity of copper oxide NPs
against Gram-positive bacteria, such as B. subtilis, S. aureus and Gram-negative
bacteria such as, P. aeruginosa and E. coli.?*° Metallic copper as well as copper
oxide nanoparticles have exhibited multitoxicity to a broad-spectrum of bacterial
species, including some multi-drug resistant bacteria such as the “superbug” MRSA
(methicillin-resistant S. aureus).®® The growing attention on copper oxide
nanoparticles is prompted by their cheaper price and abundance compared to the
noble and expensive metals like gold, silver and their competent potential application
as microbial agents.?” Besides other mechanisms, mechanism of action of copper

oxide NPs against microbes includes generation of oxidative stress and tendency of
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copper nanoparticles to alternate between cupric, Cu(ll) and cuprous, Cu(l) oxidation
states, make it unique from other metal nanoparticles.”’ Especially, Cu,O
nanoparticles are widely abundant and have been reported to show lower toxicity,
good environmental acceptability and remarkable broad-spectrum antibacterial and
anti-superbug activity against a range of bacteria through generation of reactive
oxygen species (ROS) and release of copper ions.?®" %2 Zhou et al.?* reported
remarkable antibacterial activity of Cu,O NPs on the superbugs “methicillin-resistant
staphylococcus aureus (MRSA)” and “vancomycin-resistantent erococcus (VRE)”
after being loaded on ZrP nanosheet matrix. Cuprous (Cu(l)) ions from Cu,O, have
been shown to be considerably more toxic than cupric (Cu(ll)) ions, due to their

higher thiophilicity and cytoplasmic membrane permeability.*

Based on the above reports LAA@Cu,0-PEG nanostructures have been
synthesized by using amphiphilic nonionic surfactant, PEG as a surface stabilizer and
L-Ascorbic acid as reducing agent in a mesoporous range. The formed LAA@Cu,0O-
PEG nanopolyhedra show their surface enhancing, the property to their controllable
pore size and unique polyhedral nature. The fabricated LAA@Cu,O-PEG
nanopolyhedra have been examined for cytotoxicity against HEK-293 Human

embryonic kidney cell lines.

5.2. Experimental section

5.2.1. Chemicals

Copper chloride (CuCl,), potassium chloride (KCI), polyethylene glycol
(PEG), and L-Ascorbic acid (98%) were purchased from Sigma Aldrich chemical

supplier and were used without further purification.
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5.2.2. Synthesis

Agueous solutions of CuCl, and KCI in a 1:2 molar ratio were mixed on
magnetic stirring for 6-8 hours at room temperature, which led to the formation of
copper coordinate complex Ks;[CuCls]. For the formation of LAA@Cu,0-PEG
nanopolyhedra, 50 mL of 20 mM K3[CuCls], 5 mL of 1 mg/mL of PEG and 0.1 M L-
Ascorbic acid were taken in a beaker and kept for 3 hours for ultrasonication. After
the reaction gets completed, the precipitate was removed via centrifugation (8000 rpm
for 20 min) and washed several times with deionized water and ethyl alcohol to
remove excess surfactant and reducing agent. After washing with the alcohol and

water the material kept it in the oven for some time to get dried.

OH OH
H pr—
o (0]
CuCl, + 3KCI . > K5[CuCls] >
HOMHO
PEG

5.2.3. Instrumentation and Measurement

Detailed LAA@Cu,0O-PEG nanopolyhedra were examined through UV-
visible spectrophotometry by Shimadzu UV-3600 spectrophotometer. The X-ray
diffraction patterns of the obtained products were recorded on Pananalytical’s X Pert
Pro X-ray diffractometer in the 26 range 10 to 80° with a step size of 0.025°.
Scanning electron microscope (SEM) images of the materials were observed on JEOL
6490 LB equipment at operating electrical energy of 3 kV. Particles shapes and sizes
of the materials were further examined on JEOL-2100) transmission electron

microscope (TEM). The zeta potential of Cu,O NPs (formed at room temperature)
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was measured using a Zetasizer ZS90 (Nano series Malvern Instrument) at room
temperature. Dispersion of nanoparticles was sonicated for 20 minutes and diluted to
make a solution with concentration 80 pg/mL in phosphate buffer saline (pH = 7.4).
The particle size and size distribution were carried out on a Zetasizer ZS90 (Nano
series Malvern Instrument). SERS spectrum of Cu,O NPs, formed at room
temperature, was recorded on NSCOM/Raman/Confocal/AFM used for
UV/lithography (200 nm) and near field imaging of features as small as 100 nm
Raman spectra and imaging for an excitation wavelength of 532 nm with an
extinction coefficient of 8000 M cm™. FTIR spectra of the products have been
recorded on Perkin Elmer Spectrum two instrument. UV-visible data were collected
on a Shimadzu UV-3600 spectrophotometer. Brunauer-Emmett-Teller (BET) analysis

of the materials was recorded on Belsorp-mini Il instrument.
5.3.  Results and Discussion

When reducing agent L-Ascorbic acid and capping agent/stabilizer PEG were
added to Cu(ll) complex K3[CuCls] and reaction performed for 3 hours with
ultrasonication, the temperature of reaction mixture slightly raised up-to 37 °C,
simultaneously color of the resulting product darkened. The separated and purified
product was dispersed in de-ionized water and UV-visible absorption measurement
has been carried out in the range of 200-700 nm. The graph (Fig 5.1a) shows a peak at
369 nm which is a characteristic of Cu,O nanostructures.®* Appearance of broad
continuous absorption spectrum, gradually rise in intensity from visible to ultraviolet
region, suggesting complete reduction of Cu*® to Cu*™, which is similar to earlier
reports.>*’ The optical band gap energy of formed LAA@Cu,0-PEG nanopolyhedra

was elucidated by using Tauc’s equation :
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afiv = A(fv-Eg)"

Where a is the absorption coefficient, A is energy independent constant, fiv is
photon energy, Eg is the optical energy gap and exponent n depends on the nature of
the electronic transition. The coefficient, o can be calculated using Beer-Lambert’s

relation:

a = 2.303 x—

Where, L is path-length and A is the absorbance. The energy-gap (Ey) value
has been elucidated from the plot of (afiv)? and fiv as depicted from Figure. The band
gap was estimated by extrapolating of the (afiv)? = 0 to gives straight line. As clearly
seen from Fig.1.b, the optical-band energy gap was 2.0 eV with (afiv)? versus fiv for

an indirect allowed transition for LAA@Cu,O-PEG nanopolyhedra (Fig.5.1.b).
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Fig. 5.1. UV-visible spectrum (a) and band gap analysis (b) of LAA@Cu,0-PEG

nanopolyhedra

In order to observe adsorption of PEG and/or L-Ascorbic acid over cuprous
oxide nanopolyhedra, FTIR spectral analysis has been performed. In the FTIR

spectrum (Fig.5.2) the peak at range of 3427 cm™ is correspond to -OH stretching.
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The peaks at 1404 and 1377 cm™ are due to —CH, scissoring and wagging, while the
peak at 2930 cm™ and 2888 cm™ are due to —CH, stretching of PEG.*® The
characteristic absorption peak at 1722 cm™ is correspond to stretching vibration of
C=0 of five member ring and at 1092 cm™ is due to C-O stretching in the of L-
Ascorbic acid. The band at 1673 cm™ correspond to the C=C stretching frequency of
L-Ascorbic acid.*® The peak at 926 cm™ is due to out of plane bending vibration C-H
of PEG. Moreover, small intensity peaks in the far IR region at 634 cm™ is

corresponds to Cu-O vibration mode in LAA@Cu,0-PEG nanopolyhedra.*’
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Fig. 5.2. FTIR spectrum of synthesized LAA@Cu,0O-PEG nanopolyhedra.

Vibrational analysis of LAA@Cu,O-PEG has further been examined using
Raman spectral measurement, excited at a wavelength of 532 nm with an extinction

coefficient of 8000 M cm™. The SERS spectrum of the LAA@Cu,0-PEG (Fig. 5.3)
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nanopolyhedra was obtained by plotting the intensity, (arbitrary value) versus Raman
shift graph. The ascorbic acid/PEG molecular orientation on particle surface has been
determined in wave numbers ranges from 400 to 3500 cm™. The band at 1569 cm™ is
correspond to vibrational band characteristic to C=C stretching of lactone ring of L-
Ascorbic acid. Peak at 965 cm™ is due to —CH bending vibration of polyethylene
glycol (PEG).® The Surface Enhanced Raman spectroscopy (SERS) of 438 cm™ is
dominated by -CH stretching out of plane bending of alkanes of polyols®® and 1967
cm ™ are due to C=C stretching® and 2449 cm™, 3173 cm™ is due to —CH stretching
of carboxylic group of L-Ascorbic acid.** Besides, the Raman scattering spectrum of
Cu,0O NPs is dominated by ring deformation, ring twisting deformation and ring

breathing and wagging.
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Fig.5.3. SERS/Raman analysis of LAA@Cu,0O-PEG nanopolyhedra.
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From dynamic light scattering particle size of LAA@Cu,0-PEG NPs has
been determined (Fig. 5.4 a), which shows that particles size lie in the range of 15-45
nm and maximum population at 27 nm while smaller quantity present in the small
aggregates in solution. The Zeta potential of synthesized LAA@Cu,O-PEG
nanopolyhedra shows a characteristic value in a negative range of -18+0.29 mV (Fig.
5.4 b), which maintains stability of NPs surface. The negative charge on particles
surface is probably due to presence of anionic form L-Ascorbic acid at the NPs

surface.
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Fig. 5.4 a-b. DLS spectra of LAA@Cu,0O-PEG nanopolyhedra

The degree of crystallinity, size and structure of synthesized LAA@Cu,0O-
PEG nanopolyhedra has been achieved by XRD analysis. The diffraction pattern
indicates that particles have cubic arrangement of constituents (Fig. 5.5). In the XRD
pattern very sharp peaks centered at 43.31,36.5, 61.9, 73.9 and 77.3° are
corresponding to the reflection of (111), (200), (220), (311) and (222) planes of
crystalline LAA@Cu,0-PEG nanopolyhedra, which were assigned to their cubic

crystal pattern (JCPDS file N0.01-071-3631).*>*® The peaks at 43.31 and 73" reflect
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the indices of cuprous oxide nanostructure (JCPDS card no. 85-1325) with face
centered cubic, (fcc) structure.*® The broadening of the peaks represents that the
synthesized LAA@Cu,0-PEG nanopolyhedra are in the nanorange. The mean
diameter of LAA@Cu,0-PEG nanopolyhedra were estimated to be 32 nm with the
full width half maximum, (FWHM) value of prominent (111) peak. The broad
diffraction peaks at 39.9 clearly represent their disordered mesoporous nature

calculated by using the Scherrer’s formula (Fig.5.5).
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Fig.5.5. XRD analysis of LAA@Cu,0O-PEG nanopolyhedra

The porosity of LAA@Cu,0O-PEG nanopolyhedra were further estimated via
N, adsorption-desorption isotherm. From the Barrett-Joyner-Halenda (BJH) method
an average mesopore diameter of LAA@Cu,0O-PEG nanopolyhedra has been found to
be 18 nm. These results were consistent with TEM observation and were indicative of
mesoporous structure. The specific surface area obtained by Brunauer-Emmett-Taylor

method (BET) were approximately 28 m?/g (Fig. 5.6 a-b) observed with a mesoporous
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structure having pores in diameters 2-50 nm as per IUPAC nomenclature.” Recent
literature witnessed that the other related nanostructure materials had a smaller area in
a range of 18 to 30 m%g.*® In comparison of previous reports, LAA@Cu,0-PEG

nanopolyhedra had a large surface area, which contain more catalytic sites.
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Fig.5.6. BET surface analysis (a) and BJH pore size analysis (b) of LAA@Cu,O-

PEG nanopolyhedra

The morphology, size and elemental composition of as-synthesized
LAA@Cu,0-PEG NPs were examined by SEM, FE-SEM, TEM and Energy-
dispersive X-ray spectroscopy (EDX) analyses. In the SEM image (Fig. 5.7 a), the
morphology and structure of particles are not clear, however in the EDS spectrum of
LAA@Cu,0-PEG confirms the presence of copper and oxygen, (Fig.5.7 b). In the
FE-SEM images (Fig. 5.8 a-d) of LAA@Cu,0-PEG uniform sized polyhedral
structures are observed which assisted by sonochemical approach.*” FE-SEM images
further revealed that most of the NPs have similar shapes and sizes, indicating
uniformity throughout the sample. The polyhedral shape LAA@Cu,0O-PEG have been
supposed to show effective cytotoxicity against cell lines because of effective

interaction in the biological cell membranes as reported erlier.** The TEM images
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(Fig. 5.9 a-b) revealed the polyhedral LAA@Cu,O-PEG overall dimension in the
range of 20-60 nm with face diameter in the range of 10-20 nm. Previous reports also

in accordance of these results in the mesoporous range and polyhedron appearance

and shape.*
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Fig.5.7. SEM image (a) and EDX spectrum (b) of LAA@Cu,0O-PEG NPs

WO: 4.98 mm
View fleld: 2.08 pm

SEM HV: 20.0 KV
Det: InBeam 5
SEM MAG: 100 kx

View fieid: 0.830 pm
Date(midly): 09/12/17 ertor SEM MAG: 250 kx

T

SEM HV: 20.0 KV
View fiold: 4.15 pm

i
SEM MAG: 50.0 kx _ Date(m/dly): 09/12/17 Porformance in nanospace

Fig.5.8 (a-d). FE-SEM images of LAA@Cu,0O-PEG nanopolyhedra.
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Fig. 5.9 (a-b). TEM images of LAA@Cu,0O-PEG nanopolyhedra.
5.3.1. Cytotoxicity test

Cell viability of LAA@Cu,O-PEG nanopolyhedra with renal carcinomas
HEK-293 human embryonic kidney cell lines has been determined by MTT assay in
which cell was seeded in 96 well plates and incubated at a concentration of 15 to 90
UM taking one blank as reference at 37 °C temperature.®® Control groups
corresponding to untreated cells with ethanol and acetic acid applied in the
formulation. The pH of the sample was adjusted to 7.4 with NaOH whenever
necessary. Treatment lasted for 24 to 48 hours with 15 pL concentration, MTT
addition and incubated for 3 hours at 37 °C temperature. The culture medium then
aspirated and dimethylsulphoxide of 200 puL was added to the sample. The absorbance
of the solution was monitored by spectrophotometer with a micro plate reader at a

wavelength of 595 nm.
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Fig.5.10.a. Cell viability analysis of LAA@Cu,0O-PEG nanopolyhedra.
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Fig.10 b. Cell viability analysis of LAA@Cu,O-PEG nanopolyhedra

The effect of LAA@Cu,0-PEG nanopolyhedra with renal carcinomas HEK-293
human embryonic kidney cell lines has been monitored on 24-48 hrs period at 15 to
90 uM concentration range (Fig. 5.10 a). The HEK-293 cell lines used against renal
carcinomas cell lines is spontaneously arising renal tumor cell having metastatic

property extensively characterized. In addition, the application was also used for
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therapeutic procedures and the effect of the drug’s efficacy and toxicity study of the
cells.®® The results were also consistent with NIH 3T3 cell lines for easily transfection
of host and easily effective against leukemia virus propagation and transfect ion of
DNA.*! The ICs value analysis at an inhibitory 50 uM concentration was found to be
30.54 (Fig. 5.10 b). The use of in vitro cytotoxicity test is the first step in the

evaluation of biocompatibility of substance (Fig. 5.10 a-b).

Table 3: The cell viability after incubation with LAA@Cu,0O-PEG

nanopolyhedra in comparison with other reports

Particles Cell Incubation Concentration Cell Ref.
lines period viability
Mesoporous Copper HEK-  24hrs 15-60puM 95-99 This
nanoparticles 293 work
Mesoporous Copper HEK-  48hrs 15-60uM 85-95 This
nanoparticles 293 work
Mesoporous Copper HEK-  24hrs 15-60nM 0-99 This
nanoparticles 293 work
Mesoporous Copper HEK-  48hrs 15-60nM 97-99 This
nanoparticles 293 work
Dendritic Copper BT-20  24hrs 0-100pg/mL 80-98 52
nanoparticles
Dendritic Copper MCF-7  24hrs 1-8mg/mL 46-87 52
nanoparticles
Mesoporous Copper HepG-2 24hrs 1-8mg/mL 8-96 52
nanoparticles
Apoferritin HepG-2 48hrs 0-140pg/mL 80-100 52

encapsulated Copper

nanoparticles

Polyvinypyrollidone  HepG-2 48hrs 0-140upg/mL 30-100 52
stabilized Copper

nanoparticles

Ac-G9 dendrimer MCF-7  24hrs 1-30nM 87-97 53
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encapsulated Copper

nanoparticles

Ac-G9 dendrimer HelLa 24hrs 1-30nM 85-98 54
encapsulated Copper

nanoparticles

Dendritic Copper NHEKs 24hrs 0-25pg/mL 88-100 54
nanoparticles
Dendritic Copper NHEKSs 24hrs 0-25pug/mL 83-100 54
nanoparticles
Dendritic Copper NHEKs 24hrs 0-25pg/mL 82-100 54
nanoparticles
Dendritic Copper A-549  24hrs 15-90 uM 80-88 55

nanoparticles

Conclusion

In summary, LAA@Cu,O-PEG nanopolyhedra has been synthesized via
sonochemical assisted method using aqueous solution mixture of complex Ks[FeClg],
PEG and L-ascorbic acid at a temperature 37 °C. LAA@Cu,0O-PEG has been evolved
polyhedral. The anti-cancer study of LAA@Cu,0-PEG against renal carcinoma HEK-
293 human embryonic kidney cell lines study suggests that high surface area with a
large number of active sites nanopolyhedra are well suited anti-cancer agent and serve
as promising candidate for treatment of renal carcinoma HEK-293 human embryonic
kidney cell lines. The synthesized NPs show a synergistic effect with Axitinib as an
anti-cancer drug effective against renal carcinoma cell lines. Cytotoxicity and ICsy
analysis led to detailed changes in the enzyme structure. The nanoparticles sample
may be a good antioxidant agent during the cancerous condition of a cell. The results
from the experimental and theoretic study served as a valuable anti-cancer tool against

renal carcinoma drug therapy in future.

191



Chapter 5

References

1. Rao, C. R, Kulkarni, G. U.; Thomas, P. J.; Edwards, P. P., Metal
nanoparticles and their assemblies. Chemical Society Reviews 2000,29 (1), 27-
35.

2.  Reetz, M. T.; Quaiser, S. A.; Breinbauer, R.; Tesche, B., A new strategy in
heterogeneous catalysis: the design of cortex catalysts. Angewandte Chemie
International Edition in English 1996,34 (23-24), 2728-2730.

3. Aiken IlI, J. D.; Finke, R. G., A review of modern transition-metal
nanoclusters: their synthesis, characterization, and applications in catalysis.
Journal of Molecular Catalysis A: Chemical 1999,145 (1-2), 1-44.

4.  Khanna, P.; Gaikwad, S.; Adhyapak, P.; Singh, N.; Marimuthu, R., Synthesis
and characterization of copper nanoparticles. Materials Letters 2007,61 (25),
4711-4714.

5. Ghosh, S. K.; Kundu, S.; Mandal, M.; Pal, T., Silver and gold nanocluster
catalyzed reduction of methylene blue by arsine in a micellar medium.
Langmuir 2002,18 (23), 8756-8760.

6.  Suslick, K. S., Ultrasound: its chemical, physical, and biological effects. 1988.

7. Koltypin, Y.; Katabi, G., prozorov, R.; Gedanken, A. J. Non-Cryst. Solids
1996,201, 159.

8.  Salkar, R.; Jeevanandam, P.; Kataby, G.; Aruna, S.; Koltypin, Y.; Palchik, O.;
Gedanken, A., Elongated copper nanoparticles coated with a zwitterionic
surfactant. The Journal of Physical Chemistry B 2000,104 (5), 893-897.

9. Dhas, N. A.; Gedanken, A., Sonochemical synthesis of molybdenum oxide—
and molybdenum carbide— silica nanocomposites. Chemistry of Materials

1997,9 (12), 3144-3154.

192



10.

11.

12.

13.

14.

15.

16.

17.

18.

Chapter 5

Hoover, N. N.; Auten, B. J.; Chandler, B. D., Tuning supported catalyst
reactivity with dendrimer-templated Pt— Cu nanoparticles. The Journal of
Physical Chemistry B 2006,110 (17), 8606-8612.

Niu, Y.; Crooks, R. M., Preparation of dendrimer-encapsulated metal
nanoparticles using organic solvents. Chemistry of Materials 2003,15 (18),
3463-3467.

Ressler, T.; Kniep, B. L.; Kasatkin, I.; Schlégl, R., The microstructure of
copper zinc oxide catalysts: bridging the materials gap. Angewandte Chemie
International Edition 2005,44 (30), 4704-4707.

Mott, D.; Galkowski, J.; Wang, L.; Luo, J.; Zhong, C.-J., Synthesis of size-
controlled and shaped copper nanoparticles. Langmuir 2007,23 (10), 5740-
5745.

Chen, S.; Sommers, J. M., Alkanethiolate-protected copper nanoparticles:
spectroscopy, electrochemistry, and solid-state morphological evolution. The
Journal of Physical Chemistry B 2001,105 (37), 8816-8820.

Kim, Y. H.; Kang, Y. S.; Lee, W. J.; Jo, B. G.; Jeong, J. H., Synthesis of Cu
nanoparticles prepared by using thermal decomposition of Cu-oleate complex.
Molecular Crystals and Liquid Crystals 2006,445 (1), 231/[521]-238/[528].
Sun, S.; Murray, C., Weller. D.; Folks, L.; Moser, A. Science 2000,287, 1989.
Salzemann, C.; Lisiecki, I.; Urban, J.; Pileni, M.-P., Anisotropic copper
nanocrystals synthesized in a supersaturated medium: Nanocrystal growth.
Langmuir 2004,20 (26), 11772-11777.

Wei, Y.; Chen, S.; Kowalczyk, B.; Huda, S.; Gray, T. P.; Grzybowski, B. A.,
Synthesis of stable, low-dispersity copper nanoparticles and nanorods and
their antifungal and catalytic properties. The Journal of Physical Chemistry C

2010,114 (37), 15612-15616.

193



19.

20.

21.

22.

23.

24.

25.

26.

Chapter 5

Peng, X.; Manna, L.; Yang, W.; Wickham, J.; Scher, E.; Kadavanich, A;
Alivisatos, A. P., Shape control of CdSe nanocrystals. Nature 2000,404
(6773), 59.

Wozniak-Budych, M. J.; Przysiecka, L.; Maciejewska, B. M.; Wieczorek, D.;
Staszak, K.; Jarek, M.; Jesionowski, T.; Jurga, S., Facile synthesis of
sulfobetaine-stabilized Cu20 nanoparticles and their biomedical potential.
ACS Biomaterials Science & Engineering 2017,3 (12), 3183-3194.

Zhou, J.; Xiang, H.; Zabihi, F.; Yu, S.; Sun, B.; Zhu, M., Intriguing anti-
superbug Cu 2 O@ ZrP hybrid nanosheet with enhanced antibacterial
performance and weak cytotoxicity. Nano Research 2019,12 (6), 1453-1460.
Hotze, E. M.; Phenrat, T.; Lowry, G. V., Nanoparticle aggregation: challenges
to understanding transport and reactivity in the environment. Journal of
environmental quality 2010,39 (6), 1909-1924.

Usman, M. S.; El Zowalaty, M. E.; Shameli, K.; Zainuddin, N.; Salama, M.;
Ibrahim, N. A., Synthesis, characterization, and antimicrobial properties of
copper nanoparticles. International journal of nanomedicine 2013,8, 4467.
Morsy, S. M., Role of surfactants in nanotechnology and their applications.
Int. J. Curr. Microbiol. App. Sci 2014,3 (5), 237-260.

Chaudhary, R. G.; Sonkusare, V. N.; Bhusari, G. S.; Mondal, A.; Shaik, D. P.;
Juneja, H. D., Microwave-mediated synthesis of spinel CuAl 2 O 4
nanocomposites for enhanced electrochemical and catalytic performance.
Research on Chemical Intermediates 2018,44 (3), 2039-2060.

Kaweeteerawat, C.; Chang, C. H.; Roy, K. R.; Liu, R.; Li, R.; Toso, D.;
Fischer, H.; Ivask, A.; Ji, Z.; Zink, J. 1., Cu nanoparticles have different
impacts in Escherichia coli and Lactobacillus brevis than their microsized and

ionic analogues. ACS nano 2015,9 (7), 7215-7225.

194



217.

28.

29.

30.

31.

32.

33.

34.

Chapter 5

Bogdanovic, U.; Vodnik, V.; Mitric, M.; Dimitrijevic, S.; Skapin, S. D.;
Zunic, V.; Budimir, M.; Stoiljkovic, M., Nanomaterial with High
Antimicrobial Efficacy[] Copper/Polyaniline Nanocomposite. ACS applied
materials & interfaces 2015,7 (3), 1955-1966.

Hsueh, Y.-H.; Tsai, P.-H.; Lin, K.-S., Ph-dependent antimicrobial properties
of copper oxide nanoparticles in staphylococcus aureus. International journal
of molecular sciences 2017,18 (4), 793.

Nishino, F.; Jeem, M.; Zhang, L.; Okamoto, K.; Okabe, S.; Watanabe, S.,
Formation of CuO nano-flowered surfaces via submerged photo-synthesis of
crystallites and their antimicrobial activity. Scientific reports 2017,7 (1), 1-11.
Weaver, L.; Noyce, J.; Michels, H.; Keevil, C., Potential action of copper
surfaces on meticillin-resistant Staphylococcus aureus. Journal of applied
microbiology 2010,109 (6), 2200-2205.

Xiong, L.; Yu, H.; Nie, C.; Xiao, Y.; Zeng, Q.; Wang, G.; Wang, B.; Lv, H.;
Li, Q.; Chen, S., Size-controlled synthesis of Cu 2 O nanoparticles: size effect
on antibacterial activity and application as a photocatalyst for highly efficient
H 2 O 2 evolution. RSC advances 2017,7 (82), 51822-51830.

Yang, Z.; Hao, X.; Chen, S.; Ma, Z.; Wang, W.; Wang, C.; Yue, L.; Sun, H.;
Shao, Q.; Murugadoss, V., Long-term antibacterial stable reduced graphene
oxide nanocomposites loaded with cuprous oxide nanoparticles. Journal of
colloid and interface science 2019,533, 13-23.

Solioz, M., Copper and bacteria: evolution, homeostasis and toxicity.
Springer: 2018.

Jana, N. R.; Gearheart, L.; Murphy, C. J., Wet chemical synthesis of high
aspect ratio cylindrical gold nanorods. The Journal of Physical Chemistry B

2001,105 (19), 4065-4067.

195



35.

36.

37.

38.

39.

40.

41.

42.

Chapter 5

Zeng-guo, F.; Sanping, Z., Synthesis and characterization of biodegradable
hydrogels based on photopolymerizable acrylate-terminated CL-PEG-CL
macromers with supramolecular assemblies of a-cyclodextrins. Polymer
2003,44 (18), 5177-5186.

Xiao, X.-Q.; Liu, J.-M.; Zeng, G., Joint remote state preparation of arbitrary
two-and three-qubit states. Journal of Physics B: Atomic, Molecular and
Optical Physics 2011,44 (7), 075501.

Bezza, F. A.; Tichapondwa, S. M.; Chirwa, E. M., Fabrication of
monodispersed copper oxide nanoparticles with potential application as
antimicrobial agents. Scientific reports 2020,10 (1), 1-18.

Edsall, J. T.; Sagall, E. L., Raman Spectra of I-Ascorbic Acid, Tetronic Acid
and Related Compoundsl. Journal of the American Chemical Society 1943,65
(7), 1312-1316.

Panicker, C. Y.; Varghese, H. T.; Philip, D., FT-IR, FT-raman and SERS
spectra of vitamin C. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy 2006,65 (3-4), 802-804.

Yang, H.; Irudayaraj, J., Rapid determination of vitamin C by NIR, MIR and
FT-Raman techniques. Journal of Pharmacy and Pharmacology 2002,54 (9),
1247-1255.

Muniz-Miranda, M., SERS monitoring of the catalytic reduction of 4-
nitrophenol on Ag-doped titania nanoparticles. Applied Catalysis B:
Environmental 2014,146, 147-150.

Oliveira, L. M.; Nascimento, M. A.; Guimarées, Y. M.; Oliveira, A. F.; Silva,
A. A;; Lopes, R. P., Removal of beta-lactams antibiotics through zero-valent
copper nanoparticles. Journal of the Brazilian Chemical Society 2018,29 (8),

1630-1637.

196



43.

44,

45.

46.

47.

48.

49.

50.

Chapter 5

Ismail, M.; Gul, S.; Khan, M.; Khan, M. A.; Asiri, A. M.; Khan, S. B., Green
synthesis of zerovalent copper nanoparticles for efficient reduction of toxic
azo dyes congo red and methyl orange. Green processing and synthesis 2019,8
(1), 135-143.

Salavati-Niasari, M.; Davar, F., Synthesis of copper and copper (I) oxide
nanoparticles by thermal decomposition of a new precursor. Materials letters
2009,63 (3-4), 441-443.

Rouquerol, J.; Avnir, D.; Fairbridge, C.; Everett, D.; Haynes, J.; Pernicone,
N.; Ramsay, J.; Sing, K.; Unger, K., Recommendations for the
characterization of porous solids (Technical Report). Pure and Applied
Chemistry 1994,66 (8), 1739-1758.

Wang, H.; Imura, M.; Malgras, V.; Li, C.; Wang, L.; Yamauchi, Y., A
Solution Phase Synthesis of Dendritic Platinum Nanoelectrocatalysts with the
Assistance of Polyoxyethylene Nonylphenyl Ether. Journal of Inorganic and
Organometallic Polymers and Materials 2015,25 (2), 245-250.

Liz-Marzan, L. M.; Giersig, M.; Mulvaney, P., Synthesis of nanosized gold—
silica core— shell particles. Langmuir 1996,12 (18), 4329-4335.

Abbas, G.; Kumar, N.; Kumar, D.; Pandey, G., Effect of Reaction
Temperature on Shape Evolution of Palladium Nanoparticles and Their
Cytotoxicity against A-549 Lung Cancer Cells. ACS omega 20109.

Henam, S. D.; Ahmad, F.; Shah, M. A.; Parveen, S.; Wani, A. H., Microwave
synthesis of nanoparticles and their antifungal activities. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy 2019,213, 337-341.
Jardim, K. V.; Joanitti, G. A.; Azevedo, R. B.; Parize, A. L., Physico-chemical
characterization and cytotoxicity evaluation of curcumin loaded in
chitosan/chondroitin ~ sulfate  nanoparticles. Materials Science and

Engineering: C 2015,56, 294-304.

197



51.

52.

53.

54.

55.

Chapter 5

Landau, N.; Page, K.; Littman, D., Pseudotyping with human T-cell leukemia
virus type | broadens the human immunodeficiency virus host range. Journal
of virology 1991,65 (1), 162-169.

Martinez, D. S. T.; Faria, A. F.; Berni, E.; Souza Filho, A. G.; Almeida, G.;
Caloto-Oliveira, A.; Grossman, M. J.; Durrant, L. R.; Umbuzeiro, G. A,
Alves, O. L., Exploring the use of biosurfactants from Bacillus subtilis in
bionanotechnology: A potential dispersing agent for carbon nanotube
ecotoxicological studies. Process Biochemistry 2014,49 (7), 1162-1168.
Kumar, B.; Smita, K.; Debut, A.; Cumbal, L., Andean Sacha Inchi (Plukenetia
Volubilis L.) leaf-mediated synthesis of Cu20 nanoparticles: a low-cost
approach. Bioengineering 2020,7 (2), 54.

Kiran, G. S.; Selvin, J.; Manilal, A.; Sujith, S., Biosurfactants as green
stabilizers for the biological synthesis of nanoparticles. Critical reviews in
biotechnology 2011,31 (4), 354-364.

Pang, Z.; Raudonis, R.; Glick, B. R.; Lin, T.-J.; Cheng, Z., Antibiotic
resistance in Pseudomonas aeruginosa: mechanisms and alternative

therapeutic strategies. Biotechnology advances 2019,37 (1), 177-192.

198



Chapter 6

Synthesis of Nickel Nanoparticles and their
Cytotoxicity against MCF-7 Breast Cancer Cell

Lines




Chapter 6

Synthesis of Nickel Nanoparticles and their Cytotoxicity against

MCF-7 Breast Cancer Cell Lines

Abstract

Apart from potential applications in many fields, cytotoxicity and safety of
nanoparticles has promising scientific interest. Metallic nanoparticles, such as nickel
NPs have applications in sensing, catalytic and electronics etc. but their
environmental and health effects are not been fully investigated. Controlled sizes and
distribution nickel nanoparticles with enormous surface properties have been prepared
by a novel method and cytotoxicity has been examined against cancer cell lines MCF-
7 for the assessment of mortality and developmental changes. Nickel nanoparticles
exposure was compared with respect to established antitumor drug. Cytotoxicity has
significantly been increased when one or two layers of L-ascorbic acid and/or
polyethylene glycol were deposited. Cytotoxicity and in silico studies suggested that
the configuration of nanoparticles may affect cytotoxicity more and defects from Ni

NPs exposure occur by biological MTT assay analysis.

Keywords: Ni NPs; Cytotoxicity; MCF-7; drug; in silico; antitumor.
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6.1. Introduction

Since recent decades the emergence of biomedical applications like cell
labelling,! drug targeting,? gene delivery,® hyperthermia therapy,* and biosensors,’
nanoparticles attract increasing fundamental and technological interests. Major
advances have been made in developing methods for their improved performance. In
the recent years potential environmental and health impacts of Ni NPs have been
highlighted.® The raising concern of toxicity is a typical factor for evaluating their
applications especially via in vitro biological applications. It is well understood from
previous literature that the reduction of particle size from macroscopic to nanometer
length scale, the chemical and physical properties changed due to size and surface
effects. In case of bulk materials the ratio of surface atoms to that of interior atoms in
small and surface effect is insignificant. Although the particles size and surface
defects control the material properties, however the surface coating may
predominately affect the material properties. For example the manganese ferrite
nanoparticles surface modified by benzoic acid and substituted benzoic ligands
enhance biocompatibility because coated ligands led to decrease coercivity and
increase saturation magnetisation up-to the size range of 10, 20 and 25 nm.” Changes
in optical properties were reported in gold nanoparticles with different surface
coatings for improved stability and water solubility.® Up-to what extent particle size
and surface coating influence on toxicological behaviour is not clear though some
reports on this issue are available.” Furthermore the complications in cytotoxicity
studies arise when surface coating with same materials may depend on the type of
synthesis and method chosen. One should therefore not assume that coated and

uncoated nanoparticles would have same degree of biosafety. Often cytotoxicity
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studies on nanoparticles did not include sufficient data on their surface properties.

Commercialized product has also been used.

A lot of works are available in this area on noble metals, such as gold and
silver due to their unique surface plasmonic properties, however less interest have
been shown on economical metals like nickel etc. Recent investigation has been
extended to the study of other metals like copper and nickel that could have
antibacterial activity. Bimetallic Cu-Ni NPs show some features of alloys NPs that
distinguish them from the pure ones.®® Recently a number of studies have shown
antibacterial activities of Ni NPs.! Nevertheless they have not been synthesized in
aqueous solution without using surface stabilizers like polymers, ligands and salts etc.
By dispersing a specific material in polymer matrix, high-performance lightweight
composites can be used for individual applications. The polymer nanocomposites
have been developed by multifunctional materials with low nanofiller content.*?
Nanophase materials such as fillers in the polymer matrix is generally the group of
molecules with a size of 1-100 nm with specific properties different from their bulk
counterparts.®* Spherical and fibrous fillers have been added to polymer matrix to
improve their effectiveness, including rheological, mechanical, thermal, flammability,
calorimetric and other properties.* There are many composites that use different
polymer matrices, filler system and treatment system to improve certain
characteristics.™® The versatile method has been prepared polymeric nanocomposites,
such as in situ polymerisation solution being melt compounding, high shear mixing

and electrospinning.*?

Nickel nanoparticles (Ni NPs) have received enormous attention due to their
unique property in thermal, magnetic, electrical and chemical applications. They

possess an exceptional capacity in catalysis, supercapacitors, additives in oil,
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magnetic media for biochemicals and many other applications.*® *® For economic,
ecological and energy-saving reasons, recycled polyethylene terephthalate was used
instead of virgin materials. Based on the previous reports the properties of recycled
polyethylene terephthalate did not differ from those of virgin polyethylene
terephthalate.*> *” A number of eminent philosophers, academicians and scientists are
in approach to prepare a number of nickel nanoparticles (Ni NPs) for their best
characterisation in a field to diagnose a number of various pathological activities like
antitumor, antimalarial and antiphagocytic applications. H. Yin et al. proposed the
effect of particle size and surface coating on the cytotoxicity of nickel ferrite.'®
Cristina Espace et al. have proposed the toxicity and developmental defects of
different sizes and shaped nickel nanoparticle in Zebrafish.'”® G. Abbas et al. has
prepared the shape evolution of Pd nanoparticle and their cytotoxicity against A-549
lung cancer cell lines.”> Angel Ezhilarazi et al. reported the green synthesis of NiO
nanoparticles using Moringa oleifera extract and their biomedical applications, the
cytotoxicity effect of nanoparticles against HT-29 cancer cells.?* Masanori Horie et
al. have proposed ultrafine NiO particles induce cytotoxicity in vitro by cellular
uptake and subsequent Ni(ll) release. Elham S. Aazam et al. have proposed the
synthesis of copper/nickel nanoparticles using newly synthesized Schiff-base metal
complexes and their cytotoxicity and catalytic activities.?> Mohan Prasath Mani et al.
proposed the green synthesis of nickel oxide particles and its integration into
polyurethane scaffold matrix ornamented with groundnut oil for bone tissue
engineering.?® Bahareh Moazzenchi et al. proposed the click electroless plating of
nickel nanoparticles on polyester fabric, electrical conductivity, magnetic and EMI
shielding properties.”* Fatemeh Mohammadkhani et al. proposed the microwave

absorption and photocatalytic properties of magnetic nickel nanoparticles/recycled
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nickel nanofibres web.#?* Bushra Bashir et al. proposed the copper substituted nickel
ferrite nanoparticles anchored on graphene sheet as an electrode materials for
supercapacitors fabrication.® Jyoti Chaudhari et al. prepared the synthesis and

biological function of nickel and copper nanoparticles.?

Inspiring from the above studies, polyethylene glycol (PEG) grafted L-
Ascorbic acid coated Ni NPs have been prepared in mesoporous range by
sonochemical method and biological adaptability has been estimated against breast

carcinoma cell lines MCF-7.%’

6.2 Experimental section

6.2.1 Chemicals

DMEM (Gibco Invitrogen), Trypsin 0.25 % (Gibco Invitrogen), FBS US
Origin (Gibco Invitrogen), Trypan Blue (Gibco Invitrogen), DPBS (Gibco
Invitrogen), FBS, Nickel(Il) chloride (NiCl,), potassium chloride (KCI), polyethylene
glycol (PEG), L-Ascorbic acid (LAA) from Sigma Aldrich chemical were used in this

analysis without further purification.

6.2.3 Synthesis of Ni NPs

For synthesis of Ni NPs, K;[NiCls] has been prepared in the first step, by
mixing NiCl, and KCI in 1:2 ratio and magnetic stirring at room temperature. 50 mL
aqueous solution of 0.1 M L-Ascorbic acid (LAA) was mixed with 50 mL of 20 mM
K2[NiCl,] and finally 10 mL of 1mg/mL of polyethylene glycol was mixed to above
reaction mixture. The solution mixture was stirred on a magnetic stirrer for six hours
for complete reaction and thereafter sonicated for 2 hours at 37 °C for proper

homogenisation of the precipitate and for complete reduction of K,[NiCl,] to Ni NPs.
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The solution mixture was centrifuged at 8000 rpm for 15 minutes to separate the
product. The product was washed several times with deionised water and ethyl
alcohol to remove the excess amount of the surfactant and other impurities. The
crystals were kept in microwave oven to remove the moisture and stored in eppendorf

tube for studies.
6.2.4 Instrumentation and measurement

UV-visible analysis Ni NPs was carried out at Shimadzu UWV-3600
spectrophotometer in the range 200-800 nm. The adsorption of PEG and L-Ascorbic
acid on the NPs surface has been determined by FTIR spectral studies on Perkin
Elmer Spectrum Il instrument. SEM with EDS analyses has been recorded on model
JEOL at operating voltage of 15kV. The particles sized analysis and zeta- potential
has been achieved through Horiba Scientific Nanopartica, SZ100Z. Nitrogen
adsorption-desorption and pore-size diameter have been estimated through Belsorp
mini-1l instrument. SERS analysis of the formed Ni NPs has been performed on
NSOM/ Raman/Confocal/AFM used for UV/ lithography (200 nm) with near field
imaging features as small as 100 nm. TEM images of the product have been estimated
by JEOL-2100 apparatus. Degree of crystallinity of the formed NPs was analyzed on
a Phillips X pertdiffractometer using CuKa radiation at a wavelength of 1.54059 A°.
CO, incubator (Eppendorf Galaxy 170), fluorescent microscope (Carl Zeiss),
refrigerated centrifuge (Thermo scientific) hemocytometer were used for biological

studies.
6.2.5 Molecular Docking

The molecular docking is one of the crucial techniques in molecular
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modelling. It is a handy tool for the computational calculations for the molecular
interaction of drugs and macromolecule. It is a suitable method for predicts the
preferred orientation of one molecule to second when bound to each other to form
a stable complex. Here the nickel cluster is docked with the different cancer cell
proteins and calculated the binding energies. This binding energy predicts the
mostly affected proteins by the nanocluster. This theoretical prediction is suitable

for experimental evidence (present work).

6.2.6 Cell culture

MCEF-7 (breast cancer) cell lines was cultured and maintained in Dulbecco’s
modification of Eagle’s medium, (DMEM, provided by Advanced Reseach Lab, King
George Medical University), supplemented with 10 % Foetal Bovine Serum, (FBS)
and maintained at 37 °C under a humidified atmosphere at 5% CO,. All the cells were
seeded into 96 well plates at the density of 20,000 cells/well in DMEM supplemented
with 10% FBS. Different concentration of particles was suspended in the serum-free
medium using an ultrasonic bath for 1 hour to prevent agglomeration. After plating
cells for a period of 28 hrs, the medium with 10% FBS was removed and replaced by
200 pL of particle suspension with different concentration. The control was carried
out with cells treated with an equivalent volume of serum-free medium without any
particles. Cells were incubated for further 40 hrs with test particles before the cell

viability assay was performed.

Cytotoxicity was assessed by using an MTT (3,(4,5 dimetylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) test to measure the cytotoxicity against breast
carcinomas. Plates were centrifuged at 2000 rpm to harvest total cell contents.

Hundred mL of fresh media with 20 pL of 5 mg/mL MTT stain (Sigma Aldrich in
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vitro cytotoxicity assay Kit) was added into each well and incubated for 4 hours. The
media stain was aspirated and purple color crystal was dissolved with acidic isopropyl
alcohol. The absorbance in each cell was measured at 570 nm in BIO-RAD 680
microplate reader. Background absorbance was measured in a medium containing net
particles (without cells) and net cells (without particles). All experiments were
repeated between 5 to 15 times to ensure reproducibility. Statistical analysis was
carried out using the calculation of ICsy with a level 95 % significance. Microscopic
images show the typically observed morphologies of MCF-7 cells of control 50 %
viability. In cytotoxic condition, the cell membrane was compromised and distinct

cell shape was no longer visible.
6.3 Results and Discussion

To confirm the formation of Ni NPs, UV-visible absorption spectrum of
synthesized material was recorded in the range of 200-800 nm which shows peak at
395 nm (Fig 6.1 a). This observation is similar to the damping effect of Ni NPs on the
SPR band of noble metals as reported in case of Ni coated- Au nanorods.?® The Band-

gap analysis of Ni NPs is estimated by using the Tauc’s equation.?
ohv = A(hv - Eg)"

where « is the absorption coefficient, v is photon energy and Eq is the bandgap, n
=1/2 for the direct transition. A plot of (ahv)® versus /v, as shown in the inset of
figure and linear portion of the graph is extrapolated to hv axis to determine the

bandgap. The bandgap is found to be 2.2 eV (Fig 6.1 b).
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Fig.6.1. UV-visible spectrum (a) and band gap analysis (b) of Ni NPs

The prepared Ni NPs were subjected for particle size distribution which
represents their size in a range of 30 to 70 nm (Fig. 6.2 a). The synthesized Ni NPs
were further investigated by zeta potential measurement and the results revealed that
Ni NPs shows surface charge -20.3 meV, indicating high stability at as clearly shown
in Figure 6.2 b. Similar results has witnessed the synthesis of Ni NPs which be used in

several biomedical applications against pathogenesis.®
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Fig.6.2 a. particle size distribution Ni NPs Fig.6.2 b. Zeta potential of Ni NPs

With a view to observe interaction of organic molecules of reaction mixture with Ni

NPs, the FTIR spectral analysis of the Ni NPs was carried out. The graph shows an
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absorption peak at 3424 cm™ due to —OH stretching of carboxyl group (Fig. 6.3 a).%
The broadness of this peak indicated the presence of hydrogen bonding between Ni
NPs. The peak at 1623 cm™ is due to C=C stretching of L-Ascorbic acid. This peak is
red shifted compared to those of pure L-Ascorbic acid due to its adsorption on the
nanoparticle’s surface. The peak at 660 cm™ is due to the out of plane bending
vibration of —CH of PEG. The peak at 1461 cm™* is due to CH, scissoring of alkyl
chains of adsorbed PEG. Although peaks corresponding to —CH, stretching do not
appear in Figure 6.3 a, however, a small hump is visible at 2927 cm™ probably
because of preferential adsorption of AA at nanoparticle’s surface in the liquid phase.
The absorption at 1256 and 661 cm™ wagging transformation of trans conformation
and ring C-C stretching and CH, rocking.*? The room temperature Raman spectra of
nickel nanoparticles, (Ni NPs) measured using 532 nm green laser beam exhibited
multiple bands above 300 cm™ (Fig. 6.3 b). Two vibrational bands could be seen at
479 cm™ and 561 cm™ are characteristic Ni-O vibration® indicating interaction of Ni-
O-PEG. The band at 700 is correspond to adsorbed AA while the peak at 1076 cm™ is

due to C-O-H bending vibration.*
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Fig. 6.3. FTIR spectrum (a) and Raman spectrum (b) of Ni NPs
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X-ray diffraction analysis (Cu K, radiation, A=1.5418 Ac) of PEG grafted and
LAA coated Ni NPs is shown in Figure 6.4. The strong diffraction peak at 28.6, 44.9,
70.1, 82 and 103.7° which are correspond (111), (200), (220), (311) and (222)
respectively Bragg’s reflection face-centered cubic phase without any other additional
peaks, indicating that the Ni nanoparticles are single phased fcc phase. The broad
diffraction peaks are indicative of the ultrafine Ni particles. *. Using the Scherrer’s
equation at 34.9° the size of synthesized nickel nanoparticles, (Ni NPs) was estimated

to be 47.39 nm.®

K
~ Bcosb

Where D = particle size, k = Scherrer’s constant (0.94), value of A can be derived
from Bragg’s equation (n4 = 2dsin6), / is wavelength, g = full maxima half width, § =

diffraction angle.

a1
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Fig. 6.4. XRD pattern of Ni NPs

The porosity of the formed Ni NPs has been determined by using N
adsorption-desorption isotherm. From the Barrett- Joyner-Halenda (BJH) method, an

average mesopore diameter has been found to be 24 nm (Fig. 6.5 a). The specific
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surface area obtained by Brunauer-Emmett-Taylor (BET) method has been
determined as 53 m”g™’. Recent literature witnessed other related nanostructure of Ni
NPs normally has small surface areas’ in a range of 18 to 30 m?g™ (Fig. 6.5 b). So

compared to these results Ni NPs have a relatively large surface area, which expected

to have large catalytic sites.
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Fig. 6.5. BJH analysis (a) and BET analysis (b) of Ni NPs

The prepared Ni NPS was subjected to scanning electron microscopy for their
morphological studies. The result shows that the shapes of synthesized Ni NPs have
cubical shape (Fig 6.6 a-b). EDX spectrum (Fig. 6.6 ¢) confirms the higher presence
of nickel while oxygen and carbon metals observed due to adsorbed organic
molecules, and coated zirconium observed because the zirconium coating used in

SEM@EDX analysis.*® SEM images show that all the particles have nearly uniform

size and well dispersed.
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Electron Image 1

Electron Image 1
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Fig.6.6 a-c. SEM and EDX analysis of Ni NPs

The FESEM analysis was used to observe high resolution view of Ni NPs. The Figure
6.7 a-d shows the FESEM images of Ni NPs. The dimension of Ni NPs is found to be
45 to 60 nm and these structure is found to be free from any type of surface cracks
and infrastructure adherence.® The TEM micrographs depicted in Figure 6.8 a-b
indicate formation of cube shape Ni NPs which further shape support the SEM and
FESEM results. The size of particles varies in the range of 30-90 nm probably due to
presence of PEG. However the average size obtained from the Scherrer’s formula
shows slight decrease from that of TEM images because of the difference in their

particles size distribution.*
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6.3.1. Protein and nanocluster description

The PDB format file of proteins with PDB ID 4C6C, 6D96, 2ITX, 2ITY,
1INOW, and 2ING have downloaded from RCSB Protein Data Bank*’. The 4C6C and
6D96 PDB are the mesomorphic structure of proteins present in Human Embryonic
Kidney HEK-293 cell lines.** The 2ITX and 2ITY proteins are the amorphous
structures of the EGFR kinase domain. Mutations in the EGFR kinase are a cause of
non-small-cell lung cancer.” The proteins PDB INOW and 2ING are the crystal
structure of breast cancer protein BRCA2.** With the help of CHIMERA software*,

ligands and water molecules have removed from each protein.*
6.3.2. Drug

The nanocluster has optimized by the Gaussian 09 software package.” The nickel
cluster is optimized by the DFT method B3LYP*® at the Def2tz level.*’ The structural
geometry of the Nickel cluster has taken after optimization. Figure 6.9 represents the

3-D chemical structure of the Nickel cluster.

Fig.6.9. Three-dimensional structure of the Nickel cluster
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6.3.3. Molecular Docking

The Molecular Docking has calculated by the Autodock4.2 software.*®
Lamarckian Genetic Algorithm (LGA) has implemented for flexible ligand and
receptor docking. All the proteins have taken as the macromolecule and the Nickel
cluster used as the ligand. Both macromolecule and ligand have prepared for docking.
Before the docking, all the water molecules have deleted from the macromolecule.
For Autogrid, macromolecule has contained in grid boxes. The Grid boxes for all the
proteins are taking an appropriate dimension. The number of LGA runs set to 20.
Kollman and Gasteiger charges have added to the complex by Auto Dock Tools
(ADT).*”® The complex is modified and adjusted for the blind docking. The docked

pose with the highest docking score has selected as the binding mode of the system.

(a). 4C6C PDB docked with Ni cluster  (b). 6D96 PDB docked with Ni cluster
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(e) INOW PDB docked with Ni cluster  (f) 2ING PDB docked with Ni cluster

Fig. 6.10 a-f. PDB docking with Ni Cluster
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6.3.4. Result and Discussion

The molecular docked binding energies of all protein-drug complexes are
given in Table 1. The tabulated data is indicating that the binding energies of all
proteins with the Nickel cluster are in different ranges. The binding energy of all the
complexes is negative, showing that the complex system is most stable. The binding
modes and geometrical orientation of all compounds are almost identical; which is
suggesting that all the inhibitors occupied a common cavity in the receptor. The
ligand binds in the same active pocket for all the proteins. The Nickel nanocluster is
making non-bonded interactions for all the protein. The HEK-293 cell lines protein
6D96 represents the highest binding energy as a comparison with 4C6C complex, as
shown in Figure 6.10 (a) and (b) also given in Table 1. The Lung Cancer Protein
2ITX complex expresses more interaction as a comparison with the 2ITY complex, as
shown in Figure 6.10 (c) and (d). The Breast Cancer protein id INOW exhibits more
non bonded interaction as a comparison with 2ING complex, as shown in Figure 6.10
(e) and (f). The molecular docking is giving the stable conformations of the ligand
with proteins in the receptor active pocket. For each category of protein, an active

pocket has shown with the one with better binding energy with the Nickel cluster.

Table 1: Binding energies of all protein-drug complexes

Proteins PDB Id Binding Energy(kcal/mol)
HEK-293 cell 4C6C -4.3
lines 6D96 -4.7
Lung Cancer 2ITX -3.7
21TY -3.6
Breast Cancer INOW -3.8
2ING -34
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6.3.5. Cytotoxicity

Cell viability of synthesized Ni NPs was investigated against breast
carcinomas MCF-7 cell lines. In this study the different concentration of Ni NPs was
treated with known amount of cells and % cytotoxicity in dose level was measured by
MTT assay (Fig. 6.11 a-c). The diluted ranges of extract were added and final
concentration of cell extracts were 15, 30, 45, 60, 75, 90 and 100 pg/mL. MTT assay
(3,(4,5 dimetylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)was performed to
assess the cytotoxicity and cell viability against Ni NPs prepared via sonochemical
method. The insoluble crystal of formazan was mixed with dimethyl sulfoxide
(DMSO) for complete solubility and absorbance of purple solution was quantified by
recording the spectra at a certain wavelength (540 nm) using a spectrophotometer.*
The cytotoxicity was recorded as the drug concentration causes 50% (ICsp) growth

inhibition of breast cancer cell lines using the formula given below
% Cell viability = (OD sample mean/OD control mean)*100

Ni NPs has a huge record for their cytotoxic effects over various cell lines like
human airway epithelial (Hep-2) and HT-29 (colon cancer cell lines) and many more.
The effective cytotoxicity of as-synthesized Ni NPs against MCF-7 (Breast cancer
cell lines) may be attributed due their small particles size and large surface area which
enhances the absorption of biomolecules and chemicals on Ni NPs and supports
cellular influences.”™ The effective cytotoxic effect of Ni NPs in the present study
reveals that the level of metal ion release is high thereby inducing directly or
indirectly through mitochondrial dysfunction and subsequent cell death in an exposed
cell. The results agree with the previous studies where Ni NPs have induced viability

in human lung epithelial cell lines.>®> The cell viability increased slightly as the
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concentration decreases from 75-45 pg/mL. The Figure 6.11.a-c shows a pictograph
which describes the % cell viability against concentration and cell death at dose
dependent manner (Fig.6.12.a-d). The result confirms that synthesized Ni NPs possess
the anticancer activity and cytotoxic activity. Hence it can be used in different cancer
therapy and used in colorectal cancer human breast cancer etc. Before its clinical

usage, through toxicological profile has to be determined to confirm the safety of

drug.>®

100 - :
I NiNPs
- Doxorubicin

0 20 40 60 80
Concentration, (ng/mL)

Fig.6.11 a. Cell viability of Ni NPs
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Fig.6.11c. I1Csp analysis of Ni NPs

Fig.6.12.a-d.Microscopic images of Ni NPs at dosage concentration,(ug/mL)
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Conclusion

To conclude, we have reported the sonochemical method of synthesis of nickel
nanoparticles. UV-visible absorption spectroscopy shows Amax Value due to the
quantum confinement of Ni NPs. The XRD analysis shows that the Ni NPs are highly
crystalline with face centred cubic (fcc) structure. EDAX data confirms the presence
of prepared Ni NPs. The FTIR and Raman spectra confirm the formation of PEG
grafted and L-ascorbic acid coated Ni NPs and presence of fundamental phonon
peaks. Morphological studies using the SEM, FESEM and TEM analysis shows cube
shaped nickel nanoparticles. BET results show formation high surface area
mesoporous Ni NPs. The prepared Ni NPs are shown effective cytotoxicity against
MCF-7 breast cancer cell lines. The results were supported by morphological analysis
of treated and controlled cells. The normal and regular morphological pattern is
observed in untreated cells and irregular cell morphology is seen in cells treated with
Ni NPs. This study has proposed the best and simple protocol to synthesize Ni NPs

with an effective anticarcinomas activity against MCF-7 breast cancer cell lines.
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Synthesis of 3D sponge shape LAA-PEG@Ag-Au nanocomposite and its
cytotoxicity against bronchial carcinomas Lung cancer cell lines: in vitro and
computational analysis

Abstract

In the present study Ag-Au nanocomposite has been prepared by reduction of
silver and gold complexes (Ks[AgCl,]),(Ks[AuClg]) using L-Ascorbic acid (LAA) and
polyethylene glycol (PEG) as reducing and capping agents respectively via
sonochemical approach. The Ag-Au nanocomposite has been characterized by UV-
visible absorption spectroscopy, FTIR, Dynamic Light Scattering (DLS), particle size
distribution analysis, X-ray diffraction analysis, TEM, FESEM, EDX and BET. The
data obtained exhibited formation of variable shape (like needles, rods, spirillum
structures), mesoporous, LAA-PEG-coated Ag-Au nanocomposite (LAA-PEG@Ag-
Au). Cytotoxicity of synthesized LAA-PEG@Ag-Au nanocomposite was analyzed
against bronchial carcinomas A-549 lung cancer cell lines by MTT and SRB assays.
Nanocomposites also induces the reactive oxygen species, (ROS) and suppression of
reduced Glutathione, (GSH) resulting in damage to various cell components, DNA
breaks, lipid membrane peroxidation and protein carbonylation which causes
cytotoxicity by oxidative stress induced apoptosis and damage to cellular components
The study suggests that LAA-PEG@Ag-Au nanocomposite is a promising material
against bronchial carcinomas A-549 lung cancer cell lines. The docking study has
confirmed anti-proliferative action of NPs through binding affinity with bronchial
carcinoma molecular targets. The synthesized nanocomposite has shown the
synergistic effect with cis-platin as an anti-cancer drug effective against bronchial
carcinoma cell lines. ROS and 1,1-diphenyl-2-picrylhydrazine (DPPH) free radical

scavenging assay have shown the good antioxidant capability of synthesized LAA-
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PEG@Ag-Au nanocomposite. The sulphorhodamine-B (SRB) assay is used for the
cell density determination, based on the measurement of cellular protein content. The
study demonstrated that the lung cancer stem like cells obtained from A-549, which
were cultured in serum free conditioned medium, had strong proliferation and self-
renewal abilities and expressed higher level of stem cell markers, (CD24, CD44,
CD90, CD133, CD147, CD166, CD326 etc.) as compared with A-549 adherent cells.
The efficient biocatalytic activity of LAA-PEG@AQg-Au nanocomposite emphasizes
its use as one of the best suited drugs for the future perspectives against fatal
bronchial carcinoma and thus it is reckoned that synthesized LAA-PEG@Ag-Au

nanocomposite will have broad utilization in different field of medical applications.

Keywords: LAA-PEG@Ag-Au nanocomposite; A-549 bronchial carcinoma;

docking; targeted drug delivery
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7.1. Introduction

Since the origin of nanoscience and nanotechnology, nanocomposites in polymer
matrices have been emerged as a prominent discipline of research.! Recent years are
witnessing an increasing demand and popularity of polymer grafted silver and gold
composites as unique functional materials. Beyond their organometallic catalytic
activity, unique properties have emerged from their nano-scaled structure which
opens a pathway to open up a wide range of applications. For instance, aurum
nanoparticles, (Au NPs) shows high performance and unique flexibility in bio-sensing
due to their plasmonic optoelectronic properties.? Argentum nanoparticles, (Ag NPs)
exhibited an anti-immunological and antimicrobial behavior and therefore they have
widely been utilized in the biomedical industry as well as in food packaging industry.
The usage of silver or gold nanoparticles has been greatly enhanced with the
introduction of polymer chemistry to synthesized composite structure and hybrid
nanostructures.* In the nanocomposite complements, the characteristics of functional
polymers provide improved electrical, optical and mechanical properties.
Additionally, a simple but important advantage of polymer capped nanocomposites is
their high stability as well as adjustable dispersibility into a different environment,
like solvents and polymer matrices.® One of the most convenient techniques to modify
surface is polymer grafting approach, which involves conjugation of pre-synthesized
polymers having defined structure and functional anchoring group onto the surface of
nanoparticles in a self-assembled manner.” The advantage of this route is the access to
full predetermination and characterization of polymer to ensure that the polymer shell
fits the required applications. To achieve appropriate grafting densities and sufficient
stabilization effects on metal-nanocomposites surfaces, strong interactions between

the polymer and the metal surface are required.
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Silver and gold nanoparticles are well known noble metals having interesting
properties and they are widely applied in various biological treatments. Silver
nanoparticles have shown tremendous antimicrobial properties, 1>** because of ability
of colloidal silver to damage cell membrane and intracellular metabolic activity."
Colloidal silver is therefore an interesting “inorganic” alternative to classical
antibiotics, especially for the use on medical surfaces and implants.**# Gold
nanoparticles have been used as promising materials in diagnosis and therapy of
cancer.>®> Au-NPs have ability to absorb visible light wavelength-specific energies
within picoseconds which can be delivered with targeted precision and efficiency.
Therefore, they can be applied in light-mediated clinical treatments, for which
bimetallic alloy NPs could be seen to exhibit better functionalities. The visible region
spectra of Au NPs have ability to bind with biological molecules or ligands which

aids in bioimaging and other biomedical applications.

The contributing factor for nanocomposite toxicity are their size chemical
composition, shape, particle aging and surface charge®. As they are smaller than cell
organelle, they can penetrate basic biological structure, which may in turn disrupt the
normal functioning of these structures.’® Further the unique physicochemical
properties of nanocomposites can’t be simply predicted from the properties of fine
particles or bulk material with same chemical composition which is supported by fact
that nanocomposites are more toxic than fine particles or bulk materials with same
chemical composition.’® Recent studies indicated the great potential of silver and gold
nanocomposites in biomedical applications including cancer diagnosis and therapy.
Hossain et al. shown that silver and gold nanowire induces ROS mediated apoptotic
|.ll

cell death in human pancreatic adenocarcinomas cancer cells whereas Guo et a

suggested that a combination of nanocomposites and anticancer drugs cis-platin may
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have synergistic effects on the efficient toxicity in leukemia cancer cell lines.
Recently Chan et al. found that the synergistic effect of silver and gold
nanocomposites with an anticancer drug verbascoside with an induction of apoptosis
with K562 cells. Pietruska et al.** found that nanocomposites found a rapid and
prolonged activation of hypoxia inducible factor 1-alpha pathway, which is
responsible for tumor growth, bronchial carcinomas A-549 Lung cancer cell lines.
Although the potential benefits of nanocomposites are considerable and there is
distinct need to identify any potential hazard associated with these nanocomposites.
Our knowledge about the interaction between nanocomposites and cancer cell lines
and effect of these on human health is still infancy. This study was design to examine
the cytogenotoxic effect of silver and gold nanocomposites against bronchial
carcinomas A-549 Lung cancer cell lines. The goal has been achieved by the
analyzing the SRB analysis to obtain 1Cso value, cell membrane damage, ROS
generation, glutathione, (GSH), mitochondrial membrane potential, (MMP), DNA
damage, caspase-3 enzyme in A-549 Lung cancer cell lines exposed to different
concentration of 15-75ugml™ for the 72 hours of time interval. A-549 Lung cancer
cell lines which are obtained from Lung cancer cell lines have been widely used in

toxicological/pharmaceutical studies.”

Polyethylene glycol) with a hydroxyl group and L-Ascorbic acid with
carboxylic end group moieties provide strong interactions with silver and gold
nanocomposite sufaces.* Till date, little has been known regarding interaction of
nanocomposites with living cells. Nanocomposites have small sizes compared to
cellular components or proteins and thus may bypass the natural barriers, such as cell
membranes, possibly returning in harm to living cells. Therefore, further

understanding is necessary considering that these nanocomposites may cause adverse
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effects to living cells. Silver and gold nanoparticles are two versatile constituents in
biomedical and immunological applications. Au NPs can easily bind with amine and
thiol group that has enabled the surface modification with amino acids®®> and DNA.*
In this approach, Au NPs widely used for cell tracers,*’ biodiagnostics,'® transfection
vectors,”® drug delivery,®® and biosensing.”’ In the clinical application,
biocompatibility of Au NPs is crucial. Au NPs with size range from 14-100 nm were
taken up into mammalian cells and did not indicates any cytotoxicity.”? The kinetics
of cellular uptake has been demonstrated to depend on the physical dimension of Au
NPs. Connor et al. reported that Au NPs in a diameter range of 18 nm containing a
variety of surface modifiers were taken up by cells without causing cytotoxicity.” Au
NPs in range of 3.5 nm capped by lysine or poly(L-lysine) were found to be bio-
compatible and not-immunogenic.?* Pernod et al. reported that the presence of
intracellular Au NPs in a size range of 13 nm reduced actin stress fibres and induced
major adverse effects on cell viability. Goodman et al. demonstrated that cationic Au
NPs were moderately toxic whereas anionic Au NPs were nontoxic.” Huang and
coworkers reported that aggregated Au NPs are more toxic than well-dispersed
nanoparticles against HeLa cells.® The cytotoxicity is associated with the increase of
ROS level and aggregated gold nanoparticles enter into cells via macro pinocytosis
more easily than well-dispersed ones. Ag NPs may inhibit the segregation of
chromosomes. Researchers have observed genotoxicity including DNA damages and
chromosomal aberrations in human glioblas-toma cells treated with Ag NPs.?” Koji
Kawata investigated toxic effects of Ag NPs to human hepatoma derived cell line
HepG2 that were exposed to Ag NPs at low doses. It was concluded that both “nano-
sized particle of Ag” as well as “ionic Ag+” contributed to the toxic effects of Ag

NPs.?® Effects of poly (methacrylic acid)-coated Au NPs on C17.2 neural progenitor
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cells, human umbilical vein endothelial cells, and PC12 rat pheochromocytoma cells
have shown that higher NP concentrations (200 nM) reduce cell viability mostly
through induction of reactive oxygen species, which was significantly induced at
concentrations of 50 nM Au NPs or higher. At these concentrations, both actin and
tubulin cytoskeletons were deformed and resulted in reduced cell proliferation and
cellular differentiation. In terms of cell functionality, the NPs significantly impeded

neurite outgrowth of PC12 cells up to 20 nM concentrations.?*

The cytotoxicity of Au NPs has been described as toxic and nontoxic
depending on size, concentration, surface modification and surface charge. The
remarkable anti-immunological activity of Ag NPs is a major advantage for the
development of products. For medical treatment, Ag NPs were coated on or
embedded in the wound dressings, contraceptive devices, surgical instrument and
bone-prosthesis.*® Since the applications of Ag NPs have become more widespread in
medicines, the exposure of Ag NPs in the body increases and the consequent
toxicological issues becomes important. Hyperthermia from the photothermal effect
and the Ag ions released from the LAA-PEG@Ag-Au NCs were both utilized for
anti-carcinomatous therapy. Several studies reported that Ag NPs significantly
decreased the functions of mitochondria and induced cell-necrosis and apoptosis for
several cell types,® however researches on interaction of Ag NPs with cells are

limited.

Grafting of conducting or block copolymers are some of the effective ways to
improve properties and process ability of conducting polymers. In the light of recent
researches, attention has been made to prepare Ag-Au nanohybrid composite grafted
by polyethylene glycol and coated by L-Ascorbic acid having inherent structural

features which vyielding distinctive 3D structure with extended conjugated linear
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conducting polymer chains resulting in unique electrical as well as optical
properties.®®* Furthermore, L-Ascorbic acid coating was applied on the surface of
LAA-PEG@Ag-Au NCs to improve the biocompatibility and realize the sustained
release of Ag ions which could affect the anti-carcinomatous properties of LAA-

PEG@Ag-Au NCs.

Lung cancer, among them 80-85 % cases are non-small cell lung cancer
(NSCLC) is at present the leading cause of cancer related mortality in both men and
women globally.** The adequate therapeutic regimens are largely dependent on an
early diagnosis and surgery remains the preferred treatment administered to an early
stage patients.®® cis-platin based doublet chemotherapy has been has commonly been
recommended as standard regiment for these advanced patients.*® Hence
understanding the mechanism underlying radiotherapy and chemotherapy failure is of
great importance. Tumor stem cell has provided a new insight into the developing
strategies for the treatment of malignancies. The emerging evidence indicates that
cancer stem cells, (CSCs) contribute to tumor initiation®’, maintenance®, metastasis,*
and drug resistance.*” *° Till date, CSCs has been identified in several types of
malignancies viz. leukemia®!, brain tumor*, breast** and prostate cancer.** CSCs has
been characterized in lung cancer by using a variety of cell markers including
CD133.% Although a recent study demonstrated that CD133* and CD133 cells
contain CSCs in A-549 Lung cancer cell lines*, indicating the new markers with
higher specificity and accuracy in identifying Lung CSCs should be further explored.
CD90, (Thy-1) is a 25-37 kDa glycosylphosphatydilnositol (GPI)-anchored
glycoprotein expressed mainly in leukocytes and is involved in cell-cell and cell-
matrix interaction’’. CD90 expression was identified in murine breast CSCs*,
primary high grade glioma®, and in liver malignancy™®. To survey from literature

analysis demonstrated that A-549 Lung cancer cell lines had a stronger capacity for
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proliferation and self-renewal and expressed higher level of stem cell markers Sox2
and Oct4 than A-549 adherent cell. So, present study demonstrated the flow
cytometry analysis and other analysis to explore whether CD90 would be a marker for

an identification of Lung CSCs.

In this context, we reported the synthesis of polyethylene glycol grafted, L-
Ascorbic acid-coated silver and gold, (LAA-PEG@Ag-Au NCs) nanocomposites via
chemical oxidative technique under high shearing effect homogenizer. The
cytogenotoxic effect has been investigated against bronchial carcinomas A-549 lung
cancer cell lines. The goal has been achieved by the analyzing the MTT and SRB
analysis to obtain 1Cso value, cell membrane damage, ROS generation, glutathione,
(GSH), mitochondrial membrane potential, (MMP), DNA damage, caspase-3 enzyme
in A-549 Lung cancer cell lines exposed to different concentration of 10 to 60 ugml™

for the 72 hours of time interval.

7.2. Materials and method

7.2.1. Materials

DMEM (Gibco Invitrogen), FBS US Origin (Gibco Invitrogen), Trypsin
(0.25%, Gibco Invitrogen), Trypan Blue (Gibco Invitrogen), DPBS (Gibco
Invitrogen), FBS, Silver chloride, (AgCl), gold chloride, (AuCls3), potassium chloride,
(KCI), L-Ascorbic acid and (LAA), polyethylene glycol (PEG) were purchased from

Sigma Aldrich chemical supplier and used without further purification.
7.2.2. Synthesis of PEG@AgAuU-LAA NCs

For synthesis of silver coordinate complex, (K3[AgCls]) and gold coordinate

complexes, (K3[AuClg]), aqueous solution mixtures AgCl and KCI as well as AuCl;
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and KCI were in 1:3 molar ratio were continuously stirred for 8 hours at room
temperature. Resulting precipitates were filtered, washed with double distilled water
and dried at 80 °C in oven. For the formation of LAA-PEG@AQg-Au nanocomposite,
5 mL of 20 mM each of (K35[AgCly]) and (K3[AuClg]) were mixed with 5 mL 1
mg/mL of polyethylene glycol in a vessel at room temperature for 10 hours with
continuous stirring and thereafter 0.1M L-Ascorbic acid solution was added for
complete reduction of metal complexes to nanocomposite. The resulting compound
was sonicated for homogenization and centrifuged at 10000 rpm for 30 minutes. The
extract was washed several times with deionized water and ethanol to remove excess
polymer and reducing agent. Thus formed nanocomposite kept in an oven before
analysis to remove the moisture and any other gaseous impurities and filled in a sterile

micro centrifuge tube for the further characterization.

7.2.3. Characterization

The X-ray diffraction pattern of the product was recorded on Pananalytical’s
X’Pert Pro X-ray diffractometer in the 26 range 10 to 80° with a step size of 0.025°.
Scanning electron microscope (SEM) images of the material were observed on JEOL
6490 LB equipment at operating electrical energy of 3 kV. Particles shapes and sizes
of the materials were examined on JEOL-2100 transmission electron microscope
(TEM). The zeta potential of LAA-PEG@Ag-Au NCs was measured using a
Zetasizer ZS90 (Nano series Malvern Instrument) at room temperature. Dispersion of
nanoparticles was sonicated for 20 minutes and diluted to make a solution with
concentration 80 pg/mL in phosphate buffer saline (pH = 7.4). The particle size and
size distribution were carried out on a Zetasizer ZS90 (Nano series Malvern
Instrument). SERS spectrum of LAA-PEG@Ag-Au NCs, formed at room
temperature, was recorded on NSCOM/Raman/Confocal/AFM used for

UV/lithography (200 nm) and near field imaging of features as small as 100 nm
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Raman spectra and imaging for an excitation wavelength of 532 nm with an
extinction coefficient of 8000 M cm™. UV-visible absorption spectral analysis was
carried out on a Shimadzu UV-3600 spectrophotometer. Brunauer-Emmett-Teller

(BET) analysis of the materials was recorded on Belsorp-mini Il instrument.

7.2.4. Cytotoxicity Test

7.2.4.1. MTT Assay

To analyze cytotoxicity of synthesized LAA-PEG@Ag-Au, MTT [3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] viability assay was
performed as per previously reported protocols. The bronchial carcinoma lung cancer
(A-549) cells were seeded in 96-wells plate (5.0x10%cells/well) and kept undisturbed
for 24 h. The cells were treated with 200 uL of varying concentrations of LAA-
PEG@AgQg-Au NCs (15 to 60 pg/mL) and the sample was incubated in a humid
atmosphere of CO; at 37°C. After 24 h, 50 uL of MTT solution (1 mg/mL) was added
separately to each well and incubated again for 4 h. Then, the media and excess MTT
were removed, after which 150 pL of dimethyl sulfoxide (DMSO) was also added.
The absorbance of analytes was recorded at 570 nm using the Infinite M200
microplate reader (Tecan Group Ltd., Mannedorf, Switzerland). Samples containing
media with and without cells were also analyzed and labeled as 'control’ and 'blank’,
respectively. All the experiments were performed in triplicates. The final organic
solvent concentration was 0.3% (v/v). Cell survival (% of control) was calculated

relative to untreated control cells.
7.2.4.2. SRB Assay

The sulforhodamine B (SRB) assay is the highly efficient method used to quantify
cell density, based on the measurement of protein content of cells (Skehan et al.,

1990). The protein bound dye is dissolved in 10 mM Tris base solution for OD
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determination at 510 nm using a microplate reader. The study comprising the cellular
effects of silver and gold nanocomposites on mesenchymal stem cells, (MSCs) and
associated molecular mechanism, which described that the nanocomposites prompted
the differentiation of bronchial carcinomas A-549 Lung cancer cell lines by inducing
stem cell markers (CD24, CD44, CD90, CD133, CD147, CD166, CD326 etc.). The
culture of A-549 human lung cancer cells (~ 100000 cellmL™) were taken in 10%
fetal bovine serum, (FBS)-supplemented Dulbecco's Modified Eagle's Medium
(DMEM) in a 24-well microtitre plate. Different amounts of LAA-PEG@Ag-Au NCs
(formed at room temperature) were suspended in deionized water to make solutions
with concentration from 10 to 60 ug mL™. Homogenization of each solution was
carried out with an ultrasonic processor (LABSONIC® M, Sartorius StedimBiotech
GmbH) for 15 minutes and added separately to cultures, keeping one blank as
reference. The cultures were incubated for 24 hours in an incubator with 5% CO,in a
humid atmosphere at 37 °C. After incubation, the cells were removed from the culture
by trypsinisation and washed a coupled by Dulbecco’s phosphate-buffered saline
(PBS; pH: 7.4) to remove the residual presence of serum. The cells were again
suspended in PBS, and aliquots of 20uL were prepared from all the cultures. Equal
amounts (v/v) of pre-filtered 0.4% trypan blue stain added to the aliquots and were
put aside to settle for 1 minute. To determine the cell viability, the samples were
observed on an inverted microscope in a Fuchs-Rosenthal Haemocytometer. The
results of cytotoxicity were expressed by plotting cell viability histogram and curve

and analyzed by 1Csq value.
7.2.4.3. Dose dependent induction cell membrane damage due to

silver and gold nanocomposites

LDH is an enzyme extensively present in cytosol that converts lactate to

pyruvate. When plasma membrane integrity is disrupted LDH leaks into culture
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medium and its extracellular levels are elevated depending on the toxicity of
nanocomposites. Consequently, higher LDH value in culture media in a dose
dependent manner. A significant negative correlation was also observed between

LDH leakage and MTT cell viability.

7.2.4.4. Dose dependent induction of ROS generation due to silver

and gold nanocomposite exposure

Reactive oxygen species, (ROS) is continually generated and eliminated in
biological systems, that play an important role in a variety of normal biochemical
functions and abnormality in their functions results in pathological processes.
Excessive production of ROS in the cell is known to induce apoptosis.”® ROS
generation has been shown to play an important role in apoptosis induced by
treatment with nanomposites.”” The c-Jun N terminal kinase (JNP) is a member of
mitogen activated protein (MAP) kinase family and plays a pro-apoptotic functions in
response to various cellular stresses.>® JNK is strongly activated by ROS or a mild
oxidative shift of intracellular thiol/disulphide redox state leading to apaotosis.>* A
number of research groups from the global era, have investigated the toxicity of
nanocomposites in respect to cell death via ROS generation™ little is known about the
mechanism of nanocomposites mediated toxicity. Our results suggested that the
composites risen the production of intracellular ROS and decreased glutathione levels,

leading to an apoptosis.

The higher production of ROS in cells due to pollutants has been suggested as
signaling molecules involved in initiation and execution of DNA damage® and
apoptosis.”” Both fluorescence microscopy and quantitative data revealed that silver
and gold nanocomposites in a range of 15 to 60 pgml™ induced intracellular ROS

generation in a dose dependent manner.
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7.2.4.5. Dose dependent depletion of GSH levels due to silver and gold

nanocomposites

The depletion of GSH which is indicative of ROS generation has also been
implicated in the oxidative damage of cellular macromolecules such as protein®® and
DNA®. The evaluation of GSH levels bronchial carcinomas A-549 Lung cancer cell
lines has been analyzed in a concentration range of 15-60 pgml™ for the time tenure of
48 hours and results showed that the GSH levels were depleted with all concentration
range of nanocomposites. We also observed the inverse correlation of ROS with GSH

(R?=0.92) and MTT (R?=0.93) cell viability.

7.2.4.6. Dose dependent depletion of MMP due to silver and gold

nanocomposites exposure

It is well known that during apoptosis, the MMP of cells decreases.
Nanocomposites induces differences in MMP in bronchial carcinomas A-549 Lung
cancer cell lines were recorded in terms of fluorescent intensity of mitochondria
specific dye Rh-123.° Both fluorescent microscopy and quantitative data revealed
that nanocomposites decreased the MMP of A-549 Lung cancer cell lines in a dose

dependent manner.

7.2.4.7. Dose dependent induction of DNA damage due to silver and

gold nanocomposite exposure

The sign of genotoxicity is the induction of DNA damage by using the FACS
analysis, a widely used method for the detection as well as measurement of DNA

strand breaks.®* The analysis was carried out using A-549 Lung cancer cell lines
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against silver and gold nanoomposites at a concentration range of 15-60 pgml™ for 72
hours. A dose dependent increase in DNA damage was observed in silver and gold
nanocomposite treated cell lines as evident by an increase in 1% tail DNA and Olive
oil treatment (Fig.17). We also found a significant positive correlation between ROS

and % tail DNA (R*=0.98).

7.2.4.8. Dose dependent induction of apoptosis due to silver and gold

nanopcomposite

RT-PCR was used to analyze the messenger RNA (mRNA) levels of apoptotic
gene caspase-3 in bronchial carcinomas A-549 Lung cancer cell lines exposed to
silver and gold nanocomposites at a concentration of 15-60 pgml™ for 72 hours. It is
observed from the histogram that expression of gene in a dose dependent manner. In
agreement with the mRNA result, it is also seemed out that nanocomposites induced
the activity of caspase-3 enzyme in accordance with dose dependent manner.? A
significant positive correlation was also confirmed between the ROS and caspse-3

enzyme (R*=0.95).
7.3.  Computational Details
7.3.1. Optimization

The structure of the LAA-PEG@Ag-Au NCs was optimized by NWChem®

software using the Def2QZVP [&] basis set.
7.3.2. Molecular Docking

Docking operation was estimated by using version 4.2 of AutoDock program

package and Lamarckian genetic algorithm (LGA) in an Autodock 4.2, proven to be a
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most reliable, effective and advantageous.** LAA-PEG@Ag-Au NCs was docked
with both DNA and protein. The docking was performed by treating the DNA and the
proteins as rigid receptor molecules and LAA-PEG@Ag-Au NCs was treated as a
flexible ligand. Composites have gained attention for their binding energies with the
targeted DNA and proteins. PDB (Protein data bank) format of the DNA with PDB ID
1BNA and proteins with PDB ID 21TW, 21TX, 21TY, 2J6M, and 4LQM were
collected from RSCB protein data bank.®> 1BNA consisting the structure of B-DNA
found in the human body and protein PDB IDs are crystal structure of EGFR kinase
domain. Mutation in EGFR kinase is a cause of non-small-cell-lung cancer cell

lines.®®
7.3.3. DNA Docking

LGA was used in the docking study of composites with double-stranded DNA
with base pairs 5-CGCGAATTCGCG-3'. The DNA duplex receptor from Protein
Data Bank, (PDB) contained 12 base pairs. The water of crystallization and hydrogen
atoms were removed and hydrogen atoms assimilated via Chimera USCF software.*
The grid box size was set at 50, 50 and 100 A for x, y and z respectively and grid
centre were set t014.748, 20.984 and 8.809 for x, y and z respectively. The Gasteiger
charges were added to the complex by Auto Dock tools (ADT) before performing
docking calculations. In metals, modifications were completed in the parameter file to
include silver (Ag) and Gold (Au) LAA-PEG@Ag-Au NCs. The lowest dock

confirmation, by Auto Dock scanning functions, was preferred as the binding mode.
7.3.4. Protein Docking

Grid boxes of various dimensions were used to prepare grid maps using Auto-
Grid for each protein. The Gasteiger charges were added to the complex by Auto

Dock Tools (ADT) before performing docking calculations. Lamarckian genetic
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algorithms, as implemented in Auto Dock, were employed to perform blind docking
calculations. All other parameters were default settings. For metals, modifications
were done in the parameter file to include silver (Ag) and Gold (Au). According to the
Auto Dock scoring function, the lowest energy docked conformation was selected as

the binding mode.
7.4. Results and discussion

UV-visible spectrum of LAA-PEG@Ag-Au shows a characteristics peaks of 390
nm which attributed to the conjugated composite formation (Fig.7.1.a).®” Optical band

gap energy of formed nanocomposite has been elucidated using Tauc’s relation®”:
oahv = A(hv - Eg)"

Where, a is absorption coefficient, A is energy independent constant and Av is
photon energy. Eq is the optical band gap energy and the exponent n depends on the
nature of the electronic transition. The coefficient, a can also be calculated by using
Beer-Lambert relation.®®

—2303><A
a = 2. i

Where, L is the path length and A is absorbance. The band gap energy, Eq
value of composite has been elucidated from the plot of (ahv)? versus iv as shown
from Fig. 7.1.b. The band gap was estimated by extrapolating of a straight line to
(ahv)*= 0. The optical band gap energy of LAA-PEG@Ag-Au NCs is calculated to

be 2.6 eV, which is much lesser than pure individual metal nanoparticles.®
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Fig.7.1.a. UV/Visible spectra of Ag-Au NCs. Fig.7.1.b. Band gap analysis of Ag-Au NCs.

The FTIR spectral analysis of the LAA-PEG@AQg-Au NCs was carried out in a
range of 500-3500 cm™ at room temperature to analyze the interaction of
nanocomposite with functional groups of L-Ascorbic acid and polyethelene glycol.
The graph shows an absorption peak at 3428 cm™ due to —OH stretching of carboxyl
group (Fig. 7.2).”° The broadness of this peak indicated the presence of hydrogen
bonding between LAA-PEG@AgAuU NCs. The peaks at 1740 and 1628 cm™ is due to
C=0 of five membered lactone ring and C=C stretching of L-Ascorbic acid
respectively. These peaks are red shifted compared to those of pure L-Ascorbic acid
due to its adsorption on the nanoparticle’s surface. The peaks at 680 cm ™ are due to
the out of plane bending vibration of —-CH of PEG. The FTIR analysis of LAA-
PEG@Ag-Au NCs shows a characteristics peak at 1094 cm™ due to the fingerprint
region of the nanocomposite. The characteristics band at 1528 cm™ is due CH,
scissoring and band at 1740 cm™is due to C=C stretching vibration of L-Ascorbic acid

ring residue.”
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Fig.7.2. FTIR spectrum of LAA-PEG@AQg-Au nanocomposite.

Vibrational analysis of LAA-PEG@Ag-Au NCs has further been examined using
Raman spectral measurement excited at a wavelength of 532 nm with an extinction
coefficient of 8000 M™cm™. The SERS spectrum of the LAA-PEG@Ag-Au NCs has
been obtained by plotting the graph between intensity versus Raman shift. In the
Raman spectrum (Fig. 7.3) a peak observed at 480 nm is due to Ag-Au NC banding

with oxygen from hydroxyl groups of PEG chains.
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Fig. 7.3. Raman spectrum of LAA-PEG@Ag-Au nanocomposite

The crystal phase and purity of LAA-PEG@Ag-Au NCs were analyzed using X-
ray diffraction analysis shown in Fig. 7.4. The diffraction peaks for LAA-PEG@Ag-
Au NCs at a 20 range of 38.03, 44.17, 65.07, and 78.02 correspond to (111), (200),
(220), (311) lattice planes respectively (JCPDS file no: 04-0784). The diffraction
pattern obtained agreed with earlier report.”> The Bragg’s equation reveals face
centered cubic (fcc) crystalline lattice nature of formed nanocomposites (Fig. 7.4).
Lattice planes at (111) and (200) clearly indicate LAA-PEG@Ag-Au NCs as typical
monoclinic cuprite phase.”® Furthermore, the obtained XRD peaks are intense and
broadened indicating the formation of good crystalline and small-sized LAA-
PEG@AgQg-Au NCs. From the graph it has been found that crystalline size
corresponding to (111), (200) planes are larger than rest of the peaks, indicating the
orientation of nanocomposites preferentially towards (111) facet and particles growth

IS anisotropic.
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The mean crystallite size can be determined by Scherrer’s formula, considering
that the XRD line broadening caused due to decreasing crystallite size. The average
particle size of nanocomposites has been determined to be 10.1 nm using above

formula which is in agreement to the particles diameter observed in the TEM images.
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Fig.7.4. XRD pattern of LAA-PEG@Ag-Au NCs.

Morphological and compositional study of as synthesized material was
performed by SEM and EDX analyses. In the SEM micrographs 3D sponge shape
LAA-PEG@AQg-Au structures are observed (Fig. 7.5 a). The micrographs show that
surface of sponge is composed of rods and spheres like cluster groups. In the
corresponding EDX pattern, the peaks due to Ag and Au observed indicating the
formation of phase pure LAA-PEG@AQg-Au NCs (Fig.7.5 b). The morphology of the
product has further been analyzed by high resolution FE-SEM analysis as shown in
Fig. 7.6 a-d. FE-SEM images revealed that sponge shape structure is composed of

variable shaped like rod (80-100 nm long and 10-20 nm diameters), polyhedral
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structures and 10-15 nm diameter spherical particles (Fig. 7.6 a-d). FE-SEM images
further revealed that most of the LAA-PEG@AQg-Au NCs have similar shapes and
sizes, indicating uniformity throughout the sample. The representative TEM images,
shown in Fig. 7.7 a-b, further clarify shape, size and structure of LAA-PEG@Ag-Au
NPs. The TEM images indicate that Ag-Au nanocomposites have initially grown in
varieties of shapes, like spheres, rods and polyhedral structured nanoparticles. The
dimension of these initially grown NPs is in the similar range i.e. 10-20 nm in
diameter however some particles have grown anisotropically, probably due to
presence of capping agents PEG/LAA. These initially grown different shapes NPs
agglomerated to evolve ultimately sponge shape LAA-PEG@Ag-Au NCs as reported

in earlier studies.’®

0 1 2

0001 BBAU | ull Scale 1495 cts Cursor: 0.000

Fig.7.5 a-b. SEM micrograph and EDX pattern of LAA-PEG@Ag-Au

nanocomposite.
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Fig.7.7 a-b. TEM images of LAA-PEG@Ag-Au hanocomposite.

The Zeta potential curve of LAA-PEG@AQg-Au NCs was determined in the

range of -100 to +100 mV. Zeta potential analysis described stable nature of formed
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nanocomposites at -28 + 15mV which indicated that the surface is negatively charged
and thus maintained their good stability (Fig. 7.8). The particle size analysis of
formed LAA@IONP-PEG was analyzed by particle size distribution curve shown in
Fig. 7.9. The curve shows that the size of particles is distributed in a range of 70-100

nm while the maximum population falls at 80 nm.
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Fig. 7.8. Zeta potential analysis of LAA-PEG@Ag-Au NCs.
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Fig. 7.9. Particle distribution of LAA-PEG@Ag-Au NCs
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The specific surface area and pore-size distribution of was analyzed via N,
adsorption-desorption isotherm plots (Fig. 7.10 a-b). A type-IV isotherm and H1-type
hysteresis loop were confirmed for LAA-PEG@Ag-Au NCs (Fig. 7.10 a), suggesting
mesoporosity.” The specific surface area obtained via Brunauer-Emmett-Taylor,
(BET) was approximately, 55 m?g™. Barrett-Joyner-Halenda (BJH) method was
applied to estimate the average pore diameter and was found to be 8 nm (Fig. 7.10 b).
The high surface area of LAA-PEG@Ag-Au NC indicates a large number of catalytic

sites and is thus expected to show high catalytic properties.’

]
40 ,-’1 0.00010
s
[ ]
I
o
/ﬂ i A
'/ il
=
20 w" =
-
— = 0.00005
/."'.“6 ” ——-\\-\
0 T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
Relative pressure (P/Pg) Pore size, rp (nm)

Fig. 7.10 a-b. BET surface analysis and BJH plot of LAA-PEG@Ag-Au NCs.

7.4.3. Molecular Docking Studies of PEG@Ag-Au-LAA NCs with
DNA

7.4.3.1. Computational details

7.4.3.2. Dataset

7.4.2.1. DNA

The PDB format file of DNA sequences with PDB ID 1BNA was
downloaded from RCSB Protein Data Bank.”” Ligands and water molecules were

removed from DNA sequence using CHIMERA.®®
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7.4.2.2. Drugs

The structure of LAA-PEG@AQg-Au NCs cluster was taken after optimization.

Fig.7.11 shows the chemical structure of the cluster.

Fig.7.11. Three dimensional structure of Ag-Au NCs
7.4.3.3. Molecular Docking

AutoDock4.2 was used for molecular docking simulations using Lamarckian
Genetic Algorithm (LGA).”® Docking were performed using DNA sequences as a
rigid receptor molecule, whereas LAA-PEG@Ag-Au NCs cluster was treated as a
flexible ligand. The receptor and ligand files were prepared for docking using Auto
Dock Tools (ADT).®>" The grid box size was set at 50-50 and 100 A° for x, y and z
respectively, and the grid centre was set to 14.748, 20.984 and 8.809 for x, y and z
respectively. The Gasteiger charges were added to the complex by AutoDock Tools
(ADT) before performing docking calculations. Lamarckian genetic algorithms,
(LGA) as implemented in Auto Dock, were employed to perform blind docking
calculations. For metal, modifications were done in the parameter file to include
LAA-PEG@Ag-Au NCs. The lowest energy docked confirmation, according to the

AutoDock scoring function, was selected as the binding mode (Figure 7.12).
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Fig.7.12. Minor groove binding of Ag-Au cluster with 1BNAs
7.4.3.4. Result

The figure shows the Minor groove binding of LAA-PEG@Ag-Au NCs-
cluster with 1BNA present in lung cancer A549 cell lines. Ag-Au cluster binds in the
minor groove of the DNA sequences concluding that cluster is minor groove binder.
The computationally calculated binding energy is -0.14 kcal/mol, which indicates this

it is an effective drug against cancer cells (Figure 7.13).
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(e)

Fig.7.13. Interaction of Ag-Au cluster with (a) 2ITW (b) 2ITX (c) 2ITY (d) 2J6M

(e) 4LQM
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7.4.3.5 Molecular Docking Studies of LAA-PEG@Ag-Au NCs with Lung
Cancer proteins
7.4.3.5.1. Computational Details

7.4.3.5.2. Dataset
DNA

The PDB format file of proteins with PDB ID 2ITW, 2ITX, 2ITY, 2J6M and 4LQM
were downloaded from RCSB Protein Data Bank.2® These are crystal structures of the
EGFR kinase domain. Mutations in the EGFR kinase are a cause of non-small-cell
lung cancer.®® 8#! | igands and water molecules were removed from each protein

using CHIMERA %
Drugs

The structure of LAA-PEG@AQg-AUNCSs cluster was taken after optimization.

Figure 7.11 shows the chemical structure of the cluster.
7.4.3.5.3. Molecular Docking

AutoDock4.2 was used for molecular docking simulations using Lamarckian
Genetic Algorithm (LGA).® The docking was performed using Protein as a rigid
receptor molecule, whereas LAA-PEG@AQ-AUNCs cluster was treated as a flexible
ligand. The receptor and ligand files were prepared for docking using Auto Dock
Tools (ADT).* Grid boxes of various dimensions were used to prepare grid maps
using Auto-Grid for each protein. The Gasteiger charges were added to the complex
by Auto Dock Tools, (ADT) before performing docking calculations. Lamarckian
genetic algorithms, as implemented in Auto Dock, were employed to perform blind

docking calculations. AIll other parameters were default settings. For metals,
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modifications were done in the parameter file to include LAA-PEG@AQg-Au NCs.
According to the Auto Dock scoring function, the lowest energy docked conformation

was selected as the binding mode.

7.6.3.5.4. Result

The computationally calculated binding energies of all protein-drug complexes
are given in Table 1. From the tabulated data it is very much clear that binding
energies of all EGFR proteins with LAA-PEG@Ag-Au NCs cluster are of the same
range. The binding modes and geometrical orientation of all compounds were almost
identical; suggesting that all the inhibitors occupied a common cavity in the receptor.
The lowest binding energy is with 2ITY complex. Molecular Docking gives the best
and stable conformations of the ligand with proteins in the receptor active pocket.

Figure.7.13 shows the interaction of the ligand with proteins.

In silico studies revealed the entire synthesized molecule showed good binding
energy toward the target protein. LAA-PEG@Ag-Au NCs cluster binds in the pocket

of the proteins (Tablel).
7.4.3.5.5. Molecular Docking Results

LAA-PEG@Ag-Au NCs binds in the minor groove of the DNA sequences
concluding that cluster is minor groove binders. The computationally calculated
binding energy™ is -1.09 kcal/mol. So it can prove to be an effective drug against
carcinomas therapy and other pathogenic disorders. Fig. 7.12 shows the Minor

groove binding of Ag-Au cluster with 1BNA.

The computationally calculated binding energies of all protein-drug

complexes are summarized in Tablel, which shows a very much clearance with
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all EGFR proteins with LAA-PEG@Ag-Au NCs of all ranges. The binding modes
and geometrical orientation of all compounds are almost identical suggesting that
all inhibitors have occupied a common cavity in the receptor. The lowest energy is
estimated with 2J6M complex. Molecular Docking gives best and stable

conformation of the ligand with protein in receptor active pocket (Fig. 7.13).

In silico studies revealed the entire synthesized molecule showed good binding
energy toward the target proteins where LAA-PEG@AQg-Au NCs binds in the pocket

of the proteins.

Table 1: Binding energies of protein-drug complexes

S.No. Protein Binding Energy,
(kcal/mol)

1 21TW -1.28

2 21TX -1.23

3 21TY -1.26

4 2J6M -1.39

5 4LQM -1.28

7.5. In Vitro cytotoxicity assay

The MTT assay was performed to investigate the cytotoxicity of synthesized
LAA-PEG@Ag-Au NCs against bronchial carcinoma A-549 lung cancer cell lines.
The results were analyzed by plotting percentage cell viability verses concentration
graph and ICsg value (Fig. 7.14-7.15). 15-60 pg/mL concentrations LAA-PEG@Ag-
Au NCs were added to cell lines for 24 hrs incubation period at 37 °C temperature. A
significant abatement in cell viability has been observed in the treated cells lines

showing LAA-PEG@Ag-Au NCs as a potential anticancer agent for bronchial
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carcinomas A-549 Lung cancer cell lines. The standard graph has been plotted
between percentage cell viability versus concentration of nanocomposite and ICs
calculation was done (Fig.7.14.a-b). The microscopic observation of cells at an
increasing concentration of L-Ascorbic acid-coated LAA-PEG@AgQ-Au NCs was
done along with appropriate control (Fig. 7.15 a-e). The A-549 Lung cancer cell
morphology was gradually altered with an increased concentration of LAA-
PEG@AQg-Au NCs. A-549 cell lines, when treated with nanocomposites inhibited the
proliferation of cell lines within dose-dependent and time-dependent manner. The
morphology altered slightly with treatment of 15pug/mL LAA-PEG@AgQ-Au NC.
Alteration of morphology intensified with addition of 60pg/mL of nanocomposite.
Cell debris was found in the cell with 60 pug/mL treated nanocomposite with complete
destruction of cells, indicating significant anticancer activity of LAA-PEG@Ag-Au
NCs. However, there is a significant statistical difference in every condition when
compared to the negative control. The number of live cells that were quantified from

microscopic images is listed in Fig.7.15 a-e.

120 -
100, ]
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2 80 -
604 =
ﬁ 60 -
2
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0 , : : . : . 0 | |
° coentatonomy © % 0 10 20
Concentration (pg/ml) Concentration (ug/ml]

Fig. 7.14 a-b. 1Csy value of Ag-AuNCs against A-549 Lung cancer cells.
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Fig.7.15 a-e. Microscopic images of A-549 Lung cancer cell lines.

In our study we found that treatment of bronchial carcinomas A-549 Lung
cancer cell lines with LAA-PEG@Ag-Au NCs has induced cytotoxicity, genotoxicity
and oxidative stress in A-549 Lung cancer cell lines. Our results suggested that
bronchial carcinomas A-549 Lung cancer cell lines are more susceptible to A-549
Lung cancer cell lines. The SRB assay represent the damage in mitochondrial and
lysosomal membranes,® that eventually triggers cell death,®” These assays serve as
sensitive and integrated measures of cell integrity and of the inhibition of cell
proliferation. SRB assay results are consistent with the observed low MMP in cells
exposed to nanocomposites. Damage to lysosomal membrane is known to release
lysosome protease into intracellular spaces which affects the neighboring cells and
triggers cell death due to apoptosis.2® LDH leakage from cell is further evidence for

|89

both penetration of nanocomposites into cell® and cell membrane damage.®® A

significant reverse correlation between MTT and LDH was also observed (Fig. 7.16).

260



Chapter 7

ROS generation is likely to be most effective mechanism for the
nanocomposite toxicity as these increase ROS production® and thereby cause
interference in biological antioxidant defense system.”> ROS induce DNA damage
including a multitude of oxidized base lesions, a basic sites and single and double
strand breaks, all of which can be cytotoxic®® and mutagenic.** In this study we
examine the toxicity of nanocomposites of bronchial carcinomas A-549 Lung cancer
cell lines using a number of stem cell markers (CD24, CD44, CD90, CD133, CD147,
CD166, CD 326) and concluded that nanocomposites induced the cytotoxicity in A-
549 Lung cancer cell lines via oxidant generation and antioxidant depletion. Indeed
nanoconposites shown to generate ROS (oxidant) and GSH (antioxidant) depletion in
A-549 cell lines in a dose dependent manner. Furthermore the negative correlation
between the ROS and GSH indicated that free oxygen radical species were generated
by exposure to nanocomposites, which reduced intracellular antioxidant GSH levels.
However a strong correlation between the cell viability and increased ROS level
shows that higher production of ROS and concomitant decrease in antioxidant such as
GSH scavenge free oxygen radical appear to be underlying mechanism of
nanocomposites in A-549 Lung cancer cell lines.

FACS analysis assay was used to analyze the DNA damage caused by
nanocomposites in A-549 Lung cancer cell lines. The assay is able to detect the single
strand breakage or other lesions such as alkali-labile salts, DNA cross-links® and
incomplete excision repair events.®® The technique offers considerable advantage over
other cytogenetic method like chromosome aberration, sister chromatid exchanges
and micronuclear test used to detect DNA damage as cells do not need to mitotically
active for the FACS analysis assays.”” Therefore this assay has been widely used in

the field of genetic toxicology.”® We also found a strong positive correlation between
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the DNA damage (% tail DNA) and ROS suggesting that oxidative stress may be one
of the cause to damage DNA in nanocomposite toxicity. Studies have shown that ROS

work as signaling molecules for initiation® and execution of the apoptotic pathway. %

Contr Con
2 A
5 .03
| !
O
D O
O
JC-1
40 ¢ | »30 T Red
= = Control T25 t = Control
8 0T =Ag/Au 820 mAg/Au
o
TR0 <15
<
© 10 f D_.10
< 0 = .
AV+ AV+ Pl+
A7 Cont .. 1 .. Cont » A
rof 0 ro
O - 200K o 200K o
(,) u - 150K
u 150K ~ 150 4
Cell iC(E)Irl]Jtath
75 r Rox 30 ¢
2 [%2]
3 go | ™Contol 3 = Contol
© I O
5 mAg/Au < 20 | mAg/Au
45
S 3
:? 30 £}
ey
5 g
>
0 2 0
Cont A
rol a/Au

Fig.7.16. SRB, MMP, ROS analysis of A-549 Lung cancer cell lines.
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Conclusion

Synthesis of LAA-PEG@Ag-Au NC has been successfully synthesized by
using the simple sonochemical method. A comparative study of their characterization
and pharmacognostic properties has been estimated. Our finding makes another proof
that the stability of AA-PEG@AQg-AUNCSs increased coating of L-Ascorbic acid.
Further, it also seems that the L-Ascorbic acid-coated LAA-PEG@Ag-Au NCs are
effective against lung carcinomas A-549 Lung cancer cell lines as the MTT
cytotoxicity analysis has shown a decrease in cell viability with an increase in drug
concentration. The increased cell ROS, glutathione and MMP shows that the
nanocomposites are to be effective for the A-549 Lung cancer cell lines and be best
drugs for the future perspectives. Thus our present study proved that L-Ascorbic acid
loaded LAA-PEG@AQ-Au NCs may lead to a greater impact in the carcinomas
clinical area as targeted drug delivery besides recommending it for lung cancer in
particular. Therefore it is concluded that LAA-PEG@AQ-Au NCs possess the
versatility to overcome some of the challenging impediments in the treatment of

carcinomas.
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8.1 Conclusion

In summary, different shapes and sizes Pd nanoparticles, like 8-10 nm edge
length truncated octahedron/fivefold twinned pentagonal rods and 17-20 nm edge
length hexagonal/trigonal plates have been prepared in aqueous solution phase by
reducing K,PdCl, with ascorbic acid in the presence of surfactant PEG via
sonochemical method at room temperature. XRD study revealed particles growth took
place anisotropically at both temperatures. FTIR and SERS studies revealed
adsorption of AA and PEG at NP’s surface. The particle's size distribution graph
indicates formation of particles having wide size distribution while the zeta potential
value -13 mV indicated that the particle's surface is negatively charged and hence
stable. The truncated octahedron/fivefold twinned pentagonal rods shaped Pd NPs,
formed at room temperature while thermally stable and Kkinetically controlled
hexagonal/trigonal plate-like Pd NPs have been evolved at a higher temperature 65
°C. The obtained Pd NPs has a high surface area and narrow pore size distribution.
The computationally calculated binding energy indicates this Pd cluster is an effective
drug against cancer cells. The lowest binding energy is with 2ITY complex.
Molecular Docking gives the best and stable conformations of the ligand with proteins
in the receptor active pocket. Biochemically, the effect of PD NPs on A-549 human
lung cancer cells exhibited that cytotoxicity is dependent on the dose of NPs. The
results described here indicate much potential for use of these NPs in biomedical

applications as described in third chapter.

Synthesis of PEG-coated and L-ascorbic acid stabilized mesoporous a-Fe,0O3
NPs (LAA@IONP-PEG) has been achieved in the sonochemical assisted method

using aqueous solution mixture of complex Kj[FeClg], PEG and L-ascorbic acid.
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LAA@IONP-PEG have been evolved in varieties of shapes and size as revealed in
TEM, FESEM, EDX, UV-visible, FTIR, XRD and BET studies. Initially formed
metastable B-FeOOH transformed into a stable a-Fe,O3 phase during the reaction at
37 °C. The anti-cancer study of LAA@IONP-PEG against renal carcinoma HEK-293
human embryonic kidney cell lines study suggests that high surface area with a large
number of active sites mesoporous a-Fe,O3 nanoparticles are well suited anti-cancer
agent and serve as promising candidate for treatment of renal carcinoma HEK-293
human embryonic kidney cell lines. Docking study has confirmed the anti-
proliferative action of NPs through binding affinity with renal carcinoma molecular
targets. The synthesized NPs show a synergistic effect with Axitinib as an anti-cancer
drug effective against renal carcinoma cell lines. Cytotoxicity and ICs analysis led to
detailed changes in the enzyme structure. The nanoparticles sample may be a good
antioxidant agent during the cancerous condition of a cell. The results from the
experimental and theoretic studies served as a valuable anti-cancer tool against renal

carcinoma drug therapy in future as described in fourth chapter.

LAA@Cu,0-PEG nanopolyhedra has been via sonochemical assisted method
using aqueous solution mixture of complex Ks[FeClg], PEG and L-ascorbic acid at a
temperature 37°C. LAA@Cu,0-PEG has been evolved polyhedral. The anti-cancer
study of LAA@Cu,O-PEG against renal carcinoma HEK-293 human embryonic
kidney cell lines study suggests that high surface area with a large number of active
sites nanopolydera are well suited anti-cancer agent and serve as promising candidate
for treatment of renal carcinoma HEK-293 human embryonic kidney cell lines.
Docking study has confirmed the anti-proliferative action of NPs through binding
affinity with renal carcinoma molecular targets. The synthesized NPs show a

synergistic effect with Axitinib as an anti-cancer drug effective against renal
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carcinoma cell lines. Cytotoxicity and ICsp analysis led to detailed changes in the
enzyme structure. The nanoparticles sample may be a good antioxidant agent during
the cancerous condition of a cell. The results from the experimental and theoretic
studies served as a valuable anti-cancer tool against renal carcinoma drug therapy in

future as described in fifth chapter.

Sonochemical method for synthesis of nickel nanoparticles was analysed via
UV-visible absorption spectroscopy shows Amax vValue due to the quantum confinement
of Ni NPs. The XRD analysis shows that the Ni NPs are highly crystalline with face
centred cubic (fcc) structure. EDAX data confirms the presence of prepared Ni NPs.
The FTIR and Raman spectra confirm the formation of PEG grafted and L-ascorbic
acid coated Ni NPs and presence of fundamental phonon peaks. Morphological
studies using the SEM, FESEM and TEM analysis shows cube shaped nickel
nanoparticles. BET results show formation high surface area mesoporous Ni NPs. The
prepared Ni NPs are shown effective cytotoxicity against MCF-7 breast cancer cell
lines. The results were supported by morphological analysis of treated and controlled
cells. The normal and regular morphological pattern is observed in untreated cells and
irregular cell morphology is seen in cells treated with Ni NPs. This study has
proposed the best and simple protocol to synthesize Ni NPs with an effective
anticarcinomas activity against MCF-7 breast cancer cell lines as shown in sixth

chapter.

LAA-PEG@AQ-Au NCs have been successfully synthesized by using the
simple sonochemical method. A comparative study of their characterization and
pharmacognostic properties has been estimated. Our finding makes another proof that
the stability of AA-PEG@Ag-AUNCs increased coating of L-Ascorbic acid. Further,

it also seems that the L-Ascorbic acid-coated LAA-PEG@Ag-Au NCs are effective
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against lung carcinomas A-549 Lung cancer cell lines as the MTT cytotoxicity
analysis has shown a decrease in cell viability with an increase in drug concentration.
The increased cell ROS, glutathione and MMP shows that the nanocomposites are to
be effective for the A-549 Lung cancer cell lines and the best drugs for the future
perspectives. Thus our present study proved that L-Ascorbic acid loaded LAA-
PEG@Ag-Au NCs, may lead to a greater impact in the carcinomas clinical area as
targeted drug delivery besides recommending it for lung cancer in particular.
Therefore it is concluded that LAA-PEG@Ag-Au NCs possess the versatility to
overcome some of the challenging impediments in the treatment of carcinomas as

shown in seventh chapter.
8.2 Scope and Further Research

In the present work an inorganic nanoparticle/nanocomposite of various metal
salts has been synthesized, however shape and size distribution of the materials may
also modify to alter the responsiveness of the prepared nanoparticles. Hence an effort
may be used to different type of growth of materials to made optimisation of various

nanostructure.

To risen the value of effectiveness of nanoparticles against diagnosis, number
of suraface modifications has been performed via capping with organic polymers like

polyaniline, polydodecylether (Brij-58) etc.

To explore surface modifications of nanostructures with different morphology

against analysis like anticarcinomas, pathogenic and virological responses.
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