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Chapter 1: Nanotechnology at Glance

1.1. Introduction

Nanotechnology is managing matter on the atomic as well as the molecular scale. It is a
developing field of science that comprehends the engineering and studying of nanosized particles of
numerous materials. It is evident that nanoscience and nanotechnology entirely deal with very tiny-
sized objects and systems. Conventionally, the United States National Science Foundation? classified
nanotechnology as research that demonstrate materials and systems possessing below mentioned key
properties-

e Building block property- Such materials can be combined to create larger structures.

e Process- Formulated with strategies that reveal fundamental command over the chemical and
physical aspects of molecular-scale structures.

e Dimension- Partially one dimension should be from 1 to 100nm (nanometer).

The primary interest of nanostructured materials is their ability to fashion, coat, and the
outstanding flexibility that they possess in being synthesized to meet the requirement of a specific
application. For many years, few of the pre-existing technologies relied mainly on methods that occur
on the nanoscale. Lithography, ion exchange, adsorption, drug design, plastics, catalysis, and
composites are a few examples of this technology. Several dynamic research fields of nanotechnology
and nanoscience include nanocomputers, nanodevices, nanolithography, nanolayers, nanorobotics,
nanopowders, nanoporous materials, and nanostructured catalysts, molecular nanotechnology, organic
as well as inorganic nanostructure, medicine, cancer prognosis, avoidance, and treatment by
nanotechnology amongst others.

One of the prominent contributions of nanotech is that organic nanostructured materials can be
effortlessly integrated with regular inorganic nanostructures (e.g. semiconductor devices),
consequently providing extra functionality to contemporary photonic circuits and components. The
ultimate goal of nanotechnology is to gain a finer understanding of the basic molecular processes and
abilities of organic and inorganic nanostructures that are influenced by grain barriers and interfaces for
their technological applications in various fields. Numerous advances have been contrived over time
with the development of approaches to nanoscience and nanotechnology. Amidst evolution in
nanotechnology, an exceptional climb has taken place in the utilization of nanoparticles in various
fields of biomedical sciences, mainly in diagnosis?. Amid numerous kinds of nanoparticles accessible
at the current time, nanoparticles having core-shell architectonic possess excellent properties,
collaborating multiple functionalities into a sole hybrid nanocomposite. Alteration in silver
nanoparticle's functionality with silica gives the nanoparticle idiosyncratic effects, because of the

biocompatibility, hydrophilicity, and optical transparency along with thermal and chemical stability of
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the silica; unexpectedly in agueous media also®. The flexibility of silica in surface moderation as well
as in synthesis demeanor, offers an outstanding edge to the employment of this material for therapeutic
purposes*® because, for the applicability in medicine, immune-compatibility is a prerequisite
condition, that will clinch the non-toxic nature of the material®. Cancer is an ambidextrous malady
exceptionally unpredictable in its unveiling, evolution, and aftermath. One of the typical sorts of cancer
is prostate cancer, which commences whilst cells of the prostrate evolve anomalously’. There are
certain limitations associated with conventional chemotherapeutic drugs®. Silver nanoparticles have
the prospective to circumvent assorted drawbacks of typical therapeutic implementations®. Tailor-
made silver nanoparticles coated with specific biocompatible nanomaterial can target cancerous cells
in a foreseeable demeanor because these can be specifically intended for expanded drug loading,
upgraded half-life inside the body, unflappable release as well as selective distribution by altering their
size’®, composition, surface chemistry, and morphology!'. In the same manner, antimicrobial
chemotherapy also demands attention because lately, resistance to antibiotics by disease engendering
fungus and bacteria has been growing at a breathtaking pace and thus become major trouble. Bacterial
and fungal contaminations are a colossal source of mortality and morbidity. To overcome such
resistance mechanism of pathogenic microbes'?, consideration has been given to silver nanoparticles
as an encouraging tool since they work miraculously on a span of targets in contrast to antibiotics,
which have a particular site of execution®®. Silver nanoparticles showcased magnificent outcomes in
detecting and remedying microbial infections by enabling the pick out of target pathogens, reactive
and combinatorial freightage of antibiotics, successful antibacterial vaccination as well as swift
detection of pathogens!*.

In recent years, several immunoassay techniques for the diagnosis of different tumor markers
for more effective governance of cancer have been investigated. Gradually, electrochemical
immunoassay has acquired acceptance and is therefore broadly utilized to detect tumor markers
because of the intrinsic benefits such as lofty selectivity, sensitivity, suitable label-free manipulation,
low cost, minute size, and very fast analysis*®. A sailing way for the observation of cancer has been
the evaluation of serum tumor markers.

The employment of indium tin oxide (ITO) for sensing purposes can be increased by
incorporating nanoparticles on its outer layer'®. Metal nanoparticles give a biocompatible environment
for the sake of biomolecules which remarkably enhance the surface-to-volume proportion of a stagnant
biomolecule onto the surface of the electrode, both of them finally affect electrical signal
improvement’. Experts in the area of biosensors are invariably eager to unearth novel materials
possessing acceptable abilities to increase the activity of biosensors. Composite nanomaterials are

appropriate to generate a constant electric field as well as elevate the transferred ratio of electrons in
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comparison to sole nanoparticles. Therefore, they can successfully fasten the regeneration action of
sensors®e,
1.2. Overview of nanoparticle

Conventionally, the nanotechnology word rises from the Greek word, meaning "dwarf".
Around the world nanotechnology has been employed by craftsmen since 2600 BC though?'®, the
conceptualization of nanotechnology was first proposed on 29th December 1959 at the meeting of the
American Physical Society by the famous Nobel laureate Richard P Feynman® in the famed lecture
given by him- "there's plenty of room at the bottom". Ever since, numerous revolutionary occurrences
in the arena of biology, physics, and chemistry have supported Feynman's idea of exploiting matter
across the atomic scale.

Three main physical approaches that are co-related that every nanoparticle exhibits-

- They have a towering surface area per unit volume, providing electronic functions and collaboration
with outward impacts greatly.

- Nanoparticles show high mobility both in the free state as well as in absorbent media.

- Every nanoparticle displays quantum impact because of the corresponding dimension and the
electrical wave function frequency. Nanoparticles- Materials having a size of at least one dimension
with a size span of 1 to 100nm.

The word "nano" normally specifies a size 10 or "one billionth™ of something. In the year of
1974, one of the professors at Tokyo University of Science, named Norio Taniguchi innovated the
term "nanotechnology” to explain the ultra-fine dimensions and extra-high precision. Based on
developments and miniaturization in optoelectronic devices, integrated circuits, computer memory
devices, and mechanical devices: he proposed the "top-down approach”. About ten years later
following this idea, the “bottom-up approach” was introduced by K Eric Drexler when he explained
the formation of larger objects from their molecular and atomic element as the future of
nanotechnology?L.

It is worth mentioning nanotechnologies can bring benefits in multi-dimensional areas, like
water contamination, drug development, fabrication of lighter and stronger materials, and
communication and information technologies.

1.3. Types of nanoparticles

Classification of nanoparticles revolves around factors governing the application or area of
research it will use. Innumerable standards have been taken into scrutiny for the classification of
nanoparticles by researchers and scientists like morphology, origin, dimensionality, geometry,
toxicity, aggregation, chemical constituents, and so on. ** Now we want to throw light on a few of the

criteria for the classification of the nanoparticles, that have been employed more frequently.
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1.3.1. Based on ""Dimension™

Technically, all nanoparticles have a minimum of one dimension in the nano metric size span
of one to hundred nanometres?. These are classified into four main types on the basis of the dimension,
as displayed in the fig. 1.1.
0-dimensional nanoparticles- Conceding that all peripheral proportions of a nanoparticle are
placed within the nanoscale or have no dimension, such nanoparticles are designated as 0-dimensional.
The best example of zero dimensional nanoparticles are- quantum-dots(QD)?. Individual single

molecules isolated from each other studied as nanoparticles, also fall in this category.
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Figure 1.1: Classification of Ag nanoparticles based upon dimension?,

1-dimensional nanoparticles- Particles having a single dimension out on the nanometric size span
along with auxiliary two-fold dimensions at nanoscale size span are designated as 1-dimensional
nanoparticles?®. Such nanoparticles are very crucial in the fabrication of nanotubes, nanowires,
nanobelts, nanorods?® etc. These nanoparticles play a key role in hierarchical nanostructures.

2-dimensional nanoparticles- 2-D- nanoparticles are those particles, comprising two dimensions on
the size range of nanometeric-scale. Such class of nanoparticles show qualities of nanosheets?®,
nanocoatings or thin films. These nanoparticles possess outstanding applications in the fabrication of

sensors and nanoreactors?’.
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3-dimensional nanoparticles- These are the class of nanoparticles that exhibit nanoscale character
interior even after neither of the three peripheral dimensions are on the nanometric size range.
Multilayer particles, polycrystalline materials, fibrous particles together with a few types of powders
fall into this category?®. Building blocks of such types of nanoparticles are geometrically comprised of
lower dimensionality of elements. In modern nanotechnology, three-dimensional nanoparticles
possess extraordinary importance.

1.3.2. Established on "origin™

Nanoparticles feasibly halved into three main classes based on the "origin"-

Natural nanoparticles- The name itself says such nanoparticles rise naturally, particularly as highly
fine particles. Frequent origins of such nanoparticles in around in nature are waves of the sea,
crystalline structures, sand storms, oil, volcanoes, space, living organisms,? etc.

Manipulated nanoparticles- Imposing advanced equipment, a bundle of chemical catalysts, along
with innovative methods of synthesis; nanoparticles nowadays are manufactured synthetically to make
improvements in targeted features that meet the requirements of certain specific functionalities®.
Incidental nanoparticles- Such types of nanoparticles are defined as ultra-fine, emitted particles that
are co-incidental by-products of composing activities of the human being such as material welding,
building demolition, power generation, engine exhaust, cigarette smoke, food processing, etc.

1.3.3. On the basis of "'morphology**

Various applications related to nanoparticles need a particular range of sizes and shapes of
nanoparticles. Following this reason, there is a requirement for a separate categorization based on
morphology. Various geometry of nanoparticles designated as- spherical, cubic, prism-shaped,
triangular, helical, hexagonal, tube-like, oval-shaped, rod-like, etc. They can possess distinct intrinsic
crystal structures namely icosahedron, face-centered cubic, decahedron, simple cubic, and so on?®.
1.4. Consolidation of nanotechnology and Life sciences

Nanotechnology is the most celebrated, growing, and expanding division of science and
technology. Improvements in nanotechnology are progressively being employed in the field of life
sciences. Clinical implementation of nanotechnology is developing day by day and its frequency will
extend with current research development into practice. Nanotechnology is called a young field to
some extent while having the extraordinary potential to refabricate existing industries and remarkably
brush-up standards of living.

Rationale designing and structures of particles at the nanometer range are being utilized in
various fields like biotechnology, tissue engineering®!, pharmaceuticals, and diagnostics. In the field
of medicine, the application of nanotechnology has exceptional prospects with new technologies

upgrading drug-delivery® together with innovative methods of diagnosis of various diseases.
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1.4.1. Influence of nanotechnology on life sciences

Nanotechnology is a growing field that is expected to provide solutions to various technical
problems and economically advantageous products in different fields of application. Already there are
numerous products contributed by nanotechnology is available in the market but still, it needs intensive
research and works in this field. There are a wide number of industries in existence, that uses a set of
techniques in mainly three overlapping areas, named nanomaterials, nanobiotechnology, and
nanoelectronics,?® which has wide application in a number of fields such as - agriculture,
pharmaceutics, information technology, transport, materials, metrology, electronics, environment,
healthcare, robotics®, and so on.
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Figure 1.2: Types of nanoparticles and their applications34,

1.4.2. Impact on the diagnostic field

Molecular diagnostic is the latest revolutionary area of nanotechnology, which needs less time
is a quick process, has a small number of samples, and is trustworthy for various kinds of analysis. We
can fabricate a tiny chip analyzer by employing lab-on-chip technology which can interpret the desired
samples within a few minutes®. Such chip analyzers need merely picolitre or nanogram-sized samples
which can give more scope for systematic analysis and reliability. The lab-on-a-chip® method is the
basis for conjoining screening approaches which can dramatically accelerate the novel drug discovery
process when combined with dynamic computers.

1.4.3. Influence of nanotechnology in the field of drug-delivery
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Nanotechnology has given a broad range of potentially valuable prospects for its utilization in
drug delivery systems and it can be employed efficiently to carry a particular drug to the desired target
locations, by delivering specific solubility of appallingly water-soluble drugs. This is mainly
significant in the treatment of cancer where there is the risk of damage of healthy cells by the
chemotherapeutic drugs in the surrounding area of the tumor, that is how it brings forth the benefits of
diminished accumulation in healthy tissues. Materials at the nanoscale possess a very specific property
named EPR-effect(enhanced permeability and retention effect)3” which is particularly significant for
the treatment of cancer. A few of the other areas which utilize nanotechnological efforts are- vaccine
adjuvants and their delivery systems, wound management, and in orthopedics®e.

1.4.4. Influence in tissue-engineering

Tissue engineering is the connection between the biomedical industry and pharmaceutical
where nanotechnology shall have an actual impact. This field growing at a very fast pace in developed
countries in terms of commercial significance day by day. Internal tissue implant is one of the best
examples of this thing. Nanotech can be utilized to develop tissues and organs synthetically on
nanopatterned scaffolds® to give the platform for internal tissue-implant because of the shortfall in
producing replacement organs which leads to xenotransplants®¢. One of the other speculative areas is
nanorobot therapeutics, which can take so far as possible twenty years, and hereafter it's been predicted
that nanorobots will hover around the body and can perform targeted healing jobs. Miniaturization
methods are key to various applications that merge actuators and sensors with nano-scale features to
create personal healthcare-related testing devices and sensors that can be employed to detect cancer
and other multiple classes of infections and diseases.

1.5. Metallic nanopatrticles

Since ancient times, metals had been mined and utilized by humans. Although the date of the
initial employment of metals is still not known, the estimated date of the discovery of metals, e.g. Ag,
As, Pb, Fe, Zn, Cu, Hg, Au, dates back 4000-300 b.c. Colloidal metals have also been utilized since
Ancient Roman times®®. For example, colloidal gold has been employed in decorative objects like
staining glass windows, ornaments, and beads. Michael Faraday prepared colloidal gold nanoparticles
having been brightly colored in the mid-1850s. It is still in London in the Royal Institution’s Faraday
Museum for display®. In the last two decades, noteworthy development has been made in the present
area because of the evolution of novel instruments capable of manipulating and characterizing
nanostructured materials. For the sake of a proper understanding of materials, one needs to know their
basic anatomical structure. The requirement of determining the classes of atoms that form their
building blocks and the routes by which such atoms are organized compared to one another is very

important. Nanoparticle systems possess amazing photocatalytic, photo-electronic, photochemical,
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and photo-physical systems. Nanoparticles possess a high surface-to-volume ratio which leads to
electronic and structural alteration that in turn, bring about other qualities that eventually be different
from that of the bulk material“. Their properties rely on the specific geometry of the particle and their
surface characteristics. The extraordinary specifications of inorganic particles are belonging to their
particular size being lesser than the scattering length or associated mean free path of their electrons(10-
100nm).

Noble metals are highly stable when they are in bulk but once they are in the nanometer regime,
they are exceptionally “active”. At the nanometer range, particles possess high surface energy which
turns them exceedingly localise, in addition, whole system goes through aggregation devoid of
passivation or else protection of their specific surfaces. In the case of semiconductors, the
optoelectronic properties of the nanoparticles altered with their nano crystallite size. This is because
of the charge carriers associated with the quantum mechanical confinement which happens in the 1 to
10 nm arrangement.

Modified phase transformation behaviors, non-linear optical phenomena, and lower melting
temperatures have been seen in nanoparticles**. An immensely lofty area of surface to the volume ratio
has been achieved through the decline of particle size which leads to a surge in surface-specific active
areas for chemical reactions as well as photon absorption to increase the reaction along with absorption
capabilities. The enhancement in the surface area also enhances surface states, which alters the working
of holes and electrons, and influences the dynamics of chemical reactions in semiconductors. For
example, the constant associated with the charge carrier transfer ratio is comparatively elevated in
nanoparticles as compared to the bulk material.

When the size of the particles declines under the first excitation state of the Bohr radius, a
result, quantum size effect could happen because of the confinement of charge carriers?. Conduction
and valence bands split by quantum size effect; resulting in discrete electronic states, after the size
subordination of electronic and optical abilities develop into a much more pronounced state.
Eventually, nanoparticles can create the possibility of electron transitions directly at the borderline of
the crystals and perceive the required improvement of light absorption*?.

If there is more surface area then there are more active points and speedy chemical reactions,
therefore enhancing the efficacy, on the other hand diminishing the cost of platforms and devices.
Tuning of optoelectronic functionalities and properties can be done by simply controlling nanocrystal
shape, size, and surface chemistry. In preparation of bimetallic colloidal nanoparticles and/or
anisotropic catalysts, the size and shape of the nanoparticle can influence the activity along with the

selectivity of the catalysts.
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Despite the fact, the absorbance of the light rays is conceivably greater as compared to the
particles, the nanoparticles react strongly and firmly with light waves. They exhibit different properties
from the same materials when they are in bulk, which does not show quantum effects. Metallic
nanoparticles exhibit localized external electromagnetic fields due to “plasma oscillations” which
conduct strong resonances at particular wavelengths which relied on the particle shape, size as well as
the local dielectric environment, which combined action are eventually responsible for the amazing
colors of nanoscale materials. It is important to mention here, that the nanospheres exhibit only one
plasmon band whereas anisotropic-shaped nanowires or nanorods show two plasmon bands; one
related to light absorption along with the long axis of the nanoparticle and the other related to the light
absorption along with the shorter axis of the nanoparticle.

The plasmon bands of nanoparticles are adjustable as a feature of nanoparticles aggregation
state, shape, aspect ratio, size, and local environment*3. Additionally, particles having sharp features,
such as nanotriangles, nanocubes, nanorods, etc. are anticipated to act like optical antennae by focusing
on the local field in a very small volume. Along with this, Resonant Rayleigh scattering ** through
metallic nanoparticles is an extraordinary characteristic of metals at the nanoscale and it is size and
shape-dependent. Various colors of the nanoparticle can be achieved depending on the shape of the
nanoparticle. Such features are prominent for biological applications when there is a requirement for
nanoparticle infiltration, and tracking. Particles at the nanometer scale are mainly important because
of their ability to adjust their properties(composition, functionalities, surface area, reactivity, shape,
size) and direct them concerning their specific applications: monitoring/imaging site-specific targeted
drug-delivery systems*, targeted diagnostic studies, etc.

1.6. Silver nanoparticles

Metallic nanoparticles which contain beneficial metals like gold and silver show extraordinary

physical, chemical, biological, and optical abilities which conceivably exploited in an extensive range

of applications®.
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Figure 1.3: Numerous applications of Ag nanoparticles.

The silver nanoparticle is one of the leading nanomaterials widely used in numerous
applications. Silver nanoparticles have been the topic of interest for scientists and researchers because
of their distinctive qualities, which can be integrated into biosensor materials, composite fibers, anti-
microbial applications, cryogenic super-conducting materials*®, electronic components, and cosmetic
products as well.

Silver nanoparticles are associated with a wide range of applications including toxicity,
electrical resistance, and specific surface plasmon resonance. Based on these qualities, exhaustive
studies have been accomplished to observe their function as well as broad implementations in various
functions namely bactericidal, fungicidal, anticancerous purposes, water treatment, designing of
electronic devices, etc*.

Silver nanoparticles possess extraordinary properties such as shape and size-dependent
antimicrobial, anticancerous, optical, and electrical properties and because of this, it has been a matter
of research. Over time, numerous synthesis techniques for the preparation of silver nanoparticles have

been investigated, few remarkable examples include, electron irradiation, gamma irradiation, laser
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ablation, microwave processing, biological synthetic methods, microwave processing, and chemical
reduction methods*®. Among all of the synthesis routes, the chemical reduction method has many
advantages e.g. ease of preparation, ability to command the various conditions of reaction,
inexpensive, high yield, etc. The chemical reduction method also enables alteration in the reactant’s
molar concentration, and proper seeding of reactants to synthesize silver nanoparticles with controlled
particle shapes, sizes, and particle size distribution*®.

There are a wide variety of synthesis techniques for silver nanoparticles have been reported to

date. A few of the remarkable methods include-

Figure 1.4: Various paths of synthesis of Ag nanoparticles.

1.6.1. Reducing agents associated with silver nanoparticle synthesis:

The picking of a proper reducing agent is a prominent factor, as the geometry and size
distribution of the particle are completely dependent on the deportment of the particular agents
responsible for synthesis. Consolidation of reductant brings about the reduction of the precursor agent
of metal nanoparticles®. The salt responsible for metal reduction requires transformation attributed to
the acuteness based on the involved reductants responsible for the redox potential of the metal
nanoparticles. Few relevant reducing and stabilizing agents used in chemical-reduction of Ag
nanoparticles are shown in table format in table no.1.1.

If the rate of the reaction is too fast during the synthesis process, fast preparation of metal nuclei
will take place with high yield and it will result in very small particles. In addition, agglomeration of
the particles occurs if the rate of the reaction is too slow. Furthermore, the selection of the reducing
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agent is very important since it determines the reactivity, dispersibility, solubility, and stability as well

as the shape and size of the particles at the time of the synthesis. Silver nanoparticles can be obtained

through two prominent methods designated as the “bottom-up” and “top-down” processes>t. The well-

known “bottom-up” method can be achieved by electrochemical methods, sono-composition, and

chemical reaction. The “top-down” technique deals with the mechanical grating of bulk metals and

following its stabilization by utilization of colloidal protecting agents.
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Figure 1.5: Variety of synthesis paths of Ag nanoparticles®?.

Table 1.1- Few relevant reducing and stabilizing agents used in chemical-reduction of

nanoparticles*®

Reducing agents for synthesis Silver precursor Size(nm)
Trisodium-citrate Trisodium -citrate 30-60
Ascorbic-acid - 200-650
DMF - <25
NaHB4 Surfactin 3-28
Trisodium-

citrate(initial)+SFS(secondary) Trisodium-citrate <50

Ag
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NaHB4 DDA ~7
Dextrose PVP 22+4.7
Paraffin Oleylamine 10-14
Ethylene glycol PVP 5-25
Hydrazine - 2-10
Glucose Gluconic acid 40-80
Ethylene glycol PVP 50-115
Hydrazine-hydrate AOT 2-5
m-Hydroxy benzaldehyde SDS 15-260
Hydrazine-hydrate AOT <16

1.7. Core-shell nanoparticles

In the past few decades, advanced materials from core-shell nanoparticles are of wide and
extensive technological and scientific interest due to their capabilities to finely tune their properties.
Such particles can be conveniently modified in a manipulable manner to tailor their mechanical,
optical, magnetic, electro-optical, thermal, electrical, and catalytic characteristics®®. Core-shell
nanomaterials comprised of a core configurational domain encapsulated by a shell domain. Both the
shell and core can be made of numerous kinds of materials which includes metals, inorganic solids,
and polymers. Furthermore, they also possess qualities that may be distinct from the shell or the core
material®*. The fabrication of the yolk-shell nanoparticles is fascinating for the researchers due to their
appropriateness for various purposes. They are also interesting from scientific as well as fundamental
points of view. They can be employed as model systems for the examination of factors that deals with
the interaction between colloidal and their stabilization along with collecting information on the
abilities of concentrated dispersions.

Till now, various ways have been evolved for the fabrication of core-shell nanomaterials
namely the layer-by-layer method, sol-gel process, template-directed self-assembly, and encapsulation
of nanomaterials through in situ polymerization®. Normally, the surfaces of nanoparticles have
dangling bonds and they are afflicted to coalescence, oxidation, and other instabilities. Additionally,
the quantum dots that are prepared in organic mixtures are not soluble in water, whereas biomedical
applications require fine-quality water solvent quantum dots. Therefore, the problem is making the
fine quality of hydrophobic quantum dots®® soluble in water and also acute during bioconjugate
reactions. So, materials are coated/encapsulated for numerous reasons. Coatings can transform a

particle into compatible material, they can enhance mechanical, chemical, and thermal stability,
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improve durability or lifetime, inhibit corrosion, and decrease friction, in other words, alter the whole
biological and physicochemical qualities of the particles. Coatings can also inhibit the aggregation in
a colloidal solution, as compared to bare particles, and gives a biofunctional platform for alteration
and subsequent bioconjugation®’. There are numerous benefits of coating of particles’ surface with
inert silica shells-can be employed as a stabilizing technique.
1.7.1. Silica-coating of nanoparticles

Most often, nanoparticles can not be employed directly because of a few limitations associated
with them, namely hydrophobicity, toxicity, interactions with oxygen, etc. Such complications can
most often be resolved by the intermediate shells or layers. Thus, derivatization is necessary most often
before the utilization of nanoparticles for its potential application-either to activate(functionalize)
surfaces or to stabilize functional cores. Silica is considerably the most adaptable and robust surface.
It does not perturb redox reactions of the materials at the core surface because silica is chemically
inert. Moreover, in the visible region silica layer is optically transparent, consequently, chemical
reactions can be observed spectroscopically and as a result, the emitted light is not impeded®®. Besides,
the competence to command the consistency of the silica layer indicates that the bifurcation of the
neighboring particles can be adjusted, and so the collective nature of the particles inside a nanostructure
can be customized. The entire chemistry of such types of core/shell nanoparticles is renowned and
additional functional groups can also be included to make it adaptable for desired applications.

Considerable work has been accomplished to observe the configuration of the silica shell on
the outer surface of the nanoparticles. Silica-encapsulated colloidal nanoparticles are a class of
nanomaterials broadly utilized in a variety of materials and colloidal sciences. Numerous coating
techniques have been evolved for these samples. Such surface encapsulation permits embellishment
of the intercommunication capabilities as well as compels it to disseminate colloidal particles in a wide
class of solvent materials beginning from polar to apolar. Aforementioned Stober®® (sol-gel) process
of silica-coating by adding tetra ethoxy silane to the colloidal mixture of the nanoparticles into an
ammonia/ethyl-alcohol solution mixture gives even layer after the development takes place close to
molecular level. An outer silica encapsulation also provides opportunities for commanding the
geometry of a particle. The external encapsulation by silica permits regulation of the optical abilities
of the crystal structure and also the interaction potential of the nanoparticles. One of the broadly
utilized coating methodologies by silica is the altering of colloid-particles which is stable merely in

the liquid solution to ethyl-alcohol where the old traditional Stober method is performed®®.
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Figure 1.6: Encapsulation of silica on metal nanoparticles: metal nanoparticles obtained from various
sources can be coated with biocompatible material silica by the specific sol-gel process®®.
1.8. Statement of the problem

After reaching the nanoscale, particles of silver have a miraculous change in physicochemical
properties and they turn out to have exceptional biological activities. The uniqueness of silver
nanoparticles broadens their pertinency in anti-bacterial, anti-fungal, and anti-cancer therapy®:.

Amid numerous kinds of nanoparticles accessible at the current time, nanoparticles having
core-shell architectonic, possess astounding properties, collaborating multiple functionalities into a
sole hybrid nanocomposite. The assorted pattern of efforts was given for the study of the anti-
cancerous, anti-bacterial, and anti-fungal effectiveness of silver nanoparticles. Still, scant or no
attention is given to the comparative study of silver and yolk-shell silver-silica nanoparticles.
Alteration in silver nanoparticle's functionality with silica gives the nanoparticle idiosyncratic effects,
because of the biocompatibility, hydrophilicity, and optical transparency along with thermal and
chemical stability of the silica; unexpectedly in agueous-media also. The flexibility of silica in surface
moderation as well as in synthesis demeanor offers an outstanding edge to the employment of this
material for therapeutic purposes because for the applicability in medicine, immunocompatibility is a

prerequisite condition, that will clinch the non-toxic nature of the material.
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Cancer is an ambidextrous malady exceptionally unpredictable in its unveiling, evolution, and
aftermath. There are numerous drugs available for cancer- therapy but most of them are inefficacious
to set foot on-target site in adequate concentrations and systematically deploy the desired
pharmacological upshot without triggering irreversible undesired harm to normal cells and tissues.

There are certain limitations associated with conventional chemotherapeutic drugs. Silver
nanoparticles have the prospective to circumvent assorted drawbacks of typical therapeutic
implementations. Tailor-made silver nanoparticles coated with specific biocompatible nanomaterial
can target cancerous cells in a foreseeable demeanor, because these can be specifically intended for
expanded drug loading, upgraded half-life inside the body, unflappable release as well as selective
distribution by altering their size, composition, surface chemistry, and morphology. In the same
manner, antimicrobial chemotherapy also demands attention because lately, resistance to antibiotics
by disease engendering fungus and bacteria has been growing at a breathtaking pace and thus became
major trouble. Bacterial and fungal infections are colossal causes of morbidity and mortality®?. To
overcome this resistance mechanism of pathogenic microbes, consideration has been given to silver
nanoparticles as an encouraging tool since it works miraculously on a span of targets in contrast to
antibiotics, which have a particular site of execution. Silver nanoparticles showcased magnificent
outcomes in detecting and remedying microbial infections by enabling the pick out of target pathogens,
reactive and combinatorial freightage of antibiotics, successful antibacterial vaccination as well as
swift detection of pathogens®®.

In recent years, a number of immunoassay-techniques for the diagnosis of different tumor
markers for more effective governance of cancer have been investigated. A sailing way for the
observation of cancer has been the evaluation of serum tumor markers. Gradually, electrochemical
immunoassay has acquired acceptance and therefore broadly utilized to detect tumor markers because
of the intrinsic benefits such as lofty selectivity, sensitivity, suitable label-free manipulation, low cost,
minute size, and very fast analysis®®. There exist numerous kinds of electrochemical immunosensor
built upon conductometry, amperometry, potentiometry, and electrochemical-impedance-
spectroscopy *°. Evolving a CEA (carcinoembryonic-antigen) immunosensor having good selectivity
and sensitivity but lacking a complex fabrication procedure still fascinates researchers.

Based on the above-explained consideration current thesis describes the preparation of silver
nanoparticles along with their coating by silica, followed by the characterization of both the
nanoparticles, for their applications in therapy and detection purposes.

In view of this issue, output in the current thesis has been given with the below-mentioned aims-
- Preparation of silver nanoparticles by Turkevich procedure by employing chemical reduction

method
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- Coating of silver nanoparticles with silica through modified Stober method.

- Characterization of both the nanoparticles to observe their spectroscopic, elemental, and
morphologic properties.

- Fabrication of electrochemical immunosensor for the detection of carcinoembryogenic antigen
(CEA).

- To examine the antibacterial, antifungal as well as anticancerous properties of both the synthesized

nanoparticles.
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2.1. Introduction

The evolution of humans has been closely intertwined with the history and manipulation
of materials. From the ancient times, nature provided humans with an amazing selection of
exceptional materials. However, surprisingly, in the modern world, their abundance and
assortment are still limited. To address this, researchers are continuously working to discover
innovative and improved materials that have the potential to ensure a higher and more
sustainable standard of living for future generations. Thenceforth, a wide variety of captivating
nanoscale materials have appeared ranging from metallic, insulators, polymers, semiconductors,
and composite nanostructures?.

Coated nanoparticles are combinations of nano-sized elements differing in their
composition and category, such as nanoplates, nanotubes, nanoparticles, and nanofibers. These
nanoparticles often contain nanostructures and are typically within the nanometer size range as
well. Composite nanoparticles are an important part of nanotechnology because they are
formulated by combining two or more multifunctional dispersed nano object possessing the same
scale at the nano level. This class of nanoparticles can be created by merging two or more than
two organic components, two or additional inorganic components, or at the minimum one of both
types of components?. Conventionally, such nanoparticles are attained by establishing a satellite-
like structure which is the coagulation of spherical types of particles having different
composition and size, where the larger component behaves like a central platform and firmly
grasp the smaller particles to create unitary nano object and they exhibit synergistic properties of
both particles. Coated silver nanoparticles are combinations of two or more than two materials
created by a synergistic combination of both materials at the nanometer scale. From the
morphological perspective, coated nanoparticles can be categorized into Janus-type of
nanostructures® by merging two (or more than two) components of similar size, core-shell-type
structures, and nanostructures with nanocomponents that are either deposited or encapsulated on
the surface. The combination of various components in the same nanostructures sums up the
properties of separate components and at the same time provides the composite structure having
novel properties as a consequence of their synergistic effect. It is noteworthy to mention that
coated nanoparticles and nanosystems are not exclusively needed for biology and medicine,
green chemistry, sensor technology, and other fields, additionally, these are also favorable for the
advent of novel potent analytical procedures* worthy of overcoming problems of identification
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and detection of impurities, poor water solubility, immunogenicity®, low bioavailability, high
toxicity etc. Analysis of various research articles dedicated to coated nanoparticles revealed that
the horizon of their application is often designated by the qualities of one of the components®.
Other components either increase the functional abilities in the same area or elevate the overall
system efficiency. Such as nanostructures having magnetic nanoparticles can be manipulated by
an outer magnetic field, which is employed as contrast agents in targeted drug delivery’ or for
magnetic resonance imaging (MRI); whereas coated nanoparticles based on magnetic
nanoparticles® along with the incorporation of luminescent nanostructures® can be used to
envision the specific site of delivery. In this experiment, core material determines the properties
whereas shell material improves the efficiency™°.

2.2. Coated silver nanoparticles and structures

Hybridization of the noble metal nanomaterial with another stabilizing material is very promising
to ameliorate colloidal stability and dispersibility!'. Metal nanoparticles have an inclination
towards aggregation in aqueous media. Thus, the advancement of proper synthesis methods to
assemble metal nanoparticles along with other stabilizing materials is in need of metal-

nanoparticle-based applications,? as shown in Fig. 1.
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Figure 2.1: Principal elements involved in designing coated nanoparticles'®.
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Recently, restrained synthesis of Ag nanoparticles (AgNPs) has gained much attention
because of their successful applications in catalysis, surface-enhanced Raman spectroscopy,
biological and chemical sensors4, and a number of other fields as well. Since ages ago, people
have used Ag as a disinfectant and antimicrobial agent, as it is documented in a book of Chinese
herbal medicine named Compendium of MateriaMedica®®.

In the past, due to the excellent optical properties (plasmonic resonance) of Ag
nanostructures, it has been an active area of research'®. These qualities of AgNPs greatly rely on
the composition, size, and shape of the silver. Control over the shape of the nanoparticle is very
important to amend the optical significance of the resulting nanostructures. Among all of the
available techniques, the most significant method is the chemical method*’.

A group of researchers prepared a well-controlled Ag nanostructure through ethylene
glycol (EG) by varying the molar ratio of silver ions and stabilizer, reaction temperature,
precursor concentration as well as by adding helper agents®. Nevertheless, during these

procedures, the reaction conditions are very complicated and often difficult to control.

(a)

Nanocubes

Figure 2.2: Various nanostructures of coated AgNPs. Representative images show (a)
nanowires, (b) nanospheres, and (c) nanocubes of coated AgNPs (blue-AgNPs, grey-coated
AgNPs).
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One of the groups of scientists formed Ag nanowires by catching benefits of the
collectively adsorption on the facets i.e. (100) of PVP. The final products are mainly
nanospheres, if PVP is added in low amounts or absent. They also discovered that AgQNPs having
irregular shapes were produced in the presence of diminished molecular weight of the PVP. It is
also found that the morphology of AgNPs can also be controlled through varying the molecular
weight?®,

The role of different ions also plays a great role in the morphology of the Ag
nanostructure. By adding Br-, Fe** and CI" helps in the synthesis of Ag nanowires, nanocubes
(shapes are displayed in Fig. 2) and right bipyramids respectively?. If the growth process and
reactant conditions are not properly controlled then the attained Ag nanostructures are in very
low amount and huge amounts of byproducts are also yielded?!. Therefore, there is an immense
need for a facile and reliable technique for the preparation of Ag nanostructures having the
desired shape and size in a large amount.

Lee and co-workers?? discussed two different types of unconventional processes counting
template-based technique and lithography to synthesize metallic nanostructure with high surface
area. A wide variety of nanostructures with particular sizes and shapes and various compositions
can be made easily by utilizing templates such as polymer membranes etched through ion-
tracking or anodized nanoporous alumina membranes?®. Despite the fact that such
unconventional techniques are very efficient; their post-processing is relatively complicated,
which can influence the purity of end products.

2.3. Different routes and methods involved in the synthesis of core-shell Ag nanostructures
Basically, there are three main routes of the synthesis of core-shell nanoparticles until now.
2.3.1. Aggregation

This method is actually an expansion of the 'bottom-up' synthetic scheme which implies
the fabrication of nanomaterials and then their aggregation to develop a single structure®. This
synthesis method does not only form nanoparticles but also involves in the subsequent
emergence of complex multicomponent nanomaterials above aggregation of the foremost
material to form the final core-shell nanoparticles.

2.3.2. Parallel
The second approach involves the parallel synthesis of coated nanoparticles® and

nanostructures to produce the composite beyond the pretreatment of the components.
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2.3.3. Sequential

The most famous third method involves a sequence of reactions, that results in multilayer
film structures, core-shell nanostructures, or nanoparticles in the matrix notch?®.
2.4. Modes of synthesis of coated Ag nanostructures

The synthesis of complex nanostructure that have upscale functions by a multistep
method using chemicals is a hotspot of research?’. In this part of the review, we will discuss the
three illustrative methods to synthesize Ag nanostructures having well-controlled shapes and
sizes, combined with double-reductant technique, etching method, and fabrication of core-shell
nanostructures?,

All three techniques can not only synthesize properly shaped Ag nanostructure, but it is
also beneficial for numerous applications by showing extraordinary optical properties, useful in
localized surface plasmon resonance (LSPR) effect and surface-enhanced Raman scattering
(SERS), this nanostructure also possesses excellent anti-bacterial, anti-fungal, and anti-cancerous
purposes?®. They are also extremely useful for the detection of various diseases. Through the
mechanism of preparation of hybrid Ag nanostructures by double-reductant technique, we can
synthesize affirmative surface of Ag nanocrystals by numerous reductants. These can be utilized
to synthesize complex nanostructures like nanoflags having an ultranarrow resonant band and a
few other nanostructures whichever are tedious to prepare by using other techniques®. By using
the etching method; shape-controlled hollow nanostructures and nanoflower preparation are
possible!,

2.4.1. Etching method

Adjusting the size of nanostructures is crucial to tailor their optical and other properties.
Furthermore, nanoflowers or nanostars® are the kind of nanostructure, that possess sharp horns
so they can concentrate electromagnetic-field approaching their tips, which leads to a notable
SERS effect. Nowadays, the increasement of SERS enhancement controlled shape and size
mediated synthesis of Ag nanostructure has attracted the attention of researchers®. Etching
techniques are also used to create advanced nanostructures, such as hollow nanostructures or hot
spots3. Various etchants, including Fe(NOs)s or NH4OH, hydrogen peroxide (H20), can be
employed to alter the shape of Ag nanostructures, and sometimes NHsOH is combined with
H20,. Fe(NOs)s or NHsOH have a significant role in the synthesis of Au nano boxes®. This

method involves formation of Au/Ag nano boxes by layering Au onto the outer surface of Ag
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nanocubes, followed by etching away the Ag layer with Fe(NOs)s or NH4sOH®. By subsequently
adding NH4OH or Fe(NOs)s, the nano boxes can be converted into nanoframes and nanocages*®2.

One notable benefit of this technique is the ability of NH4OH or Fe(NOs)3 to effectively
remove Ag from the outer surface of the Au/Ag nanoboxes, which leads to precise control over
the broadness of nanocages, which is challenging to achieve using other methods?.
2.4.2. Hydrogen peroxide

In the 1950s, H20> was used for etching pits in metals, and it played a crucial role in
determining the mechanical properties of crystalline materials®’. Additionally, H.O- can also be
utilized as an effective etchant to diffuse metallic silver. Few nanostructures of Ag cannot be
simply synthesized in large amounts in mono-dispersed sizes; to overcome this problem etching
techniques can be employed to control the shape/size of AgNPs®¢. Out of numerous shapes of
AgNPs, triangular and nanoprisms have gained much interest because of their extraordinary
optical qualities and other related properties. M'etraux and Mirkin?® discovered an innovative
reduction  route by employing  AgNOz/NaBHas/polyvinyl  pyrrolidone/tri-sodium
citrate(NasCA)/H.O> to synthesize Ag nanoprisms; that is an amazing development in the
controlled size of Ag nanostructure. They found that in the absence of H20-, the end products
were nanospheres, highlighting the significant role of H.O: in the formation of Ag nanoprisms.
Subsequently, Zhang et al.®® have given a detailed explanation of the prominent role played by
H20: in this very reaction mechanism. They showed that H2.O- efficiently eliminates unstable
nanoparticles in the stage of nucleation and avail the anisotropic structure formation®, which
leads to the transformation of silver nanoplates*'. However, it was observed that when the
concentration of H>O: is extremely high, the produced nanoprisms may disappear due to
excessive etching. Tsuji et al. further promoted this study by focusing their work on the role of
time-dependent SPR band to increase the rate of etching from prism to sphere*?. The
considerable difference between the Zhang and Tsuji is that the reduction of Ag* ion and etching
of Ag nanostructure can occur simultaneously, during the reaction process. On the other hand,
Tsuji's approach involves the final breaking up of Ag nanowires into Ag* ions in the first step
followed by the reduction of Ag™ ions into Ag®. They also successfully transformed nanocubes
and nanobipyramids into Ag nanoprisms, representing a significant improvement in synthesizing
large quantities of Ag nanoprisms from various Ag nanostructures. Metallic nanoparticles with

hollow nanostructure, e.g., frames and cages having higher surface area gained the researchers’
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interest due to their remarkable catalytic, optical*®, and electronic properties and their highly
adjustable localized surface plasmon resonance nature*. In a related development, Zhang et al.
introduced an innovative technique based on the etching of H>O> to synthesize Au nanoboxes.

Silver nanoboxes can be diversified into gold nanoboxes according to a set of chemical
reactions. Through titration of Ag nanocubes by aqueous HAuUCI4; Au-Ag alloy nanoboxes can
be synthesized. The thickness of nanoboxes can be controlled by the aqueous HAUCI4 ; which
causes the redshifting of LSPR peaks. Further with the help of H2O> etching, Ag atoms can be
eliminated from the prepared nanoboxes. A similar method was used for the preparation of gold
nanoframes via decahedral AgNP*. In this method, by tuning the concentration of deposited
gold; the broadness of the frames was controlled. Later, they tried to synthesize similar
nanoframes by utilizing other Ag nanostructures. All these results showed that merely
nanostructure's having (111) facets i.e. icosahedra and nanorods might be employed for the
synthesis of nanoframes. They showed that gold tends to stick onto the (111) facets, which are
more amenable to the preparation of hanocoatings or nanocages.

The etching method is a proficient technique to synthesize hollow nanostructure with
controlled size and shape. It can also be useful for making flower-like Ag nanostructures and can
be also beneficial to making the nanocrystal's surface rough; because it has been found that the
nanostructure possessing gaps or spiked edges can increase the intensity of SERS*>%. The
inherent applications of SERS substrates in various fields suggest extensive potential for utilizing
the etching method in this area.

2.4.3. Double-reductant method

Every reductant exhibits its unique reducibility, playing a significant role in the shape and
size control of nanostructures. Furthermore, desirable facets of nanocrystals can be decided by
the reductants employed®®. Few of the reductants have the tendency to favor the growth of (100)
facets, while others promoting (110) or else (111) facets. Accordingly, selecting particular
reductants at each step, it becomes possible to craft tailor-made complex nanostructures, a task
that is not easily achievable otherwise. Consequently, in this section of the article, we will
discuss the reductants used for controlled size and shape-mediated synthesis of a nanostructure.
Liz and Marzan et al.*’ used DMF, a well-known organic solvent and very efficient reductant.
They utilized DMF for the reduction of silver nitrate, to synthesize Ag nanostructure that creates

a novel pathway for size and shape-controlled preparation.
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Fabrication of nanowires, nano prisms, and nanospheres can be possible through the
reduction of AgNO3 with the help of DMF, while PVP plays the role of second reductant in this
process. Lu et al. explored the synthesis of 20 to 50 nm sized nanoplates by using the various
concentration of PVP and DMF*. Hexagonal, triangular, cubes, bipyramids, pentagonal,
icosahedrons as well as decahedrons shape of the nanostructure can be prepared by the use of
DMF#423650 Tsyji and co-workers prepared triangular as well as octahedra nanostructures by
the reduction of AgNO3 in the presence of EG followed by the shape-transformation of these
nanoparticles by DMF*2, Later these researcher's synthesized nanoflags of Ag by utilizing a 2-
step process through making Ag nanorods in EG as seeds and then preparing Ag nanoflags into
DMF. The consecutive reductant AgNOs is employed for whole reduction process in two steps.
In the initial step, nanorods of silver were prepared by the reductant AgNOs in EG via PVP,
further it was diluted in DMF for seeding. In the next step, solution containing seed was
combined in DMF solution having both - PVP as well as AgNOs. Gradually, with the
enhancement of the concentration of [AgNOs]2/[ AgNOz]s, various structures of silver were
detected. They elucidated the advancement of the transformation of silver nanoflags®™ from
nanorods. In the next step, several plates were formed shaped in trapezoid form from the facet of
nanorods of silver and later develop into twin plates having a triangular shape. In the later step,
the triangular flags of Ag were reshaped in tetrahedral Ag flags through two determined tracks®?.
Hence double reductant technique provides a novel route for controlled fabrication of various
shapes of Ag nanostructure in large amounts which is generally challenging to achieve the
single-step process. Apart from DMF and EG, one of the most intermittently used reductants is
NaBH; for the preparation of colloidal AgNPs®2*, Various groups of researchers reported Ag*
ion reduction in NaBH4; bring in use along with a few of the stabilizers, e.g., PVP>® and citrate®.
It was investigated that altering the growth and rate of nucleation during the reduction of Ag*ion
through the help of PVP, tri-sodium citrate, and NaBHa; controlled the synthesis of Ag
nanostructure with desired shape and size>>*!. It was observed that sodium citrate contributes to
the reduction of Ag"ion in nanospheres, while PVP prevents AgNPs aggregation and boosts
nucleation.

Yang and co-workers invented a new double reductant technique that completes in three
steps. According to this method, Ag nanospheres were formed by the silver-nitrate-reduction via

NaBHs and NasCA. In the next step, there is the need for a stabilizer that is fulfilled by sodium
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dodecyl sulfate (SDS). After incorporation of SDS in the colloidal Ag nanostructure, Ag
nanospheres (initially stabilized by citrate) were transformed into SDS-stabilized Ag
nanospheres. Finally, in the last step, there is the formation of Ag nanoplates occurs, covered by
the reductant - SDS, citrate, and NaCl solution. Few researchers reported on the utilization of
Acetylsalicylic acid (AsA) to synthesize string forms and flower-like Ag nanostructure. Luo and
co-workers described the reduction of AgNO3 via AsA and in the presence of NasCA to gain a
hyperbranched Ag nanostructure®. They reported the yield of multifaceted AgNPs having
bulbous tips through the reduction of silver nitrate via AsA. Zhang and co-researchers also
reported on the synthesis of silver dendrites after the reduction of silver-nitrate through AsA;
there is a prominent role of SDS and CTAB (cetyl-tri-methyl-ammonium-bromide) in the whole
procedure.>®

Various desirable facets of Ag nanocrystals formed in different reductants are the basis of
double reductant method®. In the etching method, there is the utilization of an etchant for
selective removal of nanoparticle to obtain the controlled shape of the nanostructure®. The
fabrication of the core-shell nanostructure is derived from epitaxial growth of the core seeds®’.
The various properties of such nanostructure can be regulated by these methods by tuning the
size and shape of the nanostructure, which leads to significant and powerful applications in

numerous areas.

2.5. Synthesis of Ag core-shell nanostructure

Despite Ag, nanostructures attained huge attention due to their specific optical properties
and broad area of applications, researchers are continuously striving to innovate new
nanostructures to meet more advanced requirements. By controlling the composition of elements,
the optical properties of nanostructures can be altered®. The properties of various nanostructures
were also highly dependent upon the internal as well as surface structures of the nanoparticles. In
the last decade, major consideration has been given to the core-shell type of nanostructure
because it presented a novel system with adjustable properties. The nanostructure having core-
shell nanoparticles can be accomplished in different ways, such as photochemical method??,
nanosphere-lithography*®, chemical reduction method®°.

The core or the shell material demonstrates the unique core-shell nanostructure abilities.

It is noteworthy to mention that we can govern the functionality of core-shell material by altering
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the constituting materials or the concentration of either core or the shell®’. The acting of the
coating material involves enhancing stability, functionalization, or restrained release of the core
substance®. The core-shell nanoparticles, as it is exhibited in Fig. 3, are beneficial in numerous
fields namely, drug delivery, bioimaging, and various other biomedical applications. The core-
shell hybrid nanoparticles can be categorized in accordance with the coating substances in two
broad classes-inorganic and organic. Inorganic nanoparticles are mainly metal-based compounds
and can be subdivided into metal salts, metal oxide nanoparticles, and metal nanoparticles.
Whereas, organic nanoparticles are referred to the carbon-based compounds, generally polymers.
Metal nanoparticles are usually synthesized primarily through the reduction of their

corresponding metal salts.
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Figure 2.3: Encapsulation of silica on metal nanoparticles: metal nanoparticles obtained from
various sources can be coated with biocompatible material silica by the specific sol-gel process®?.
2.5.1. Organic coated AgNPs

Clustering and ionization of the various functionalizing agents, on the surfaces of AgNPs
for a longer period of time, lead to the diminished functionalization of the surface. Later, coating
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them by utilizing a layer-by-layer method via an organic material (i.e. xanthate, polyethylene
glycol, thiol-derivatives, etc.) plays a significant role in protecting them from ionization
processes®. On the other hand, the dimension of the organic structure is normally incomplete,
the size-distribution of the organic nanoparticle is wide and the spatial arrangement of the
organic nanoparticle is irregular as well. Thus, the evolution of effective methods for the
fabrication of hybrid structures that can overcome these challenges is of great importance®®.
Organic-inorganic nanocomposite material has fascinated researchers to incorporate inorganic
components onto polymer matrices®®. The formation of inorganic nanostructures dissipated in
mats of electrospun polymer nanofiber®” has gained very attention due to the type of
nanocomposite material, which merges the amazing qualities of the inorganic nanoscale
component in addition to the extraordinary peculiarity of polymer nanofibers®®. This type of
polymer/inorganic nanocomposite can fulfill numerous types of possible applications, such as
photonic, electric-sensors, catalysts, filters, antibacterial and antifouling agents along with
artificial tissues®®.

Organic materials like polyethylene glycols (PEGs), PVP, Na-lauryl sulfate (Na-LS),
SDBS (sodium dodecyl benzene sulfonate), Na-naphthalene sulfonate (Na-Ns) act as a stabilizer
to prevent the AgNP from aggregation/sintering. Such a glaring spectrum of applications
indicates the need for the utilization of these materials in the fabrication of hybrid
nanoparticles’™. The specific abilities of coated AgNPs give rise to a multitude of applications in
various areas, e.g., PVP coated AgNPs can work as an angiogenic factor™. Triangular silver
nanostructure coated with chitosan demonstrates the ability to act as photothermal agents against
non-small human lung cancer cells’?. This is attributed to its remarkable performance in
generating powerful resonances upon exposure to near-infrared light source’®. PVP-encapsulated
AgNPs of different sizes possess an excellent anti-leukemic reaction™ in the case of acute
myeloid leukemia in humans. PVP-coated AgNPs can also be successfully employed for
applications in biosensing for food control”, medical diagnostics as well as environmental
protection as a color indicator’®. It was reported that a cluster of amides present in the protein of
a few plant extracts has the capability to stick on the surface of the metallic particles’’. Such a
process leads to the shielding of the outer layer of AgNPs from oxidation and at the same time
blocks the agglomeration process’®. AgNPs toxicity is co-related with the living cells and their

various outer surface properties’.
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Numerous metal nanoparticles have been encapsulated in polymer fibers, among which
nanoscale AgNPs have gained much interest due to their broad array of significant properties,
including high electrical conductivity, remarkable catalytic activity, and amazing antimicrobial
activity®. So far, countless shapes of silver nanostructure have been synthesized by this method.
Polyol-assisted methods®! are very beneficial due to their controlling abilities in the reduction of
precursor ions and in nucleation and growth modes. Kan et al. reported PVP-assisted polyol
synthesis of the hybrid Ag nanostructure®?, with proper shapes-nanocubes and nanorods by
balancing the synthesizing parameters.

The hierarchical fabrication process of nanoparticles has been broadly used to synthesize
nanowires, nanorods, dendrites, nanorings, and so forth. Amid all of these nanoparticles, the
dendritic supramolecular nanoparticles are mainly fascinating for researchers because of their
applications in sensors, catalysts, electronic and optical systems, along with fluorescence-
enhancement materials*®. Li et al. reported the novel dendritic Ag nanostructure combining
AgNO; and p-aminoazobenzene (PA)®. They investigated the SERS technique to find out the
use of PA molecules while the seeding-growth of the dendritic Ag nanostructure®. These Ag
nanostructures may be useful for the SERS substrate for exploring PA molecules adsorbed onto
their surfaces, that can be supportive for understanding the part of PA molecules through crystal
growth®,

Wang et al. reported the synthesis of Ag@agarose nanoparticles. In their work, they
prepared AgNPs by chemical reduction of sodium-citrate and then incorporated it into agarose
by fusing to produce silver-containing agarose film i.e. Ag@agarose®. Varying the
concentration of AgNPs in the Ag@agarose film together with the broadness of the layering has
been controlled by chitosan and sodium alginate. These composite AgNPs were employed to
detect metal-enhanced fluorescence (MEF)®,

Abdal-hay and coworkers reported a specific hybridized AgNPs; in this work, a colloidal
mixture of silver nanostructures was fabricated and deposited onto electrospun nylon 6 fibers
aside from the use of a surface modifier in the pattern of an ultrathin conformal encapsulated
layer through hydrothermal treatment. Nylon 6(N6) is an excellent biocompatible polymer that is
broadly utilized in various industrial areas because of its superior fiber forming ability, low cost,
strong thermal and chemical stability, and good mechanical strength®. Mollaee et al. have

reported a novel 2-D polymer named Quinoxaline-benzopyrazine-mediated Ag nanostructure
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synthesis. Silver displays a tendency to produce coordinationpolymers with extraordinary metal-
metal and metal-carbon interactions®®.
2.5.2. Inorganic coated AgNPs

Several inorganic substances fall into this category for coating of AgNPs namely - silica,
metal, metal salt, metal-oxide, and bimetal materials. The resulting coated materials offer
versatile applications, being relevant not only in the field of biomedical science but also in
various other industries and research areas.

2.5.3. Core-shell nanostructure with the metal core

The ore-shell kind of nanostructure can be synthesized by numerous core and shell
combinations relying upon the nature of the material-metal, semiconductor, dielectric. The
preferred material noticeably alters the procedure employed for the synthesis of the composite
nanostructure®!. Nanostructures that have metals, generally silver, cobalt and gold, are utilized
most often. For this purpose, the shell is normally tailored through a dielectric material balancing
by the metal nanoparticles®’.

Gold nanoparticles are incapable of being directly encapsulated with silicon dioxide
because the chemical compatibility between them is very weak. Thus, the layer of Au
nanoparticles is altered through amphiphilic nonionic PVP. By employing the Stober process,
established upon hydrolysis of tetraethoxysilane in ethanol by using ammonia as a catalyst, a
group of researchers prepared Au nanoparticles encapsulated with silica shell®®, Aside from the
Stober process, coating with silica shells can also be achieved through the modified citrate
method® by the use of tri-sodium citrate; in this process citrate ion works as the reducing agent.
The heating of the reaction mixture resulted in the oxidation reaction of citrate-ions, which gives
itaconic acid and acetone dicarboxylic acid®®. These acids can be attached to the outer surface of
metal nanoparticles, so they work as stabilizing agents and therefore diminish the nanoparticle
growth. The synthesis of silver particles encapsulated in silica through citrate reduction method
in a mixture of dimethylamine and tetra-ethyl-ortho-silicate in liquid ethanol for more than 5h
has been demonstrated®?.

Later, the coated nanoparticles were washed with ethanol with the help of a centrifuge.
The coating is an outstanding way to increase the quality of any nanoparticle material. It can
improve the stability of AgNPs by the electrostatic stabilization between the particles and can

reduce their agglomeration. Another advantage of coating is that it can prevent the cytotoxic
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efficiency of AgNPs against living cells®?. Numerous coating materials have been widely
accepted in stabilizing AgNPs, which also maintain their particular shape and degrade ions of
Ag, which are specific things that contribute to the toxicity of AgNPs. The process of coating is
immensely reliant on the qualities of the material used for the coating, e.g. inorganic coating
materials (sulfides, chloride, etc.) and organic coating substances (polymer, polysaccharides,
proteins, etc).
2.5.4. Bimetal nanostructure or metal core metal-shell nanostructure

Bimetal nanoparticles possess extraordinary physical, chemical, electrical, and optical
qualities over metal nanoparticles that are not coated e.g. Au-Ag (metal-metal) yolk core, yolk-
shell nanoparticles displayed unique physical and optical properties as compared to bare metal
nanoparticles®!. Another instance is silver-platinum nanoparticles. Ag/TiO2 composite
nanoparticles have beneficial properties namely visible light photocatalysis, antimicrobial
activities, and biological compatibility®. FesO4 integrated into AgNPs can be utilized for the
filtration of water and can effortlessly eliminate contamination with the help of magnetic field®’.

Numerous groups of researchers have chosen Au nanoparticles as the core material to
synthesize Au@Ag nanostructure; which contains extraordinary properties in catalysis, sensors,
and numerous other applications®. For the development of the Ag layer on Au nanoparticle, the
shape and specific size of the core nanoparticle i.e. Au are very crucial. Liu and coworkers
explained two different ways to coat the Au nanoparticle with silver for the very first time®.
Among these, in one route they had taken sodium citrate as a stabilizer to reduce AgNQO3 in the
presence of AsA in the outer layer of Au nanorods, however, the results are not that great
because of the employment of an elevated concentration of sodium citrate. Therefore, in their
next attempt, they selected PVP as a stabilizer. The outcome of the results is in low-pH solution,
reduction of Ag ions is not achievable due to the altered redox potential of the reagent (AsA)
with pH changes. Because the redox potential of the reagent - AsA altered with pH. Thus, when
NaOH was supplemented or else AsA was eliminated through citric acid, which is known to be a
weak acid; shells of the Ag nanostructure developed. The results obtained showed that with the
enhancement of the concentration of AgNO3 in the reaction mixture; the Ag shells tend to
increase in thickness and the blue-shifting of the mode of longitudinal plasmon of the Au
nanorods was increased. Another method for the synthesis of Au@Ag was developed by Seo and

coworkers®, They showed that the nanorods of Ag can be developed directly from the Au
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nanorods and decahedrons. Taking the benefit from this method, we can properly understand the
procedure of the nanorod formation®. For this, first reduction of Ag* ions occur, and then
deposition onto the decahedral seeds of the Au nanoparticle takes place. After that, Ag
nanocrystal particles developed in the longitudinal direction with inconsiderable variation
assigned to the particular adsorption of PVP?’.

Another Au@Ag nanostructure coating mechanism was described by Sanchez-lglesias
and co-workers®; in their work, they managed to control the broadness of the covering layer of
Ag by synthesizing thin to thick shells of Ag by the use of various feature ratios of Au nanorods.
They also used methoxy-poly-thiol as a counterbalance®, that can attach at the tips of Au
nanorod to chunk the development of Ag with the longitudinal direction, which leads to the
synthesis of Ag octahedrons!®. They have also described that the thickness of Ag shells is co-
related with the optical properties of the core-shell nanostructure. Tsuji et al. explained a
merging of polyol reduction and microwave application as a way to synthesize triangles of
Au@Ag core-shell nanostructure'®. Metal oxide nanoparticles are also a very good candidate for
coating purposes, because of the fact that they play a significant role in catalysis as well as in
drug delivery. Ag coated with iron-oxide core-shell nanostructure permits a magnetic activity to
AgNPs%2, This unique nanostructure can overcome the problem of biocompatibility of AgNPs
and diminish the chances of their direct contact with tissues®. AgNPs coated with metal salt play
a significant role in the fabrication of sensors, battery cathodes, and solar cells. Silver copper
sulfide core-shell nanostructure utilized as Ag nanowire enhances the electrochemical properties
of copper-sulfide via decreasing its resistance during charge transfer.

Zinc is also very beneficial for the synthesis of composite nanoparticles. Hu and co-
workers reported that nanoflowers shapes of ZnO@Ag can be synthesized by settling powder of
zinc on the silver shells by employing a vapor-transportation technique under an atmosphere of
oxygen'®. Few researchers have reported on the synthesis of Ag@Pt bimetallic nanoparticles,
through the route of chemical reduction®®,

Fu et al. designed a coated Ag nanostructure geometry that contains fluorescent emitters
sandwiched between AgNP and silver island film (SIF). A relevant number of polyelectrolyte
layers were deposited on the surface of the SIF, formerly the self-assembly of the second layer of

AgNP. This layer-by-layer configuration structure provided a well-defined dye position. The
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yielded coated Ag nanostructure was used to study the photophysical nature of the
fluorophores®®.
2.6. Biomedical applications of coated AgNPs

After reaching the nanoscale, particles of silver have a miraculous change in
physicochemical properties, and they turn out to have exceptional biomedical activities. The
uniqueness of silver nanoparticles broadens their pertinency in anti-bacterial, anti-fungal, and
anti-cancer therapy°.

Amid numerous kinds of nanoparticles accessible at the current time, nanoparticles
having core-shell architectonic, possess astounding properties, collaborating multiple
functionalities into a sole coated nanocomposite. The assorted pattern of efforts was given for the
study of the anti-cancerous, anti-bacterial, and anti-fungal effectiveness of silver nanoparticles.
Still, scant or no attention is given to the comparative study of silver and yolk-shell silver-silica
nanoparticles. Alteration in silver nanoparticles’ functionality with silica gives the nanoparticle
idiosyncratic effects, because of the biocompatibility, hydrophilicity, and optical transparency
along with thermal and chemical stability of the silica; unexpectedly in aqueous-media also. The
flexibility of silica in surface moderation as well as in synthesis demeanor offers an outstanding
edge to the employment of this material for therapeutic purposes because for the applicability in
medicine, immunocompatibility is a prerequisite condition, that will clinch the non-toxic nature
of the material.

Cancer is an ambidextrous malady exceptionally unpredictable in its unveiling, evolution,
and aftermath. There are numerous drugs available for cancer- therapy but most of them are
inefficacious to set foot on-target site in adequate concentrations and systematically deploy the
desired pharmacological upshot without triggering irreversible undesired harm to normal cells
and tissues.

There are certain limitations associated with conventional chemotherapeutic drugs. Silver
nanoparticles have the prospective to circumvent assorted drawbacks of typical therapeutic
implementations. Tailor-made silver nanoparticles coated with specific biocompatible
nanomaterial can target cancerous cells in a foreseeable demeanor, because these can be
specifically intended for expanded drug loading, upgraded half-life inside the body, unflappable
release as well as selective distribution by altering their size, composition, surface chemistry, and

morphology. In the same manner, antimicrobial chemotherapy also demands attention because
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lately, resistance to antibiotics by disease engendering fungus and bacteria has been growing at a
breathtaking pace and thus became major trouble. Bacterial and fungal infections are colossal
causes of morbidity and mortality'®”. To overcome this resistance mechanism of pathogenic
microbes, consideration has been given to silver nanoparticles as an encouraging tool since it
works miraculously on a span of targets in contrast to antibiotics, which have a particular site of
execution. Silver nanoparticles revealed magnificent outcomes in detecting and remedying
microbial infections by enabling the pick out of target pathogens, reactive and combinatorial
freightage of antibiotics, successful antibacterial vaccination as well as swift detection of
pathogens'®,

In recent years, a number of immunoassay-techniques for the diagnosis of different tumor
markers for more effective governance of cancer have been investigated. A sailing way for the
observation of cancer has been the evaluation of serum tumor markers. Gradually,
electrochemical immunoassay has acquired acceptance and therefore broadly utilized to detect
tumor markers because of the intrinsic benefits such as lofty selectivity, sensitivity, suitable
label-free manipulation, low cost, minute size, and very fast analysis. There exist numerous
kinds of electrochemical immunosensor built upon conductometry, amperometry, potentiometry,
and electrochemical-impedance-spectroscopy °. Evolving a CEA immunosensor having good
selectivity and sensitivity but lacking a complex fabrication procedure still fascinates
researchers.

Based on the above-explained consideration current thesis describes the preparation of
silver nanoparticles along with their coating by silica, followed by the characterization of both
the nanoparticles, for their applications in therapy and detection purposes.

In view of this issue, output in the current thesis has been given with the below-mentioned aims-
- Preparation of silver nanoparticles by Turkevich procedure by employing chemical reduction
method

- Coating of silver nanoparticles with silica through modified Stober method.

- Characterization of both the nanoparticles to observe their spectroscopic, elemental, and
morphologic properties.

- Fabrication of electrochemical immunosensor for the detection of carcinoembryogenic antigen
(CEA).
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-To examine the antibacterial, antifungal as well as anticancerous properties of both the
synthesized nanoparticles.
2.6.1. Antibacterial effectiveness of coated AgNPs

Romans, Egyptians, and Greeks anciently used different metals as well as metal salts for
wound care, taking advantage of their antimicrobial effectiveness. However, with the discovery
of antibiotics, the use of antimicrobial metals in the biomedical field declined. Nowadays,
clinicians face a growing problem as an increasing number of pathogens have devolved
resistance to antibiotics'®. It was demonstrated by various researchers that AgNPs exhibit
increased growth inhibition of numerous bacterial colonies. They can bind to the exterior surface
of the bacterial membrane significantly disturbing its basic functions (e.g. respiration,
permeability). Additionally, AgNPs can penetrates the bacterial cell wall and interact with their
DNA leading to their destruction!!®, Coated AgNPs have emerged as a fascinating option for
combating antibiotic-resistant bacteria, displaying enhanced activity against various multi-drug
resistant strains. Silver ions can bind with the negatively charged molecules like proteins, DNA,
and RNA, making them highly toxic against many human pathogens, as depicted in Fig. 4. The
disabling of bacteria is related to the nanoparticles’ shape, concentration, size, the presence of
Ag*, and bacterial type. The antibacterial effectiveness of AgNPs enhances on the basis of their
extensive whole surface area per unit volume®.

In general, silver releases their ions under specific physiological conditions and such ions
assemble on the functional (phosphoryl-, sulfhydryl-) enzymatic groups and proteins, which are
prominent for the intrinsic metabolism of bacterial cells. As a result of this, vital enzymes
became inactivated and DNA loses its ability to replicate, and changes occur in the structure of

the cell membrane. As a result, the bacteria are effectively inactivated*!!,
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Figure 2.4: Representative image showing the potential of coated AgNPs in combating
antimicrobial infections in different parts of the human body*'? harnessing their various disease-
repelling properties.

Due to their incredible cytotoxicity, AgNP is competent to work as a medical antiseptic
as well as an antimicrobial agent against both Gram -ve as well as Gram +ve bacteria. AgNPs
make use of their bacterial effectiveness by disrupting bacterial cell membranes and triggering
the release of specific reactive oxygen species (ROS), leading to the generation of free radicals

with potent bactericidal capabilities®.

Table 2.1: showing anti-bacterial efficacy of core-shell AgNPs.

Hybrid AgNP Bacterial strain Methods of analysis Effects Ref.
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Ag@SiO2-Penicillin NP

Zeolite-Ag-zinc

AgNP stabilizes onto
hyperbranched

polymers

AgNP-aerosol

Ag-MSNs (mesoporous

silica nanoparticles)

methicillin-
susceptible
S. aureus and
methicillin-
resistant S.

aureus

Escherichia coli
(E. coli)

S. aureus, E.
coli, K. mobilis,
B. subtilis

B. subtilis

E. coli

S. aureus

MIC, MBC and 1Z

(diameter of the
inhibition zone)
MBC

MIC, IZ (diameter
of the inhibition
zone)

MIC

Bacterial kinetic test

AgSiO2 NPs showed

an rate of inhibition
of about 40% at the
MIC. The
bactericidal  results
displayed the
minimal MIC for
Ag@SiO,-Penicillin

as compare to that for
penicillin and AgSiO>
NPs.

The specific
nanoparticle exhibit
minimum  bacterial
concentration of
78ug/ mL

Microbial activity
enhances as Ag
concentration in
polymer diminish
when  AgNP size
reduces.

76% CFU decreases
after  implementing

AgNP aerosol on B.

subtilis
Ag-MSNs exhibit
long-lasting anti-

bacterial activity on

Gram +ve and Gram

114

111

115

116

117
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-ve bacteria at very

low concentration

Ag/SiO; E. coli, S. Kirby-Bauer disk- Ag/SiO2NPs exhibits 9
typhimurium, diffusion method unique antibacterial
B. cereus, S. activity
aureus
Polystyrene-silver-silica S. aureus, E. MIC, MBC Ag-Si nanocomposite 1!
coli comprising of
polystyrene particles
displayed  excellent
antibacterial efficacy
against S.aureus as
well as against E.
coli.
SiO.@Ag E. colii P. MIC The hybrid 118
aeruginosa, nanoparticle showed
S. aureus, more potent toxicity
Enterobacter towards Gram -ve
cloacae bacteria than Gram
+ve bacteria
Ag@TiO; and E. coli, S. MIC and IZ The MIC observed in 119
Ag@SiO2 aureus (inhibition zone) the case of Ag@TiO-

nanoparticle are 100
pg/mL for S. aureus
and 200 pg/mL for
E.coli while it is 100
pg/mL for both S.
aureus and E. coli in
case of Ag@SiO>

Bryaskova et al. reported the excellent antibacterial efficacy of AQNPs/PVP against a few

groups of bacteria namely Staphylococcus aureus (Gram +ve), Escherichia coli (Gram -ve),
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Pseudomonas aeruginosa (Gram -ve), Bacillus subtilis (Gram +ve). Metal-organic coated
nanoparticles showed excellent antimicrobial effectiveness and particularly minimal toxicity
towards eukaryotic calls®®, as shown in Table 1. Thiagamani and co-workers reported about the
cellulose / banana peel powder / AgNP coated nanoparticles against gram +ve (S. aureus and B.
licheniformis), gram -ve (P. aeruginosa and E. coli). Aymonier et.al. described the various
amphiphilic hyperbranched molecules integrated with AgNPs, displaying antimicrobial
properties!?®.  Apalangya et al. fabricated calcium-carbonate along with AgNP by
mechanochemical milling method and exploit it to study its antimicrobial behavior and got
extremely good results®®. Chen et al. described the function of Graphene Quantum Dot / Ag core-
shell nanoparticle for antimicrobial purposes against Staphylococcus aureus and E. coli?,
2.6.2. Anti-cancerous approaches of coated AgNPs

According to the World Health Organization, 19.3 million new patients with cancer were
noted in 2020'%, Despite immense efforts and advancements in cancer research, treatment failure
rates are very high, principally because of dose-limiting toxicity, drug resistance, and serious
side effects®’. Therefore, there is a critical need for potent strategies for the treatment of cancer
without compromising the patient's quality of life. Among metallic nanoparticles, AgNPs and
their related core-shell nanomaterials have gained prominence due to their wide range of
applications. Recently, AgNPs have acquired a special interest in the field of nanomedicine
because numerous groups of researchers’ reported the effective anti-tumoral activities in both in
vitro and in vivo tumor models. These findings suggest that AgNPs hold promise for a variety of

oncotherapy modalities and can also be beneficial in the development of diagnostic tools.
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a 1. Adhesion to the cell membrane
- Alters membrane structure & permeability

- Leakage of cellular content & ATP

- Impair transport activity

2. Penetration inside the cell

& nucleus ° U8 —— o
- Destabilize and denature proteins o Egd?p'als”“'“ 4. Genotoxicity
i eticuium
- Interact with DNA ‘ k ‘ g - DNA base damages

- Strand breaks & mutations
- Inhibition of replication and transcription

Mitochondria

3. ROS generation & cellular toxicity
- Oxidize proteins & lipids
- Mitochondrial dysfunction
- Ribosome destabilization
- Endoplasmic reticulum stress

Figure 2.5: The four primary mechanisms of cytotoxicity execution of AgNPs!?2,

AgNPs exhibit promising qualities for cancer therapies. Although the actual mechanism

of action of AgNPs against cancerous cells is not yet fully explained, it is well known that their

cytotoxicity depends on the propagation of ROS!%, as shown in Fig.2.5. Among various classes

of nanoparticles available at the present time, core-shell nanoparticles with multiple

functionalities possess astounding properties. Cytotoxicity reactions originated by enhancing the

extent of ROS, decreasing the levels of intracellular glutathione as well as degrading the

potential of the mitochondrial membrane. AgNPs can create inflammation of lung cells

(epithelial) and can also cause macrophage inflammation'?*. According to numerous reports,

coated AgNPs cytotoxicity, shown in Table 2.2, is dependent on the size as well as on the

coating material.
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Table 2.2: showing applications of cell-cytotoxicity of bare and coated AgNPs.

Hybrid AgNPs | Cell-cytotoxicity assay | Tested cell Finding Ref.
PEG  (poly- | MTT Hep G2 The two types of coated | !
ethylene- AgNS  diminished  cell-
glycol) coated viability and proliferation
AgNPs with a same toxicity contour.
Peptide (L- | Cell titer blue cell | V79, Hep G2 | The  smaller  uncoated | 1%
cysteine L- | viability assay(CTB) and nanoparticles exhibit much
lysine L-lysine) Caco-2 toxic outcome as compared
coated AgNPs to larger ones.
PVP  (poly- | MTT HT29 and | Bare AgNPs are much toxic | *?
vinyl- JITA.1 as compared to coated ones
pyrrolidone) and diminish the cell-
capped AgNPs viability at about
concentration of 1 pg mL?,
whereas the viability of cells
of coated AgNS diminish
near the concentration of 25
ug mL*
ZnO integrated | MTT A431 Slighter  cytotoxicity has | 1%
AgNPs been noticed because of the
core-shell hybrid
nanostructure as compared
to bare AgNPs
Polysaccharide | MTT Mammalian Cell-viability = of  bared | 1?8
coated AgNPs cells AgNPs was kept at 50%
whereas for the coated
AgNPs; the viability of cells
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was diminished to merely
20%.
PEG capped | MTT and Annexin v- | B16 melanoma | PEG-capped AgNPs-B | 12°
AgNPs-B FITC 4A5 and | shows selective high toxicity
(Betulin) B160va;human | at  minimal doses and
keratinocytes | absence of toxicity for
and healthy cells in comparison
melanocytes to AgNPs-B.
PVP  coated | MTT and FACs T24  bladder | Both PVP coated and bare | %
AgNPs carcinoma AgNPs displayed toxicity
cells towards T24 bladder
carcinoma cells.
PEG coated | Alamar blue assay and | Human PEG-coated AgNPs showed | 13
AgNPs MTT keratinocytes- | cytotoxicity even at minimal
HaCat cells concentration as a main
aspect of reduced toxicity.
PVP  coated | MTT and comet-assay | Hep G2 cells | The amount of damage of | 13
AgNPs DNA was higher in case of
bare AgNP was higher as in
the PVP-AgNP. On the other
hand, PVP-AgNP create
extra serious chromosomal
aberration compared to bare
AgNP.
Ag-Au MTT and comet-assay | HTC116 and | Ag-Au bimetallic | 3
bimetallic NPs 4T cell lines nanoparticles showed
maximal antitumor effect as
compare to bare AgNPs.
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Researchers have suggested that the capping or hybridization of the nanoparticle surface
enhances the dissolution and stability of the nanoparticles. Several factors influence the cytotoxic

activity of the coated AgNP:

1. Coating: Proper coating of AgNPs generally decreases their cytotoxic activity®®’.
2. Aggregation: Aggregated AgNPs tend to degrade the cytotoxic activity*®?.
3. Size: Smaller particle size is associated with a higher degree of toxicity*3,

The cytotoxicity mechanism of AgNPs relies on their chemical attraction with the cell's
surface and the removal of the silver ions from the nanoparticles; the surface coating of the
AgNPs influences their cytotoxic mechanisms?®. Specific size and surface area are also main
factors, used to demonstrate the levels of cytotoxicity. Thus, the coating material used to
fabricate coated nanoparticles can impact the cytotoxicity process, as it can magnificently
influence shape, surface area, and physical properties®. In one of the studies, the AgNPs coated
with zinc oxide diminished the cell cytotoxicity of AgNPs as against to the cancer cell line
A4311%,

The surface coating of AgNP can alter their interactions with cells and the bacterial cell,
consequently affecting their antimicrobial activity and toxicity. However, the impact of the same
coating on antimicrobial activity can vary depending on the starting nanometals.

2.6.3. Coated AgNPs application in detection

Nowadays, nanomaterials have developed at a fast pace as an encouraging candidate for
the detection of various diseases as they may solve long-term problems such as systemic
distribution and solubility of various drugs, tumor acquired resistance, and can enhance the
working performance of diagnostic methods!®. Experts in the area of biosensors are invariably
eager about unearthing novel materials possessing acceptable abilities to increase the activity of
biosensors*®. The investigative tools for the detection of biomarkers must be efficient in
working at the level of distinctive diagnosis and be special to not generate various false positive
results. Metal nanoparticles give a desired favourable environment which remarkably enhance
the surface-to-volume proportion of a stagnant biomolecule onto the surface of the electrode,
which can affect electrical signal improvement. It is noteworthy to mention that, AgNPs are very
fascinating materials for application in detection because of their catalytic activity, plasmonic
properties, and high conductivity'®’. All of these properties can be used to upgrade the

performance of biosensors. For the diagnosis of minimal concentration of an analyte, the
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sensitivity of the sensor is a prominent factor'*®, AgNPs have been utilized to enhance the

electroactive field of the electrodes and accordingly the electron-transfer rate, thereby increasing

the biosensor's sensitivity, as shown in Table 2.3.

Table 2.3: showing applications of coated AgNPs for various detection purposes.

Hybrid I?etectlng Type of Hinear Limitof | Ref
Biomarker/ Purpose range of
AgNPs biosensor detection
cells/bacteria detection
Au-Ag- AFP  (alpha | Detection | Amperometric 0.1-200 0.04 139
graphene | fetoprotein) of liver | immunosensor ng/mL ng/mL
hybrid cancer
nanosheets
Si-AgNPs | PSA Detection | Label free | 0.2-200 0.01 140
of prostate | voltametric ng/mL ng/mL
cancer immunosensor
B-LCA- | AFP-L3 Detection | Electrochemical | 25-15000 | 12 pg/mL | %
AgNPs of HCC | biosensor pg/mL
(Biotinylat (hepato-
ed Lens cellular-
culinaris carcinoma)
agglutinin-
AgNP)
Ag/Fe- 02,6- Detection | Electrochemical |1 fg/mL to | 0.09 fg/mL | 1%
MOFs sialylated- of affinity biosensor | 1 ng/mL
(metal glycans carcinoma
organic cells (colon,
framework breast,
S) cervix,
liver)
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AgNPs- H20: For the | Non-enzymatic | 1-1000 uM | 0.38 uM 143
MWCNT | detection diagnosis of | electrochemical
(multi wall oxidative sensor
carbon stress
nanotube)
AgNPs- sensing of | Neuroprote | Colorimetric 0.2-10.0 46 nM 144
TMA cysteamine ction in | biosensor UM
(Thiomali neuro-
c acid) degenerativ
e diseases
Sulfo- sensing of | Prevention | Colorimetric 10-250 nM | 0.014nM | 1%
NHS- cholesterol from sensor
terminated cardiovascu
AgNPs lar diseases
M-AgNPs | detection  of | Protection | Electrochemical |10 pM to | 10 pM 146
(Melamine | clenbuterol against biosensor 100 nM
functionali pulmonary
zed disease
AgNPs)

Core-shell nanomaterials are appropriate to generate a constant electric field as well as
elevate the transferred ratio of electrons in comparison to sole nanoparticles. Therefore, they can
successfully fasten the regeneration action of sensors'®’. Li et al. reported a sensor for alpha-
fetoprotein (AFP) detection by utilizing coated AgNPs to tag the target analyte seized through
the electrode, by amplifying the electrode to enhance the sensitivity of the entire sensing
system®#®, Chen et al. described the synthesis of coated AgNPs for the diagnosis of human
telomerase efficacy!*®. In this procedure, AgNPs were integrated into telomerase binding sites
moderately conjugated with the complementary strands of DNA. While the functional telomerase
hybridized with its domain, the conjugated cohesion has enhanced, diminishing salt-induced
aggregation; consequently, the color of the mixture remains yellow. However, if telomerase is

inactive, the hybridized solution aggregate results in a change in color from yellow to gray*°.
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Dewangan and colleagues**®

explained the use of coated AgNPs as colorimetric probes
for the detection of cholesterol. The entire system has relied on the oxidation of cholesterol
through ChOx which culminate in the generation of H2O,. The produced H20- finally oxidizes
the AgNPs (Ag®) into Ag*, creating a change in color of the solution mixture from yellowish to
colorless. Cheng et al. employed coated AgNPs to increase the signal amplification twice. At
first, a hairpin fixated on the electrode which is opened via the target miRNA is misplaced after a
biotinylated hairpin gets added™. Subsequently, in the second step, binding of AgNPs takes
place altered with streptavidin onto the electrode surface. This mentioned biosensor showed a
minimum limit of diagnosis of 0.4 fM. All of these studies revealed how the physicochemical
qualities of AgNPs have been researched in the fabrication of various classes of sensors, mainly
for biomedical purposes, contributing to the field of point-of-care detection of various diseases.
2.7. Conclusions

Novel strategies for fabricating core-shell nanoparticles by merging different
functionality into one nanomaterial are in high demand. The current review shed light on various
types of coated nanoparticles with a brief elucidation of the core-shell silver nanoparticles with a
different way of synthesis and types of coated silver nanoparticles. We also explained core-shell
AgNPs and numerous types of core and shell association. The flexibility of synthetic methods of
hybrid AgNPs and facile consolidation of AgNPs into various media have gained the keen
interest of researchers to explore the mechanistic aspects of various properties of such
nanoparticles. A large number of such synthetic routes are still in the advanced stages and the
challenges involve in the aggregation and stability of nanoparticles, morphology, control of
crystal growth, difficulties in the proper management of the synthesis, and size distribution of the
nanoparticles. Although, the separation of synthesized nanoparticles for additional applications is
still a significant issue, by employing different stabilizers and reducing agents, the morphology
and particle size of coated AgNPs have been restrained. Synthesis of these coated nanoparticles
promises a chance for its applications in various areas from therapy to detection. Core-shell
AgNPs have drawn the notice of researchers due to their extraordinary properties and manifest
applicability in various areas, namely water treatment, optics, electronics, medicine, textile
engineering, catalysis, bioengineering sciences, nanobiotechnology, and biotechnology.
Additionally, diverse applications of coated AgNPs in various fields were also highlighted.

Prominent inhibitory effects of coated AgNPs, against microbial pathogens and cytotoxic effects
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on cancerous cells, are also discussed. Their applicability in diagnosis has also been explained.

Nevertheless, even greater experimental methods are required for tailor-made well- characterized

core-shell AgNPs.
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3.1. Introduction

In this thesis, the chemical route of synthesis of silver nanoparticles, followed by its coating
through the modified Stober method?, has been demonstrated. The surface characterization, phase
analysis, structural analysis, compositional analysis, and the antimicrobial and anticancerous
properties of synthesized nanoparticles against disease-causing micro-organisms and mammalian cells
were analyzed by different techniques (shown in figure no. 3.1) through X-ray diffraction (XRD), UV-
Visible (UV-Vis) spectroscopy, Energy dispersive X-ray spectroscopy (EDX), Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS),
Fourier Transform Infra-red (FTIR) spectroscopy, Zeta-potential, Electrochemical Impedance
Spectroscopy (EIS), Cyclic Voltammetry, Atomic Force Microscopy (AFM), Raman Spectroscopy
and cytotoxicity studies by Flow cytometry. The current chapter is consigned to describe the
fundamental principle of the techniques employed for characterization.
3.2. Synthesis of silica-coated silver nanoparticles

Over the years, researchers have shown considerable effort in advancing different techniques
for synthesizing and tailoring nanostructured materials and nanoparticles. Additionally, the core-shell
hybrid material has gained enough attraction because of the proficiency in the management of particles’
shape and size, surface properties as well as compositions of the materials.

Figure 3.1: Various characterization techniques utilized for Ag nanoparticles and Ag@SiO:

nanoparticles.
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To study their broad potential applications colloidal silver nanoparticles were prepared by
chemical reduction of tri-sodium citrate through the modified Turkevich method?. Synthesis of silica-
coated silver nanoparticles was accomplished by the altered Stober method. The thickness of the silica
shell can be conveniently controlled by the concentration of utilized tetraethyl orthosilicate (TEQOS).
The shell can modify the surface's functionality, charge, and reactivity, enhancing the stability and
dispersive qualities of the core®. Later, catalytic, magnetic, and optical functions can be transmitted to
the colloidal nanomaterials through the shell material. To exhibit the versatility of the hybrid silica-
coated silver nanoparticles; we have illustrated their relevance on two platforms- therapy and
detection.

3.3. Structural characterization techniques
3.3.1. Light scattering techniques (Dynamic light scattering)

Dynamic light scattering is a prominent tool; utilized to determine the specific size of the
nanoparticles. DLS evaluates light dissipated through a laser provenance that travels through a liquid
solution, pictorial representation shown in figure no. 3.2. By evaluating the distortion of the dispersed
light intensity along with time, information can be gained about the size of the nanoparticles in the
liquid solution. This investigation is established upon the diffusive motion of the nanoparticles in a
liquid solution(by Brownian motion); which signifies smaller particles will pass with an increased pace
and scatter more light than larger particles. The basic hydrodynamic diameter (width of a contingent
nonporous sphere that diffuses at the identical pace as the nanoparticles being characterized) can be
estimated from the time subservience of the scattering intensity quantifications. The hydrodynamic
diameter is a requisite factor in another sizing calculation namely TEM since it brings forth knowledge
about the aggregation condition of particles in colloidal suspension.

Firmly disassembled liquid solutions possess particles with hydrodynamic diameters
homogenous to or rather big compared to TEM size, whereas tremendously aggregated suspension
will possess a larger hydrodynamic diameter than the TEM size. The DLS measurements of the
colloidal samples were performed utilizing a NICOMPIM 380ZIS (Santa Barbara, CA, USA) having
a red He-Ne laser diode at 632.8 A in a fixed angle 90° plastic cell. All of the measurements were
accomplished by utilizing a circulating water bath at 25.0+ 0.1°C. Fig 3.2 shows a typical diagram of
the DLS instrument. Cylindrical cells of 10mm diameter were employed comprehensively in light

scattering technique measurements.
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Figure 3.2: Schematic representation of Dynamic Light scattering instrument®.

3.3.2. X-ray diffraction analysis

X-ray diffraction is a very potent and at the same time very basic methodology for the sake of
characterization of thin films and nano-materials. It is a non-destructive, non-contact technique that
gives beneficial information for example-specific orientation and size of the grain, composition,
presence of phases, thickness of the film, and state of the strain. The XRD technique mainly revolves
around the diffraction of x-ray radiation, which takes place, particularly whilst the wavelength of the
wave motion is in a similar arrangement of magnitude as the repeat space between scattering centres.

Such diffraction-pattern is acknowledged as Bragg's law (as shown in equation no.3.1) because
Bragg theoretically examined the diffraction pattern of crystalline material and framed it in
mathematical expression as in the following equation-

2dsin6=nA\------- (3.1)

Here, d= Interplanar spacing, 6= diffraction angle, A= wavelength of X-ray, n= order of
diffraction

Regular diffractometer comprised of an x-ray source and a detector for the specific detection
of diffracted x-rays. The basic depiction of the usual diffractometer is prepared contingent on the
geometry proposed by Bragg-Brentano. Fig 3.3 (a) exhibits the graphical illustration of the x-ray
diffractometer. Here, a crystalline solid is a unit cell on which atoms are sequenced in a specific
periodic pattern referred to along with its inter-atomic spacing corresponding to the wavelength of x-
rays (0.5to 2.5 A°). Therefore, crystals are the finest gratings for x-ray diffraction studies. The specific
directions of diffracted x-rays give details about the ordering of atoms. Thus the structure of the crystal
and phase formation can be established by x-ray diffraction studies. The method of fulfilling Bragg's

law is devised and can be completed by constantly altering either 6 or A throughout the experiment.
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Normally, four distinct diffraction methods are distinguished in which these quantities (6 or A) are

changed: the Bragg x-ray spectrometer, powder, rotating crystal, and Laue photographic methods.
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Sample\‘

Holder

(a) (b)

Figure 3.3: (a) Schematic diagram of XRD diffractometer and (b) Photograph of Rigaku Miniflex-
600 X-Ray diffractometer®.
Phase identification

Particular phases can be acknowledged from the d-spacing in a sample employing the standard
JCPDS powder diffraction file data offered by the International Centre for Diffraction Data (ICDD)
and the reflections can be matched with Miller indices, as displayed in the equation no.3.2. Assuming
that, the average crystallite size is very low (less than 2000A° diameter), then there is an added
broadening of the beam of the diffracted x-ray.

Crystallite size can be calculated followed by this broadening of the peak; through the Scherrer
equation as follows-

t=10.9 M/ Bcos OB ----------m-mmmmmmmmam (3.2)
Here, t = particle size, 6 = diffraction angle, A = wavelength of x-rays, B = Line broadening at full
width at half maxima (FWHM).

In this thesis, the crystalline size and structure of the chemically synthesized and coated hybrid
nanoparticles were recorded by Rigaku Miniflex 600 diffractometer Cu Ka (A =1.54A0) having an
accelerating voltage of 40KV and the 26 range were between 200 to 800.

3.4. Morphological and topographical techniques
3.4.1. Scanning electron microscopy (SEM)
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Scanning Electron Microscopy is employed to investigate the topography, morphology, and

composition (utilizing EDS) of the samples. The SEM technique relies on the principle that the
investigation carried on is centered on a beam of the electron.
Once, a beam of electrons coordinates with the atom of the investigated sample; it resulted in elastic
and inelastic scattering. The higher energy electron, that is emitted through elastic scattering is termed
a backscattered electron, whereas that is ejected through inelastic scattering is termed a secondary
electron. All of these signals are forwarded to the detector and after that, they go through a cathode
ray tube via an amplifier, at which point the images are constructed, which provides the specifications
about the surface of the sample and other information. A simplified scanning electron microscope is
illustrated in fig.3.4.

Electron

Scanning Coils

Backscattered -
Electron Detector

e

5

Secondary Electron
Detector

Figure 3.4: Ray diagram of field emission scanning electron microscope®.
The SEM instrument utilized in the current work is - Sem, Model: JEOL JSM-6360A
instrument with an operating voltage of 20 kV.
3.4.2. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is the prominent characterization technique utilized to study
the shape, size, morphology, and size distribution of the particles as well as the crystallinity of the
nanoparticles. The principle of TEM is that it utilizes a high-power beam of electrons originating

through the electron source. To focus the beam of electrons; coherent lenses are used. Once the thin
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beam of the electron is focused and falls on the specimen, a number of events take place. The indicated
transmitted electron is focussed via the objective lens to create an image. The typical ray diagram of
TEM is exhibited in fig.3.5. The desired sample, which is intended for analysis, should be
exceptionally thin and the range should be between 0.1 to 1.0um. The preparation of the sample is a
very essential step in the analysis. The standard method for the preparation of the sample involves
diffusion of the material in the solvent like- water to make a colloidal solution and out of which a
single drop is deposited on a conducting grid of copper (size approx 1um) and then properly dried.

Such a grid is utilized for the investigation of the sample. It has been noticed that standard
TEM instrument utilizes transmitted or dissipated beam for the creation of the image. The description
of the instrument employed in the current thesis is- Philips CM 200 model TEM. The operating voltage
is in the range of 20-200kV with a 2.4 A° resolution.

Electron Gun

[

Condenser

Objective lens
Projection lens |

Lo Image

Figure 3.5: Basic ray diagram of TEM’.
3.4.3. Atomic force microscopy
Atomic force microscopy (AFM) is a non-optical, high-resolution imaging methodology, at first
validated by Binnig, Gerber, and Quate in 1985. Afterward, it evolved into an impressive measurement
technique for surface analysis. AFM permits precise and non-destructive analysis of the topographical,
optical, electrical, mechanical, chemical, magnetic, etc qualities of a sample surface along with high
resolution in liquids, air, or ultrahigh vacuum. Such an amazing merger of potentiality executes AFM

indispensable in nearly state-of-the-art labs based on science and technology around the world. AFM
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intensifies the image of the desired specimen and utilizes a cantilever constructed from silicon nitride
or silicon along with a minimum spring constant to make the image of the sample. From the upper side
of the cantilever, a laser beam is constantly reflected which detects the bend that takes place in the
cantilevers as well as measures the real position of the cantilever. Fig 3.6 shows a typical image of the
AFM instrument. AFM records 3 D-image of the outer topography of the specimen with the influence
of persistent applied force that resulted concisely into a whole maximum resolution of the image.

The specification of the instrument used for the AFM analysis is INNOVA 1B3BE on the X-
Y scan rate of 1-90um and Z scan rate between 50-7.5 pm. It provides an excellent state-of-the-art
system that gives accurate measurements as well as noise levels impending particular open-loop

operations.

4 049002 INk+ TN T

Figure 3.6: Photograph of Atomic force microscopy?.

3.5. Spectroscopic analysis techniques
3.5.1. UV-Visible spectroscopy

UV-Vis spectroscopy belongs to reflectance spectroscopy or absorption spectroscopy in the
ultraviolet-visible spectral region. This spectroscopy has been frequently utilized in analytical
chemistry for the quantitative determination of numerous analytes, namely highly conjugated organic
compounds, biological macromolecules, and transition metal ions. In recent years, UV-Vis
spectroscopy has also been employed with high precision, high energy spectrophotometers are in the
field because of the quick enhancement in absorption and reflection assessments on solid samples,

which includes films, semiconductors, glass, and absorbing materials, it is exhibited in equation no.3.3.
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Such absorption spectroscopy utilizes electromagnetic radiations ranging between 190nm to 800nm
and is distributed into the ultraviolet (190-400nm) and visible (400-800nm) regions. It is well known
that light is a prominent source of energy and thus absorption of light by matter creates the elevated
energy content of the atoms and molecules. The whole potential energy of a molecule (or atom) is
given by below-mentioned equation--

UV-Visible absorptions in organic molecules are the result of the shifting of valence electrons between
molecular orbitals.
Whole amount of the change in the energy of the molecule, AEwtal is shown by following mentioned
equation no. 3.4--

AEtotal= AEeiec + AEvib + AEt---------- (3.4)
Here, AEelec, AEvib and AErot are the variations in electronic, vibrational, and rotational energy
respectively.

The whole gain of energy of a molecule is in a series of discrete states or levels. Among the
various states, the variation that takes place in energy is in the order. Photons of UV and visible light
have sufficient energy to generate transitions among the various levels of electronic energy in some
atoms and molecules. The energy needed to transfer an electron from a lower energy level to a higher
energy level is the particular wavelength of light absorbed. The fundamental principle of UV-Vis
spectroscopy is founded on the Beer-Lambert law, exhibited in equation no.3.5. The phenomenal Beer-
Lambert law gives information about the relation of light intensity and concentration as indicated in
the equation-

| =10 X 10-Ec1 ------m-mmmmmmmmmmmeeee (3.5)
Here, € is the molar extinction coefficient or molar absorptivity and 1 is the path length.
By combining this equation with light intensity and connecting absorbance it provides the expression

as mentioned in equation no.3.6--

Here, A is the calculated absorbance, C is the concentration of the analyte.
It is well known that noble metal nanoparticles exhibit characteristic surface plasmon resonance and
at that point, they absorb light dynamically in the visible region.

Therefore, UV-Vis spectroscopy is the main characterization methodology for the analysis of
the nanoparticle-synthesis process. The UV-Vis absorption spectra data reported in this thesis was

taken by Shimadzu UV-1800 dual beam Spectrophotometer.
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Figure 3.7: Ray diagram of UV-Vis Spectrometry®.
3.5.2. Fourier Transform Infrared Spectroscopy (FT-IR)

FTIR is one of the dynamic techniques that evolved in 1970 to quantify and qualify materials
by using infrared absorption of molecules. This technique is used to analyze both- inorganic as well as
organic compounds. It is based on the precept of molecular spectroscopy which signifies that a
particular molecule absorbs light energy of a particular wavelength, designated as their resonance
frequencies. Thus, verify the presence of a chemical bond or functional group, as one will exhibit a
different absorption pattern® 2,

So, for the authentication of the functional group present on the facet of silver nanoparticles
and silica-coated silver nanoparticles, we have employed FTIR in the current work. It has been
observed that infrared (IR) is comprised of a spectral region from the red end side of the visible
spectrum (12, 500cm, 0.8mm) to the microwave end side (10cm™ to 1000mm) in the electromagnetic
spectrum. Such armamentarium is distributed into near (12,500 to 4000cm™t), mid-IR (4000 to 400cm
1, and far-IR (400 to 10 cm™). Among these, mid-IR (4000 to 400cm™) is the significant field as
almost all of the fundamental vibrations occur in that field only.

The working of FTIR, which is significantly a Michelson interferometer and merely a single
mirror, is sliding in current work. The sliding is compelled to create an interferogram, that is
transformed through a Fourier transformer. The wavelength of absorption depends on the once
constants of the involved bonds, the specific geometry of the atoms, and the relative masses of the
atoms. This causes vibrations of the chemical group; present on the surface of the material and
produces closed absorption bands which are demonstrated either as absorbance (A) or transmittance
(M.

In the present work, the Fourier transform infrared spectra were noted and recorded in
transmittance mode with the instrument named Alpha ATR Bruker (Eco ATR 500-400cm™) spectrum
of Ag and Ag@SiO> nanoparticles for the study of attachment of functional groups.
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Figure 3.8: (a)illustrates representative FTIR instrument and Fig (b) exhibits the block diagram?®?.
Raman Spectroscopy

Raman Spectroscopy is one of the most important, non-destructive chemical investigation
methodology which gives exhaustive information about chemical structure, crystallinity, phase,
polymorphy and molecular interactions. This technique is founded on the interaction of light coupled
with the chemical bonds involved within a material. Raman spectroscopy is based upon the light
scattering phenomenon with the help of which a molecular scatters the incident light through a high
intensity of laser light source. Maximum of the dispersed light is at the similar wavelength as the source
of the laser and it does not deliver beneficial information-which is termed as Rayleigh scatter.
Nevertheless, a tiny amount of light (normally 0.0000001%) is dispersed at various wavelength, that
hinged on the specific chemical structure of the analyte- this is designated as Raman scatter.

A typical Raman spectrum attributes a number of peaks, displaying the wavelength position
and intensity of the Raman scattered light. Every peak correlate to a particular molecular bond
vibration, in addition to discrete bonds involved namely- C-H, N-O, C=C, C-C etc, and several group
of bonds including polymer chain vibrations benzene ring breathing type, lattice modes etc. The
arrangement was accordingly calibrated opposed to silicon wafer peak at 560cm™. Raman scattering
process was excited by a continuous wave argon laser with a power of 200mW(milliwatt). The spectra

were resoluted at temperatures of 300 and 78K.
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Figure 3.9: (a) Photograph of Raman Spectroscopy,'® and (b) Energy-level diagram showing the states
involved in Raman spectrum®*.

3.6. Electrochemical Analysis

Generally, the three-electrode (half-cell) system is used in electrochemical investigations to
determine specific electrochemical properties of a material*®. The half-cell consists of three electrodes
submerged in an electrolyte, namely working electrode, reference electrode, and counter electrode.

The schematic of three-electrode cell system described in Figure 3.10.
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Figure 3.10: Schematic diagram of three-electrode electrochemical (half-cell) system®
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The electrochemical workstation controllers potential difference betwixt reference and
working electrodes and measures the current flowing from counter to working electrode. The obtained
current is proportional to voltage developed among working electrode and a reference electrode, then
converted to a voltage by a current-to-voltage (I/E) converter and recorded with respect to time by the
data-acquisition system. It is noted that, the electrical resistance of an ideal electrometer should be
large enough so that it has zero input current. Since, when current passes through a reference electrode,
it can change actual potential which in turn affects the precision of data®®.

3.6.1. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) determines the impedance of material in a set of
frequencies and is beneficial to bring forth information about the resistance of the electrode-electrolyte
interface and charge shifting process!’. The small AC signal (5 to 50 mV) is applied to the cell over a
set of frequencies from 10 puHz to 1 MHz. The output signals are a current response of applied AC
signals. The EIS spectra can be analyzed and interpreted by Nyquist®®,

Figure 3.11 illustrates a Nyquist plot with equivalent circuits and involves the following circuit
elements: Rs: ohmic resistance, Rs+Rct: charge transfer resistance, CPE: constant phase element, and
W: Warburg impedance element. The EIS technique is essential because it determines the frequency-
dependent and independent electrical components from the Nyquist plot. The imaginary and real parts
of impedance are described in the Nyquist plot exhibited in fig. 3.11. In this figure, the semi-circular
loop is associated with resistance of charge transfer. In addition, solution resistance is an important
term in the impedance of electrochemical cell. The resistance of electrolytic solution depends on the
concentration of ions, type of ion, temperature, and geometry of the region in which the electric current
flows. Also, the transfer of these charges has fixed kinetics and the kinetics depend on reaction type,
temperature, concentration, and potential of reaction products. Furthermore, ionic diffusion can create
an impedance called Warburg impedance. Also, impedance is based on the frequency of potential

irritability.
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Figure 3.11: Nyquist plot with electrical equivalent circuit.
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The Warburg impedance is smaller at higher frequencies because the diffusing reactant does
not need to go very far. Also, the real-axis intercept (at high frequencies) corresponds to the ohmic
resistance. At lower frequencies, the reactors have to diffuse more distance, increasing the Warburg
impedance. In the Nyquist plot, Warburg impedance described by a diagonal line with an inclination
of 45° arises due to the mass transport of ions. The impedance response mainly depends on the
operating voltage'®. The obtained data were fitted with different interface parameters by algorithms
with minimum chi-square values. The EIS was measured under the following circumstances: (i) Open
circuit potential condition in the frequency range: 100 kHz-100 MHz; (ii) 10 mV AC-perturbation
amplitude of a sinusoidal signal.

3.6.2. Cyclic Voltammetry

Cyclic voltammetry (CV) is electroanalytical technique, it is also called as twoway linear
sweep voltammetry (LSV). CV is normally utilized to probe the electrochemical evaluation of active
material in an electrolyte solution?. It is a potentio dynamic technique whereby the potential of
working electrode sweeping between two voltage limits at an anchored voltage scan rate, just as display
in fig. 3.12 and, generates basic information about redox behavior, charge transfer Kinetics,

reversibility and material stability, etc?.
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Figure 3.12: Typical CV curve of single electrode with reversible redox reaction??.

Firstly, selecting initial and final potential is a significant factor for CV measurement. The
three-electrode system is used to minimize the ohmic resistance. The potential is applied between a
reference electrode and working electrode and current is measured among the working electrode and
a counter electrode. The span of operating potentials for a CV in the different electrolytes can varies

and not only depends on electrode material but also the composition of electrolytes. Moreover, an
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operational potential window of the working electrode depends on redox potential of material and
decomposition capacity of electrolytes. Mainly, a positive potential limit is caused by lofty current
arising from oxidation of electrolytes as well as reduction of electrolyte brings negative potential
limitation.

In CV, the potential is swept within two fixed values (i.e. in a given potential window). When
the voltage achieves point V2, the scan swept back and voltage reversed to point V1. Where, V1 and
V> are the potential limits, ipc and ipa represent the cathodic and anodic peak currents and Epc and Epa
are the cathodic and anodic peak voltages of resulted voltammogram. In the course of forward scan, a
current surges as potential reaches oxidation potential of the electroactive material, but it declines as
potential later increases due to high concentration of electrolytic ions at the electroactive sites. During
reversible redox couple, the product formed in initial oxidation reaction reduces during applied reverse
potential and generates reverse polarity current.

3.7. Size distribution and colloidal stability characterization techniques
3.7.1. Zeta potential

Zeta potential (also designated as electro-kinetic potential) is a measurement of the functional
electric-charge on the facet of the nanoparticle and calculates the charge cohesion of the colloidal
nanoparticles. Once a nanoparticle has a net surface charge, the specific charge is screened through an
enhanced concentration of ions of opposite charge adjoining the surface. Particles possessing negative
zeta-potential will bind to the positively charged surfaces of the nanoparticle and vice versa. Magnitude
of the zeta-potential gives details about stability of the particle, with higher magnitude potentials
showing enhanced electrostatic repulsion and consequently enhanced stability.

* 40 + mV — Particles are extremely sturdy and stable.

* 20-40mV - Particles are relatively stable.

* 5-20 mV - Particles remain poorly stable.

* 0-5 mV - Particles tend to aggregate or agglomerate.
It is noteworthy to mention that the magnitude of the charge upon the surface of the nanoparticle relies
on the pH of the solution. The charge adjacent to the surface can be minimized to zero at a particular
pH designated as the isoelectric point. Zeta potential is calculated through incorporating a colloidal
solution into a cell, which consists of twin gold electrodes. Once a voltage is exercised to the specific
electrode, the particles will flow in the direction of the positively charged electrode.

A Doppler way is employed for the measurement of a particle's velocity as a power of the
voltage. A laser ray passes between the cell and as the particles goes constantly through the laser beam
the intensity of scattered light varies at a frequency proportional to the speed of the particle. The speed

of the particle at different voltages is computed and the following data is utilized to measure the zeta-
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potential. Here, the zeta-potential of the chemically synthesized nanoparticles is performed by utilizing
a PSS/NICOMP 380 ZLS particles sizing system (Santa Barbara, CA, USA) along with a red He-Ne
laser diode at 632.8A° in a stable angle of 90° plastic cell, as displayed in figure no.3.13. The zeta-
potential measurements were evaluated at 25°C following a temperature homogenization time interval

of 5 min.
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Figure 3.13: (a) Optical configuration of zeta potential instrument, and (b) The zeta potential and
particle size analyzer instrument image?®.

3.8. Elemental analysis

3.8.1. Energy dispersive x-ray spectroscopy

In Energy dispersive x-ray spectroscopy (EDS) x-ray is conceivably employed for elemental detection
and quantification of the composition of a selected specimen. Such a technique is utilized in
combination with a scanning electron microscope (SEM). This method is established on the fact that
every element has a distinctive set of atomic structures, which brings about individual sets of peaks,
displayed approaching x-ray emission spectrum. In this technique, an x-ray beam or high-energy beam
of electrons is focused onto the sample, which is actually studied. The sample consists of electrons,
which are in unexcited condition and constrained to the nucleus. The incident x-ray beam can excite
an electron in an innermost shell and eliminating it from the shell and generating an electron-hole.
Later, the electron from a high energy shell closely packed this space, and among the energy levels of
lower energy shell as well as higher energy shell is emancipated in the form of an x-ray. The

aforementioned procedure is exhibited in fig 3.14.
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Such x-ray energy is the prominent feature of the element from which it was emitted. X-ray
detector quantifies the relative profusion of emitted x-rays contrary to their energy. Incident x-ray
collides with the detector, which generates a pulse charge, that is then transformed into voltage and
finally, it is computed. The spectra of x-ray energy contrary to calculates is estimated to determine the
elemental conformation of the relevant sample. Fig.3.14 depicts the prototypical EDX analysis of Ag
and Ag@SiO; nanoparticles. The specifications of instruments utilized in the present work are JOEL
JSM 6360 having an escalating voltage of 20kV and an energy scan in the span of 0-20keV.
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Figure 3.14: Pictorial representation of K, L and M electron shells around nucleus of an atom?*,
3.9. Biological characterization
3.9.1. Anticancerous activity: In-vitro cytotoxicity assays
3.9.1.1. MTT-assay

MTT-assay is a potent methodology to analyze the safe and systematic amount of the drug as
well as to observe the cell viability of the cell line. Under particular lab conditions, NADPH adherent
cellular oxidoreductase enzymes show the whole number of viable cells. The MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) penetrates the cell membrane and enters the
mitochondria. This methodology is developed on the phenomenon of MTT changing into formazan
crystals through living cells, which denotes mitochondrial activities. It is a colorimetric assay used for
assessing cytotoxicity and can be quantified spectrophotometrically. This assay quantifies the rate of
cell proliferation after a metabolic set of events leads to apoptosis or necrosis, resulting in a reduction
in cell viability. It is noteworthy to mention that in the absence of cells, the MTT reagent can not gain
lofty framework absorbance values.

3.9.1.2. Flowcytometry- assay
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Flow cytometry is a quantitative single-cell analysis technique. This technique evolved in the
1970s and soon became an important technology in biological sciences. Flow cytometry is a basic
technology that is based on a laser beam. It is utilized in the measurement and detection of chemical
as well as physical characteristics of particles or cells in a heterogenous colloidal mixture. Over the
years, the employment of flow cytometry has increased because of the fast analysis of numerous
characteristics (both quantitative and qualitative) of the cells. The specific properties which can be
analyzed by this technique include a particle's granularity or internal complexity, size, and fluorescence
intensity. Such unique characteristics are measured utilizing a coupling system named optical-to-
electronic systems, which detects the cells dependent on laser dispersed by the cells. Notwithstanding
its name, a flow cytometer does not essentially deal with cells; this technique approaches cells most
often, however it can deal with molecules or chromosomes or numerous other particles too which can

be dispersed in a fluid.
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Figure 3.15: Schematic representation of working of Flowcytometry?®.
The fundamental principle of flow cytometry is based on the quantification of light
disseminated by the particles, while the fluorescence is perceived when all of these particles have
proceeded in a stream via a laser beam (as shown in fig.3.15) A flow cytometer consists of three

prominent systems namely optics systems, fluidics, and electronics system. There are four classes of
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flow cytometers-Acoustic focusing cytometers, traditional flow cytometers, cell sorters, and imaging
flow cytometers. Flow cytometry is utilized in various fields including pathology, immunology,
molecular biology, plant biology, virology, and marine biology. Here in the present thesis, we have
used flow cytometry for the study of various stages of cell death, necrosis, and apoptosis centered on
the biochemical and morphological alteration that takes place in cancerous cells. It provides a fast
multi-parametric examination of separate cells in the solution.

3.9.2. Antimicrobial activity

Instead of the fascinating antimicrobial qualities of silver and hybrid silver nanoparticles, it is
worthwhile to discuss various methodologies utilized to observe antibacterial as well as antifungal
activities. Numerous types of techniques nowadays are available for the evaluation of in vitro
antimicrobial performance of antimicrobial agents. Such techniques are listed below-

Agar disc diffusion method

Agar well diffusion method

Shake flask method

3.9.2.1. Agar disc diffusion method

The agar disc diffusion technique is basic and commonly employed for the study of antimicrobial
activities, exhibited in figure no.3.16. In such a procedure, desired test organisms are dispersed onto
the facet of the nutrient agar medium and after that, the discs of particular antimicrobial agents are
allocated on the surface of the plate having sterile nutrient agar medium. Desired tested samples are

preserved for 10 minutes in the refrigerator.

Before growth After growth

Bacterial
Agar Growth
Plate :
Incubation at 37°C

Disc of antibacterial for 24 hours

agent

>
>

Agar medium

Zone of inhibition

Figure 3.16: Pictorial representation of Agar disc diffusion technique?®
3.9.2.2. Agar well diffusion method
In this procedure, the plates containing agar are inoculated through a bacterial inoculum onto

the whole plate (shown in figure no.3.17). After that, a well is made having a diameter of about 6-8
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mm by the use of a tip or sterile cork borer and the desired volume of silver and hybrid silver
nanoparticles are poured into the well by the use of sterile micropipette. Further plates of agar are
incubated inside the incubator under appropriate conditions according to the test organisms. In the agar
plate, both of the nanoparticles are dispersed and hinders the growth of microbial strain. Finally, the

zone of inhibition is calculated.

Before growth After growth

Bacterial
Agar Growth
Plate )
Incubation at 37°C

for 24 hours

5

Agar well

Agar medium

Tested sample

Zone of inhibition

Figure 3.17: Pictorial representation of Agar well diffusion technique 2.

In the present thesis, we have employed the agar-well diffusion technique as well as discussed
accordingly in brief in respective chapters.

3.9.3. Minimum Inhibitory Concentration (MIC)

MIC can be determined as the minimal concentration of antimicrobial agents which obstruct

the visible growth of the bacteria. There are two main techniques through which MIC of the
antibacterial agents can be carried-out i.e. Broth dilution method and the Agar dilution method.
Broth dilution method, utilized for the calculation of MIC in a liquid medium. In this procedure, the
growth medium(liquid) possesses enhancing the concentration of antimicrobial agents. Specific micro-
dilution is accomplished by utilizing <500l per well in the microtiter plates. The visualization of the
samples exhibits the particular growth of the organisms, subsequently after the incubation period. For
the agar dilution process, a certain number of cell-suspension of bacteria are inoculated shortly into
the plates containing nutrient agar medium with various concentrations of antimicrobial agents. Most
often, this technique is utilized for the antibiotics present in ample quantity. The agar-dilution method
is very beneficial for the determination of a huge quantity of bacterial species at a single time.

Each of these techniques mentioned here estimates the minimal concentration of antimicrobial

agents, which prohibits the growth of bacteria. The current work evaluates the antimicrobial
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performance of the silver and hybrid silver nanoparticles by the agar disc diffusion technique. The
MIC was carried out through the broth dilution procedure.
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4.1. Introduction

Considering the paradigm of scientific inventions and discoveries from the beginning of human
beings on the earth, the advent of nanotechnology is a comparatively recent development.
Nanotechnology is a swiftly evolving area due to its amazing usefulness and very wide area of
applications®. Since time immemorial, certain materials have been part of the medicinal field, due to
their outstanding medicinal properties. Silver nanoparticles having dimensions of 1 to 100 nm are
remarkably possess significance because of their extraordinary abilities to create various
nanostructures, extensively utilized for several applications namely anticancer, antimicrobial qualities,
wound healing as well as other therapeutic potential?>. Among various kinds of nanoparticles accessible
at the current time, nanoparticles having core-shell design, possess astonishing abilities, combining
multiple functionalities into a single hybrid nanocomposite. The core-shell nanoparticles fascinated
attention because of the simplicity of management of particle compositions, ultrastructures, and
surface characteristics®. It involves modifying the surface features of nanoparticles having a envelop
of properly regulated arrangement.* The outer envelope can tailor the performance, receptiveness of
the surface, and charge and can enhance the stability as well as the dispersive potentiality of the core
material®. Additionally, optical, catalytic, and magnetic outcomes are conceivably conveyed to the
colloidal particles through the encapsulating material.®

Many synthesis methods have been reported for the preparation of silver nanoparticles,
remarkable examples include gamma irradiation, laser ablation, chemical reduction, electron
irradiation, microwave processing, photochemical methods and biological synthetic methods’. Among
all of these methods, chemical reduction method is normally most preferred, because it is easy to
perform, efficient, cost-effective and it permits command in the various structural limitation across
optimization of the synthesis circumstances®. The most relevant procedure for preparation of silver
nanoparticles is its reduction by chemical-reagents. Normally reducing agents namely elemental
hydrogen, sodium-borohydride, sodium citrate, ascorbate, tollens reagent, polyol process, N-dimethyl
formamide (DMF) are utilized for the reduction of silver nanoparticles. Such reducing agents reduces
Ag" ion and makes the way for the preparation of metallic silver (Ag®), afterward agglomeration into
oligomeric clusters’. Such clusters finally give rise to the synthesis of colloidal silver nanoparticles.

It is crucial to employ protective agents to preserve colloidal nanoparticles during the whole process
of metal nanoparticles synthesis and shield the nanoparticles which can stick onto the surface of the
nanoparticles and provide the required protection and ultimately avoids their agglomeration.

The current chapter focuses on the preparation of Ag nanoparticles by modified chemical

reduction method employing citrate and later the encapsulation of Ag nanoparticles supported by silica
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with the use of the modified Stober method (sol-gel)®. The layering with silica provides the chemical

inertness, robustness, and the adaptability required for the conjugation with the biomolecules. It also
shelters silver core from the ions available in biological media. The flexibility of silica in surface
moderation as well as in synthesis behaviour, offers an outstanding edge to the employment of this
material for multiple purposes. Current chapter also explains approaches of characterization of both of
the synthesized nanoparticles. We have prepared silver nanoparticles by one-step chemical reduction
and encapsulation of these nanoparticles with silica by employing an altered Stober method® to
synthesize a composite nanomaterial as it is displayed in Fig.4.1. The morphologies, structure, and size
of the nanoparticles were specified by Transmission Electron Microscopy (TEM), Atomic force
microscopy (AFM), Scanning electron microscopy (SEM), UV-Visible spectroscopy, X-ray
diffraction (XRD), Raman, Fourier Transform Infra Red Spectroscopy (FTIR) and Dynamic Light
Scattering (DLS) respectively. The results demonstrates that the average size of Ag nanoparticles &
Silica coated Ag nanoparticles is 50 nm and 80 nm respectively. Our TEM results designates that the

silica shell consistently envelops the silver core particles.

Heat Heat
) =)
\ Cool to RT

Add TEOS in Centrifugation/

Ethanol Purification
Kept on Stirrer
for few hours

Centrifugation/

Purlflcatlon

Figure 4.1: Schematic of stepwise synthesis and coating process of Ag nanoparticles.

4.2. Experimental details
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Silver nitrate (AgNO3), trisodium citrate dehydrate (NasCsHs07.2H20) tetra-ethyl-ortho-

silicate (TEOS), absolute ethanol, ammonia solution (28-30 wt %). Entire aqueous solutions were
processed with deionized double distilled water(18.2 MQ). All the chemicals were acquired from
Sigma-Aldrich and employed without additional purification.
4.2.1. Synthesis of silver nanoparticles

Silver colloidal solutions were synthesized following the chemical reduction method via the
altered version of the already known Turkevich method?!. Concisely, 1.5mM of AgNO; was dissolved
in 98 ml of double distilled water and boiled accurately, under vigorous stirring then 5ml of freshly
prepared 1% TSC (Tri - Sodium- Citrate) was combined within 2 minutes into the solution of AgQNO3
after that the whole mixture was blended up at 100°C continuously. Further being agitated for one
hour, the colloidal mixture was held to chill at room temperature (RT) for extra 10-15 hours for
appropriate seeding. The refining of the liquid solution is accomplished by centrifuging the colloids at
10000 RPM for 20 min. Afterward, the silver pellet was collected and washed twice, then fixed
quantity of distilled water was added and finally stored at RT for further experimentation.
4.2.2. Coating of silver nanoparticles with silica

Encapsulation of silver nanoparticles with silica can enhance the surface area of the
nanoparticle, increasing its porosity, and so the coated nanoparticle becomes more favorable for
biomedical applications. The flexibility of silica in surface moderation as well as in synthesis
behaviour, offers an outstanding edge to the employment of this material for multiple purposes. The
silica encapsulation on silver nanoparticles was done by altered “Stober” method*?. The as-prepared
concentrated silver nanoparticles were brought into a suspension of liquid ammonia (28 to 30 %), pure
ethanol (100 ml, 99.9%), and deionized water. Following 35 mins of sonication, known quantity of
amounts of TEOS (Tetraethyl orthosilicate) were supplemented drop by drop (gradually starting from
2 to 15 pl) further the mixture was properly blended for 15 h at an ambient temperature. We observed
that by modifying the quantity of the TEQOS, the diameter of the silica encapsulation can be tuned.
Further to separate the suspension mixture, centrifuged it for 40 mins, at 13500 RPM (Rotation per
minute) accompanied by washing three times at 8000 RPM in ethanol (100%) for 15 mins all
experimentation, the synthesized Ag@SiO- nanoparticles were re-dispersed in double distilled water.
4.2.3. Characterization of silver nanoparticles and silica-coated silver hybrid nanoparticles

The fundamental composition sizes along with the patterning of the resulting synthesized
nanoparticles were examined by utilizing scanning electron microscopy (SEM) and energy-dispersive
x-ray spectroscopy (EDX) on Jeol- 6360A instrument with an operating voltage of 20 kV. DLS
measurements of both the synthesized samples were performed by utilizing a NICOMPTM 380 ZIS
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(Santa Barbara, CA, USA) for the confirmation of hydrodynamic diameter (HDD). Electrochemical

Impedance measurements and cyclic voltammetry were performed by utilization of a ZIVE MP1
Electrochemical workstation. XRD measurements were accomplished employing Rigaku mini flex
600 X-ray diffractometer with the help of CuKa radiation at RT at a filament current of 40 mA and
voltage of 30 kV in the range of 200 to 800. The UV-Vis absorbance along with fluorescence
quantification was noted on a Schimadzu (Model NO. UV 1800) double-beam spectrophotometer amid
wavelength 200-1100 nm. Entire Fourier-transform infrared (FTIR) spectroscopic computation was
carried out on an Alpha ATR Bruker Spectrometer by utilizing (KBr Pressed disks). Transmission-
Electron-Microscopy (TEM) analysis was accomplished to learn the size and morphology, of the
AgNPs and Ag@SiO: colloidal nanoparticles. Accordingly, we employed Philips CM 200 model
TEM, with a working voltage of 20-200 kV along with a resolution of 2.4A°. To quantify the size of
the nanoparticles precisely, every peak was Gaussian fitted, besides the instrumental widening was
diminished utilizing Si standard sample advancement. The crystallite size of the synthesized
nanoparticles is measured from the FWHM of the elevated intense diffraction peak employing Debye
Scherrer's formula®3, as shown in equation no.4.1.

D =0.9MBcosh  ----mmmmmmmmmmee 4.1)

Here, D is the mean crystallite domain size orthogonal to the reflecting planes, A is the x-ray
wavelength, B is the FWHM of the diffraction peak and 0 is the diffraction angle. RAMAN spectral*
was achieved by utilizing an inVia Renishaw micro Raman spectrophotometer. The whole system is
automatically calibrated as opposed to a silicon wafer peak at 560cm™. The Raman scattering was
agitated by a continuous wave argon laser along with a power of 100 MW. The spectra were calculated
at temperatures of 300 and 78K.

4.3. Results and discussion
4.3.1. Spectroscopic analysis
4.3.1.1. UV-vis spectroscopy

The synthesized silver nanoparticles were acquired by using trisodium citrate dihydrate
(Na3zCsHs07.2H,0) as a coating as well as reducing factor!®. The mounding of silica on the external
surface of silver was executed by an altered "Stober"(sol-gel) method*®. Our first observation was that
the firmness of the shells around silica depended on the circumstances under which they were
synthesized.

Ag nanoparticles manifests an intense characteristic peak emerged at 420 nm in UV-visible
absorption spectrum and following deposition of the silica coating on Ag nanoparticles, the peak

deviate towards longer wavelength, it is shown in Fig.4.2.
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Figure 4.2: The UV-visible spectra of (a) Ag nanoparticles and (b) Ag@SiO2 nanoparticles.

The change in color from yellow to black the evolution of stable Ag nanoparticles. Ammonia
(28-30 wt%) was employed as a stimulant of the reaction. Since, it was needed to acquire an
appropriate coating, low ammonia concentration conceivably turns down the decorous rate of reaction
to some scale. Additionally, it was unearthed that ammonia and water concentration control the
stability between the hydrolysis of TEOS as well as the condensation of its hydrolyzed monomers. Ag
nanoparticles revealed a sharp characteristic peak that emerged at 420 nm in UV-visible absorption
spectra and subsequently deposition of the silica layer on Ag nanoparticles, resulted in shifting of the
peak to a longer wavelength. The thickness of the shell after coating with silica concerning SPR
(surface plasmon resonance) signal was assigned through the growing local refractive index of the
colloidal nanoparticles and because of this, red shifting of the peaks appeared. The diameter of the
peaks of prepared Ag@SiO2 nanoparticles, denotes the capping of silica layer on the facet of Ag
nanoparticles, as it is showed in fig.4.2.
4.3.1.2. Fourier transform infrared spectroscopy (FTIR)

To estimate the functional group, we performed FTIR quantification!’ of the colloidal
nanoparticles, which is displayed in Fig.4.3 (a-b). The sole motive of the FTIR was to observe the
development of silica shell on the synthesized Ag nanoparticles!®. The data exhibited that the peaks
ascribed to 796 cm™ and 465 cm™ can be due to the existence of silica on the facet of nanoparticles
(Si-O-Si and Si-0). Additionally, the specific band at 947 cm™ was attributed to C-N stretching that
represents the aliphatic amine. The FTIR spectra of Ag nanoparticles & Ag@SiO2 nanoparticles

reveals that peaks become broad after encapsulation of silica. It is interesting to note that, two peaks
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at 1091 and 1048 cm™ are recommended to the asymmetric stretching vibrations of the Si-O-Si and Si-

O (H) bonds, and those at 796 cm™ and 465 cm™ can be considered to the symmetric stretching and

bending vibrations of the Si-O-Si bond, which confirms the presence of silica shell on the external
surface of the Ag nanoparticles.
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Figure 4.3: FTIR spectra of (a) Ag nanoparticles and (b) Ag@SiO- nanoparticles.
4.3.1.3. Raman spectroscopy

The RAMAN-spectroscopy assessment was administered to learn the vibrational features of
the nanoparticles'®. These days, this spectroscopic analysis is extensively utilized in cancer-related
diagnosis.® To the best of our knowledge that colloidal nanomaterials are prone to chemical instability,
additionally, the RAMAN method is remarkably less affected by water interferences®.

It was learned that the fabricated nanoparticles displayed excellent stability. Ag nanoparticles
exhibit two substantial peaks at relatively 1569 cm™and 1396 cm™, although Ag@SiO- nanoparticles

manifest much lesser scattering at 1630 cm™ and 1328 cm?, exhibited in Fig.4.4.
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Figure 4.4: RAMAN spectra of (a) Ag nanoparticles and (b) Ag@SiO2 nanoparticles.

4.3.2. Elemental analysis

4.3.2.1. Energy dispersive x-ray spectroscopy (EDX)

EDX investigation of the silver nanoparticles steadfast the substantial silver peaks in its chemical
composition®’. Additional elemental tip-offs were also noticed in the spectra which were allocated to
the presence of some other compounds. EDS analysis reveals that prepared Ag nanoparticles contain
sodium, chlorine as well as some amount of nitrogen, and oxygen whereas Ag@SiO, nanoparticles
display expansion of the peak of silica, shown in fig. 4.5. There are some minor peaks of silver,

aluminum, sodium, and oxygen that can be also seen.
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Figure 4.5: Energy dispersive spectra of (a)prepared Ag nanoparticles, and (b) Ag@SiO:
nanoparticles.

4.3.3. Structural analysis

4.3.3.1. X-ray diffraction
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XRD diffraction was employed to explore the variation in the crystal structure among the two

nanoparticles?’. Considering the XRD pattern study of Ag nanoparticles as well as Ag@SiO:
nanoparticles, both of the samples were casted into the surface of the glass and dried in the air, after
that the evaluation were accomplished, results are shown in Fig.4.6. The phase identification of the
colloidal samples reported is carried out through corresponding peak locations along with comparing
the intensities in XRD pattern to those patterns stated in the JCPDS (Joint Committee on Powder
Diffraction Standards) data collection. XRD patterns of the Ag nanoparticle are illustrated in fig.4.5.
The diffracted intensities were documented from 10° to 80°. By examining the XRD format of Ag
nanoparticles and Ag@SiO- hybrid nanoparticles, three well defined diffraction peaks at 38.2°, 44.03°
and 64.2° corresponding to the (111), (200), and (220) Bragg reflections of face-centered-cubic (fcc)
crystal structure of Ag nanoparticles were noticed.
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Figure 4.6: XRD patterns of (a) Ag nanoparticles & (b) Ag@SiO> hybrid nanoparticles recorded in
the range from 10° to 80°.

There are several individual peaks are also detectable as a consequence of existence of carbon,
and it was connected to the biomaterials. The distinguished peaks at (200), and (220) planes are minor
intense whereas, the peak located at (111) planes is more sharp. Fig. also reveals the pattern of the
XRD of the silica encapsulated silver nanoparticles. The capping of silica on the facet of Ag does not
influence the crystal behaviour of the Ag nanoparticles. The short and substantial peak at 26 values of
around 22° conceivably assigned as a specific layer of silica.
4.3.3.2. Light scattering techniques (Dynamic light scattering)

The hydrodynamic circumference of Ag nanoparticles was decided by utilizing a dynamic-

light-scattering (DLS) demonstration??2. DLS discloses about the proper size distribution of the
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nanoparticles. Fig.4.7. (a) displays the DLS of colloidal solution of Ag nanoparticles which exhibits

the development of competently distributed nanoparticles starting from 10 to 200 nm, with a mean
diameter of 50nm. Although, fig.4.7. (b) is exhibiting DLS of the colloidal solution of Ag@SiO>
nanoparticles showing the increase in the diameter of the nanoparticles starting from size range of 50
to 200 nm, with a mean size of 80nm. It is important to mention that the DLS results are almost alike
to the TEM results.

REL INTENS-WT GAUSSIAN DISTRIBUTION REL INTENS-WT GAUSSIAN DISTRIBUTION
100

80 80

60 60
40 40

20 20

- 0 -
5 10 20 50 100 200 500 8 10 20 50 100 200 500
Diam (nm) -> Diam (nm) ->

(a) (b)

0

Figure 4.7: The hydrodynamic diameter of the synthesized nanoparticles was determined by the
employment of DLS-histograms. (a)Ag nanoparticles, and (b)Ag@SiO: nanoparticles.
4.3.4. Size distribution and colloidal stability characterization techniques
4.3.4.1. Zeta potential

The stability of both the prepared nanoparticles was calculated in terms of zeta potential by
utilizing a zeta sizer, exhibited in Fig. 4.8. The synthesized colloidal nanoparticles maintained a net
negative charge?® on the surface and remained in suspension activated by collective electrostatic-
repulsive effectiveness. It is implied that due to the adherent citrate ions, Ag nanoparticles gained a
negative charge, and simultaneously because of this, a repulsive force directs the nanoparticles to
prevent aggregation. Therefore, there is no requirement for a further stabilizing agent, and
nanoparticles in the solution remain in a steady state. Both of the synthesized nanoparticles possess a

net negative charge on their surface.
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Figure 4.8: The stability of the prepared nanoparticles were measured by utilizing a Zetasizer. Zeta
potential of (a) Ag nanoparticles and (b) Ag@SiO2 nanoparticles.

It was observed that the addition of even a small quantity of silica quickly lowers the zeta
potential. The specific colloidal stability of the Ag nanoparticles is -27.7mV while Ag@SiO:
nanoparticles is -21.7mV. It denotes the diminished stability of the colloidal Ag nanoparticles after
coating. Normally higher Zeta potential resulted in stability of the colloid to a greater extent?*,

4.3.5. Morphological and topographical techniques
4.3.5.1. Scanning electron microscopy (SEM)

e - P b D
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Figure 4.9: SEM images of (a), (b) Ag nanoparticles and (c), (d) Ag@SiO. nanoparticles at two

magnifications (0.5um and 1pum).
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SEM analysis was accomplished to examine the morphology characteristics of Ag

nanoparticles and silica-coated silver nanoparticles at different magnifications. It was evident from the
SEM analysis, shown in Fig.4.9, that both the nanoparticles were spherical, and images of Ag@SiO
nanoparticles exhibit a definite capping of layers of silica on the facet of the silver. It is visible that the
Ag nanoparticles have a spherical shape and images of Ag@SiO2 nanoparticles exhibit a definite
encapsulation of silica layering on the external surface of the silver.

4.3.5.2. Transmission electron microscopy (TEM)

The TEM interpretation was implemented to study the configuration and dimension of the Ag
nanoparticles as well as Ag@SiO2 nanoparticles. Fig. 4.10. manifest TEM images at different
magnifications, of prepared Ag nanoparticles and silica encapsulated Ag nanoparticles. To execute
this, both of the nanoparticles separately casted on a carbon-concealed copper grid and dried in air.
Subsequently, scanning of the grid by using the Philips CM 200 model transmission electron
microscopy working voltage is 20 to 200 kV and the resolution was 2.4 A°.

sl
Figure 4.10: TEM micrographs of the prepared (a), (b), (c) Ag nanoparticles, and (d), (e), (f) Ag@SiO>
nanoparticles at different magnifications.

Through the analysis of TEM-micrographs of Ag nanoparticles at different magnifications, it
was visible that there is a spherical shape of Ag nanoparticles with extensive size distribution and the
average size of particles was 50nm & TEM- micrographs of Ag@SiO> nanoparticles reveal a uniform,

definite and clean coating of silica on the facet of Ag nanoparticles and the Ag@SiO, nanoparticles
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has a mean size of 80 nm. SAED (selected area electron diffraction) pattern of tailored silver

nanoparticles depicts a bright randomly dotted ring pattern that describes the crystalline nature of the
material, because as we know, the more glaring the spots are, the more crystalline particles will be.
Silica-coated silver nanoparticles manifest brighter, thicker, and continuous rings describing the

amorphous encapsulation of silica on the facet of silver nanoparticles, as it is shown in Fig.4.11.
(b)

_
Figure 4.11: Selected Area Electron Diffraction (SAED) patterns of (a)Ag nanoparticles and (b)
Ag@SiO2 nanoparticles.

4.3.5.3. Atomic force microscopy (AFM)

Topological observation of both the synthesized nanoparticles was accomplished by AFM onto
glass slides. All of these pictures are displayed in fig.4.12. The images assemble in torsional resonance
mode, and the interconnection can be noticed. AFM micrographs demonstrate the identical height
representation of the synthesized silver and Ag@SiO. nanoparticles?®. The maximum number of Ag
NPs is detected in the size range of 30 to 80 nm. There exist several larger particles by the observation
of AFM data, however according to histogram scanning their number is restricted. The height
description of the nanoparticles as proposed by line investigation, is in the same range, just as approved
by TEM investigation. From the AFM images it is obvious that once encapsulated with silica, the

dimension of the nanoparticles increased, i.e. approx. 80 nm.
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Figure 4.12: Exhibits the topological properties of (a), (b) Ag nanoparticles & (c), (d) Ag@SiO:

nanoparticles.

Conclusions

In the present study, we have synthesized silver nanoparticles by improvised chemical reduction
method by utilizing trisodium citrate dihydrate (NasCeHs07.2H20) as a reducing as well coating
material. By altering the reaction-conditions and amount of the reagent, we obtained firmly silica-
encapsulated silver nanoparticles, which was stable even at room-temperature for longer period. The
encapsulation of silica on the surface of silver was accomplished by the Stober method. The UV-visible
spectroscopy revealed a sharp characteristic peak and after accumulation of the silica layer on Ag
nanoparticles, the peak moved towards a longer wavelength. XRD diffraction was employed to
regulate the difference of the crystal structure betwixt the two nanoparticles. It also exhibited the phase
purity of both synthesized nanoparticles. The synthesized nanoparticles are crystalline having a
spherical structure. FTIR, EDX, and RAMAN-spectroscopic evaluation were implemented to learn the
functional groups, chemical composition, and vibrational characteristics of the nanoparticles
respectively. It was discovered that the prepared nanoparticles displayed good stability. The TEM and
SEM interpretations were executed to investigate the configuration and dimensions of the
nanoparticles. As confirmed by both results, the silica shell consistently encapsulates silver core
particles. The hydrodynamic diameter of both nanoparticles was determined by employing a dynamic-
light-scattering (DLS) assessment and they are nearly identical to the TEM results. Topological
characterization of both the prepared nanoparticles demonstrates the matching height elucidation. As
suggested by line analysis, the height profile of the nanoparticles is in the same range, as confirmed
by TEM investigation. It is noteworthy to mention that all of the characterization techniques divulged
the average size of the Ag nanoparticles and Ag@SiO2 nanoparticles were 50 nm and 80 nm. The
steadiness of both the prepared colloidal nanoparticles was computed in terms of zeta potential. The
synthesized nanoparticles sustained a net negative charge on their surface and remained in a solution
prompted by joint electrostatic-repulsive force. Both the synthesized nanoparticles manifest good
stability and later employed for medical and health care applications due to their exceptional chemical

and physical properties.
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5.1. Introduction

According to the research accomplished by WHO, the fatality rate of cancer in 2018 was 9.6
million, which is expected to be enhanced by 29.5 million by the end of 2040. It was estimated that,
out of all the patients who died from cancer, In 2018, 2.09 million casualties were from lung cancer,
2.09 million were from breast cancer, as well as 1.80 million casualties were from colorectal cancer®.
Tumor markers might have played a crucial role, in all the above-mentioned cancer cases, for early
diagnosis of such solid tumor cases?. Majority of human cancers are solid tumors (about 85%) till
date, including cancers of the breast, prostate, colon, brain, bladder, ovary, rectum, as well as few
other tissues. Although there is an exceptional growth in the area of anti-cancer therapeutics, yet
proper therapy for cancers associated to solid tumors is unlikely available®. Therefore, there is the
need of diagnosis of tumor in the initial state, thereby it can be treated properly in advance. This can
enhance the life expectancy period of the patient.

Nowadays, nanomaterials have developed at a fast pace as an encouraging candidate for the
detection of various diseases as they may decipher long-term problems such as-systemic distribution
and solubility of various drugs®, tumor attained resistance, additionally can enhance the working
execution of diagnostic methods®. The investigative tools for the detection of biomarkers must be
efficient in working at the level of distinctive diagnosis and be special to not generate various false
positive results. In recent years, a number of immunoassay techniques for the diagnosis of different
tumor markers for more effective governance of cancer have been investigated. An absolutely
remarkable method for the observation of cancer is the evaluation of serum tumor markers®.
Gradually, electrochemical immunoassay has acquired acceptance and therefore broadly utilized to
detect tumor markers because of the intrinsic benefits such as elevated selectivity, sensitivity,
suitable label-free manipulation, low cost, minute size, and very fast analysis’. There exist numerous
kinds of electrochemical immunosensor built upon conductometry, amperometry, potentiometry, and
electrochemical-impedance-spectroscopy’. Evolving a CEA  (carcinoembryonic  antigen)
immunosensor having good selectivity and sensitivity but lacking a complex fabrication procedure
still fascinates researchers.

It is noteworthy to mention that, AgNPs are fascinating nanomaterial for requisition in detection
because of its catalytic activity®, plasmonic properties®, and high conductivity!®. All of these
properties can be used to upgrade the performance of biosensors!!. For the diagnosis of minimal
concentration of an analyte, the sensitivity of the sensor is a prominent factor!2, AgNPs are utilized
to elevate the electroactive field of the electrodes and accordingly the rate of the electron-transfer,

thereby enhancing the biosensor's sensitivity®2.
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The motive of our study is to combine the benefits of metal nanoparticles, i.e. silver
nanoparticles along with silicon dioxide (SiO2) onto an ITO (indium tin oxide) film to fabricate a
new electrochemical immunosensor for the detection of CEA with high sensitivity and selectivity. In
the current work, silver nanoparticles were synthesized by an altered chemical reduction procedure
by utilizing citrate and further the encapsulation of silver nanoparticles with silica through the
revised Stober method (sol-gel). All of the electrochemical experimentation was carried out through
cyclic-voltammetric (CV) studies. In addition, the observation of electron transfer resistance by
electrochemical-impedance spectroscopic (EIS) studies was also a component of the study. EIS is a
specific faradic impedance technique, that happens in the existence of a redox couple. This is a label-
free method to discover antigen-antibody reactions on the electrode surfaces by calculating their
capacitance as well as interfacial charge transfer resistance. Instantly, a target protein binds with the
probe surface which is already functionalized, the electrochemical-impedance of the electrode
interface changes, and such types of alteration are detected electrically across an extent of
measurement frequencies.

5.2. Background of electrochemical immunosensor based on CEA

In recent years, a number of immunoassay-techniques for the diagnosis of different tumor
markers for more effective governance of cancer have been investigated. A sailing way for the
observation of cancer has been the evaluation of serum tumor markers. These days, numerous tumor
markers (e.g. CA-15-3, CA19-9, AFP, CA-125, HCG, PSA, etc) available in regular clinical work
for diagnosis'*. Amid all of the tumor markers accessible today, CEA gained approval from US food
and drug Administration (FDA) and it is an well-known tumor-associated-antigen(TAA)°. As stated
by Zhu and Basu co-workers, CEA® belongs to a class of glycoprotein with molecular weight of
approx 180- 200 kDa, it is connected to the superfamily of CEA-associated cell-adhesion
(CEACAM). CEA is normally formed during fetal growth, but its production ceases before birth.

In various normal tissues, CEA is expressed inadequately in a variety of normal tissues, which
includes the esophagus, tongue, prostrate, colon, stomach, tongue, and cervix. A high level of serum
CEA is associated with numerous carcinomas®’. In view of physiological state, normally CEA is
manifested on the luminal segment and apical surface of the normal epithelial cells. CEA fails to
gain the polarized distribution in cancer tissues and overexpresses itself, and cleave from the surface
of cancerous cells through phospholipase, and it evolved in the uplifted level of serum CEA.
Numerous other medical ailments also exist that can elevate CEA levels, which includes cirrhosis of
the liver, smoking, pancreatitis, infections, and inflammatory bowel disease!®. As described by

Pommerich and his colleagues, CEA plays a key role in the invasion, adhesion, and migration of
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cancer, and on account of its numerous extraordinary qualities, it has become a remarkable target for
immunotherapy and medicaments dependent upon antibodies in CEA-positive tumors®2,

In patients with cancer, observation of the level of CEA before surgery is also approved by
the ASCO (American Society of Clinical Oncology)®. The amount of CEA may also be uplifted in
case of emphysema, which is a lung condition, designated as a COPD (chronic obstructive
pulmonary disease)*®. Here it is important to remark that, people suffering from COPD, experience
more severe illness due to COVID-19 because of their prevailing lung problems? 2. Therefore, a
good strategy is required to accommodate appropriate diagnosis of patients having solid tumors.
Immobilization of antibodies on solid support allows successful capture of analyte in diagnostic
assays as in immunosensor. Despite that, several drawbacks exist to employing such approaches as
the results of the test are not always faultless, need exorbitant reagents, an exceptional possibility of
false or adverse results, and labor-intensive??. As stated by Wafik El-Deiry and the co-workers in
2019, exceptional cancer care requires futuristic molecular diagnostics.

The employment of ITO for sensing purposes can be apparently increased by incorporating
nanoparticles on its outer layer?*. Metal nanoparticles gives a biocompatible environment for the
sake of biomolecules which remarkably enhance the surface-to-volume proportion of an stagnant
biomolecule onto the surface of the electrode, both of them finally effect electrical signal
improvement?®. Experts in the area of biosensors are invariably eager about unearthing novel
materials possessing acceptable abilities to increase the activity of biosensors. Composite
nanomaterials are appropriate to generate a constant electric field as well as elevate the transferred
ratio of electrons in comparison to sole nanoparticles. Therefore, they can successfully fasten the
regeneration action of sensors?.

Gradually, electrochemical immunoassay has acquired acceptance and is therefore broadly
utilized to detect tumor markers because of the intrinsic benefits such as lofty selectivity, sensitivity,
suitable label-free manipulation, low cost, minute size, and very fast analysis’. There exist numerous
kinds of electrochemical immunosensor built upon conductometry, amperometry, potentiometry, and
electrochemical-impedance-spectroscopy’. Evolving a CEA immunosensor having good selectivity
and sensitivity but lacking a complex fabrication procedure still fascinates researchers.

5.3. Experimental
5.3.1. Materials

All of the chemicals were bought from Sigma-Aldrich® and employed without any
purification; trisodium citrate dehydrates (NazCeHs07.2H20), silver nitrate (AgNO3), tetra-ethyl-
ortho-silicate (TEOS), ammonia solution (28-30wt%), absolute ethanol, HCI, NaOH, HRP (horse-

radish-peroxidase), bovine-serum-albumin (BSA, 99%), CEA antigen and its corresponding
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antibody, acetone, ITO-glass-slides 2x2 cm?(resistance 30 Q). The phosphate-buffered saline (PBS)
buffer (0.1M) for the assay was made by blending a stock standard mixture of sodium-phosphate-
monobasic (NaH2PO4) and sodium-phosphate-dibasic (Na2HPO.). All of the colloidal solutions were
formulated with double distilled water (18.2 MQ) which is deionized. The entire glass apparatus
were precisely cleaned using detergent and finally washed with deionized water prior to use for the
experimentation.
5.3.2. Characterization
5.3.2.1. Equipment

The images of the scanning electron microscope (SEM) were obtained from the special
edition of EVO-18 CARL ZEISS. Entire electrochemical quantification was practiced by employing
an Electrochemical Workstation named ZIVE MP1 which is a basic three-electrode setup comprising
of modified ITO as the working electrode, saturated-calomel electrode (SCE) worked as reference
electrode and platinum cable was utilized as a counter electrode.
5.3.2.2. Electrochemical Detection

An ambient laboratory temperature of 25°C was selected for entire electrochemical tests.
Phosphate buffer solution (PBS) with pH 6.0 was used as an electrolyte. All electrochemical
experimentation of the bare ITO & the modified ITOs was administered by utilizing 0.1M PBS
buffer of pH 6.0 comprising of NaH2PO4 (pH was maintained by HCI & NaOH) and NaxHPOQg; for
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) studies.
5.3.3. Synthesis of Ag@SiO2 nanoparticles

The coating of silica on silver nanoparticles was accomplished by an altered “Stober”
process®. The fabricated concentrated silver nanoparticles were kept in a solution of deionized water,
liqguid ammonia (28 to 30 %), and pure ethanol (100 ml, 99.9%). Following 35 mins of sonication,
numerous quantities of TEOS (Tetraethyl orthosilicate) were casted dropwise (starting from 2 to 15
ul) further the solution was accurately agitated at ambient room temperature for 15 h. By changing
the quantity of the TEQOS, the thickness of the silica encapsulation can be controlled. For the
segregation of solution, centrifuged at 13500 RPM for the duration of 40 mins accompanied by
washing the solution-mixture three times in ethanol (100%) at 8000 RPM for 15 mins. For utilization
afterward, the prepared Ag@SiO: - nanoparticles were dissolved in purified water.
5.3.4. Fabrication and designing of electrochemical immunosesor for the detection of CEA.

The diagrammatic presentation of the assembling process of immunosensor is depicted in
fig.n0.5.1. ITO glass -slides (2X2 cm?) were sonicated by using acetone, ethanol, and water
subsequently for about 30 mins, later dried under a flow of nitrogen. After that, 10 ul of prepared

Ag@SiO> nanoparticles was dropped onto the cleaned ITO-surface and then left to dry at room
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temperature overnight. Additionally, 10ul of 10upg/ml anti-CEA liquid solution was casted at
Ag@SiO2 NPs/ITO facet for the period of 8 h at 25C°. Further, a 15 pl of 6 pg/ml HRP-enzyme was
used to block the non-specific sites on the antibody modified electrode facet. There are few other
advantages also associated with HRP-enzyme, as HRP can magnify a frail sign and increase the
whole detection procedure of a selected biomolecule. Finally, BSA (1%) was supplemented to the

surface of the electrode to hinder the excess active group.

Figure 5.1: Schematic of the step-by-step fabrication process of disposable electrochemical
immunosensor.

After desiccating the electrode surface, different concentrations of CEA were added to the
electrode surface. Later, the modified ITO (electrode) was put in an incubator for 1 h at 40°C and
further washed by the employment of a buffer solution mixture to separate the excess CEA. Here, it
is important to mention that, the electrode was dry off by the use of nitrogen after each fabrication
step.

5.4. Results and discussion
5.4.1. Optimization of experimental condition

Numerous experimental specifications need to be optimized to fabricate an immunosensor.
First, the concentration of the associated antigen (CEA) was optimized to enrich the sensitivity. Even
while using low concentrations of CEA, it was unearthed that clearly defined voltammetric peaks
were conceivably found, all of these results are displayed in Fig.5.2. Additionally, the peak-current

intensities expand, with the increase in the concentration of the CEA. On the other hand, with the
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increase in the concentration of CEA, notable gain of high signal, it also included the elevated
background at the same time due to the non-specific adsorption method. It was observed that the
measuring scale of the current Vs CEA (Fig.5.2.B.) is straight from the range of 0.5ng/ml to 10
ng/ml, therefore, it is suitable for the computable function. The towering signal-to-noise ratio was
potentially acquired while keeping the CEA concentration at 10 ul. Thus, 10 pl of antigen was
selected as the optimized condition. For this procedure, the limit of the detection was held to be
0.01ng/ml. There are 6 repeated measurements while taking CEA-concentrations of 0.5ng/ml to
10ng/ml was taken.

A B
0.45- 0.5-

urrent (
5 b
Current (mA cm 2]
[=]
(=]

© p.15. 1 /t
0.1+
0.104
UU‘ L] T T L) 1 D.E
0 5 m 15 20 &5 n 3B ¥ ¥ T T T
timefmin 0 2 4 6 8 10 12
C D CEA concentrationing mi™!
A1D‘J-
0.404 =
0.354 § 80
o« S
v
£ 030, 2 o
E 0.251 |- .
£ 5 404 I
E 0.20 4 -“\.o §
=
M50
O 0154 = 20
£
0.10 4 =
Z o v .
1 2 3 4 5

50 55 60 65 710 15
pH

Figure 5.2: Plots of optimizing the experimental specification (A) The variation of peak current,

Sample

when the fabricated immunosensor was kept for incubation at numerous time intervals. (B)
Standardization plot of alteration in peak current rate of the prepared immunosensor Vs
concentration of CEA under optimum conditions (C) The observation of the highest electric-current
wave of the prepared immunosensor after altering the pH of the PBS buffer mixture. (D) Selectivity
of the prepared disposable immunosensor in the presence of (1) CEA (5ng mL?) (2) 5ng /mL
CEA+20ng/mL PSA (3) 5ng/mL CEA+ 20ng/mL AFP (4) 5 ng/mL CEA+ 20 ng/mL Glucose (5) 5
ng/mL CEA+ 20 ng/mL CA-125.
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In addition to this, the electrochemical reactions which take place in an immunosensor have a
high impact on the pH of the detection solution. If pH is unsuitable then protein denaturation can
occur. So, the pH of the buffered solvent was investigated thoroughly to acquire an outstanding
electric-current signal. Facilitating the concentration of the CEA- persistent (10 ul), the consequence
of the value of the pH of the buffer solution on the current intensity was measured by keeping the pH
range, starting from 5.0 to 6.0 and after achieving maximum current at pH 6.0, the current-intensity
diminished correspondingly when the pH-value increased from 6.0 to 7.5. All of these results define
that pH 6.0 is more beneficial for the current response of the immunosensor assembly system.
Therefore, pH 6.0 was chosen as the most suitable value. By the employment of PBS buffer at pH
6.0, carefully divulged cyclic voltammograms in addition to properly responding to CEA were
recognized. By preserving the concentration of the CEA-20ng/ml, the influence of the incubation
period was investigated in the time of 0-30 mins. It was noted that, in the initial 17 mins., Al swiftly
increased and when the incubation time was more than 17 mins, it approached a constant value.
Thus, 17 mins was distinguished as an outstanding condition for incubation. For the sake of
practicability in real life, the room temperature was chosen as an ideal temperature to accomplish all
the experiments.

5.4.2. Scanning electron microscopy

The productiveness of an ideal electrochemical immunosensor is intertweaved to its physical
framework?’. Accordingly, the positioning of the Ag@SiO. nanoparticles layer is an important
factor. Arrangement of the surface of the film was observed with the help of SEM and in fig.5.3,
presumptively it is seen that Ag@SiO2 nanoparticles film displayed a spotless web arrangement.
While SEM-images of anti-CEA/HRP/ CEA/Ag@SiO2 NPs/ITO film show the captured biological

molecule's abundance through a systematic allotment.
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Figure 5.3: SEM images of (a) Ag@SiO2 nanoparticles on ITO surface (b) CEA/HRP/anti-
CEA/Ag@SiO; nanoparticles at Mag 1.00KX (c) CEA/HRP/anti-CEA/Ag@SiO2 nanoparticles at
Mag 5.00kx.
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Particularly, it is noticeable from the surface analysis that the film of Ag@SiO2 nanoparticles
shows a consistent distribution of the nanoparticles. However, from the SEM images of specific anti-
CEA/HRP/ CEA/Ag@SiO2 NPS/ITO film, it is evident that there is an aggregate of the constricted
biomolecules along with a static dispersal. It was observed that, in the process of immobilization of
the anti-CEA, the presence of Ag@SiO2 nanoparticle film plays a leading part in combination with
the HRP enzyme which helps in the accurate detection of the CEA antigen.

5.4.3. Cyclic-voltammetry

The current response was markedly increased compared to the bare ITO (shown in Fig.5.4), exactly
after Ag@SiO2 nanoparticles were immobilized on the top of it subsequently, recommending that
Ag@SiO. nanoparticles possess outstanding electrochemical features, because of the
superconductivity of the Ag nanoparticles. The current response diminished when the payload of
CEA antibody, HRP, and CEA was done sequentially on the modified electrode surface successfully,

which could be assigned to the hindering of bio-macromolecules.
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Figure 5.4: (A) CV of the successive immunosensor fabrication procedure, at scan rate 60 mVs-1 by
utilizing 0.1M pH 6.0 PBS buffer mixture solution, which possesses Na,HPO4 and NaH2PO4

It has been seen that there is an oxidation peak at 7.5 V and a reduction peak at -1.7 VV when
the scan rate was 60 mV/s. There exists specific binding of CEA to its equivalent antibody, which
creates a hindrance of the electron transfer, just after there is an elevation in CEA concentrations, the
peak-current intensities multiply. As noticeable from Fig.5.5., the CV of the electrochemical
immunosensor was after using PBS buffer by maintaining the pH 6.0. Peaks were visible after the
binding of Ag@SiO. nanoparticles onto the ITO electrode flat surface attributed to the redox
reaction. When there is a reduction in peak-current responses occurs of both the cathodic and anodic,
it follows the immobilization methodology of the CEA antibody, which specifies that the steric
obstruction effect takes place and it reduced the electron transfer between the solution and the
electrode. Although, it is visible that, when HRP binds, the anodic peak-current declines, while the
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cathodic peak current rises. Because HRP can amplify even a frail signal and enhance the overall
detection process of a selected biomolecule. It is a prototypical electro-catalytic method. When CEA
antigens were cast on the electrode surface, they cohered with CEA antibodies and the prepared
antibody-antigen combination could further cause hindrance of the rate of the electron transfer
because of the strong steric obstruction effect, which resulted in the drop off of retaliation of peak
current. The later step-by-step manufacturing process of the immunosensor was also recognized by
electrochemical-impedance-spectroscopy to confirm if the response of the surface of the electrode is
favorable.

41 10 08 08 07 06 05
Potential (V) vs SCE

Figure 5.5: CV of prepared immunosensor at various scan rates in 0.1M pH 6.0 PBS buffer

solution.

5.4.4. Electrochemical Impedance Spectroscopy (EIS)

The impedance spectrum comprised a linear line at diminutive frequencies and a semi-circle bend at
towering frequencies. The electron transfer resistance (Ret) of the modified film was exhibited
according to the broadness of the semi-circle diameter. The larger the semi-circle diameter is, the
higher the Ret rate is. Thus, the alteration in each step was noticed by the variation in semi-circle
broadness. Seemingly, the non-altered ITO electrode demonstrates a minute semi-circle curve in
Fig.5.6 while, Ag@SiO, nanoparticles modified electrode-facet exhibited significantly higher peak-
currents and nanoscopic electron transfer when differentiated with uncoated ITO electrode and over
there much smaller semi-circle broadness of the Nyquist-plot and few reversible redox peaks
conceivably noticed. The analysis of the redox probe to gain the surface of the electrode was
exceedingly influenced by the existence of Ag@SiO2 nanoparticles as well as it reduced the redox
probe. The successive stop-up of the anti-CEA, HRP, BSA, and CEA sequentially give rise to the
cumulative advancement of the Ret because of the insulation properties that the protein maintained.

It explains that the electric conductivity (EC) of the modified surface of the electrode was enhanced
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because of the presence of Ag@SiO. nanoparticles which possessed a huge surface area as an
exceptional conducting element. Furthermore, the incorporation of anti-CEA resulted in an
enhancement of the Ret and decreased peak currents, which designates the successful immobilization
of the anti-CEA on the film of AgSiO2 nanoparticles has been gained due to the EDC/NHS bonding

along with the pi-pi stacking association between proteins and nanoparticles.
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Figure 5.6: The EIS related to the different steps elaborated in the fabrication procedure in the

existence of 1% PBS buffer solution, pH was maintained by NaOH and HCI.

The electron transfer resistance (Ret) of the modified electrode surface was denoted by the broadness
of the semi-circle of the Nyquist plot. The larger the semi-circle wideness is, the higher the Ret value
is. Accordingly, the modified methodology was recorded during the alteration of the semi-circle
diameter. ITO electrode that is unchanged, displayed a smaller semi-circle diameter, and the step-by-
step immobilization of the anti-CEA, HRP, BSA, and CEA subsequently, led to a progressive
elevation in the electron transfer resistance.

All of the results showed that CEA, HRP, anti-CEA, and Ag@SiO2 nanoparticles film were
appropriately modified onto the surface of ITO chips in sequence. The previously mentioned proteins
can hinder the electron transfer of the electrochemical probe effectively. The parameters discussed
here can make a divergence to an extensive range after the incorporation of HRP, which denotes that
HRP could block the non-specific sites on the modified electrode. Further, it was noticed that there
are decreased peak currents and an augmented Nyquist diagram after the trapping of CEA-antigens.
This recommends that the ratio of the electron transfer between electrode and solution was greatly
obstructed due to the immuno-reaction of antigen along with its corresponding antibody. The two of
the mentioned outcomes were consistent with the reliability that the electrode was modified as
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anticipated. Comparison with other previously reported immunosensors for the detection of CEA are
shown in table format in table no.5.1.
5.4.5. Selectivity

The findings specified that CEA, HRP, anti-CEA, and Ag@SiO. nanoparticles film were
readily modified on the surface of the ITO chips in sequence. The mentioned proteins can hinder the
electron transfer rate of the electrochemical probe effectively. These parameters can make a
divergence at an extensive range after the incorporation of the HRP, which describes that HRP could
block the non-specific sites of the modified electrode. Further, it was noticed that there are decreased
peak currents and a sharpened Nyquist diagram after the imprisonment of CEA-antigens. This
signifies that the specific rate of the electron transfer linking electrode and solution was markedly
impeded because of the involved immuno-reaction of antigen following its corresponding antibody.
The two mentioned outcomes were consistent with the originality that the electrode was modified as
anticipated.
5.4.6. Stability and Reproducibility of the Immunosensor

There are two main components involved in the implementation and evolution of the
immunosensors, designated as reproducibility and stability. Five immunosensors were fabricated
identically by taking 5 ng/ml CEA to appraise the reproducibility of the suggested immunosensor for
the specific detection of the antigen. It was interesting to note that, we obtained a relative standard
deviation (RSD) of 3.2%, which illustrated that immunosensor had very good reproducibility. Along
with reproducibility, the stability of the immunosensor is a basic need for steady and coveted
analysis. The prepared immunosensor remained at 4°C for six weeks and it was explored that only a
minute decline in the current response took place. Finally, current-response was investigated, after 2
weeks, 4 weeks, and eventually after 6 weeks. Additionally, it was noticed that the immunosensor
maintained 97.1, 96.4, and 94.8% of the previous response independently. It exhibits that the
fabricated immunosensor possessed excellent stability.

Table 5.1- Comparison with other previously reported immunosensors for the detection of CEA.

Detection Range | Detection Limit

Materials References
(ng/ml) (ng/ml)

Ba-NH-AuNPs(Organoclay-nanogold

o (Org Y : 0.05-5.0;5.0-120 | 0.01 3
composite) film
CS-MWNT-AUNP Composite 0.3-120 0.1 81
Carboxylated g- CsN4/TiO2nanosheets 0.01-10.0 0.0021 82
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HRP-anti - CEA - NGGN 0.05 - 350 0.01 10
Ng/ chit / nano / Au Composite 0.2-120.0 0.06 33
Thi @ NPG / AuNPs 0.01 - 100 0.003 s
AuNP @ nafion/ FC @ CHIT 0.01-150 0.0031 3
NG /P - PB / nano - Au Composite film 05-10&10-120 | 0.2 36
r[na;:?i;ll Ag: O]/ SiO2 nanocomposite 05 - 160 014 .
CS - CNTs - GNPs - nanocomposite film | 0.1 - 2.0 0.04 38
Ag@SiO;NPs 0.5-10 0.01 This Work

5.5. Conclusions

The current electrochemical disposal immunosensor was prepared by immobilizing anti-CEA onto
Ag@SiO. nanoparticles encapsulated 1TO solid surface for the specific detection of CEA. Our
observation was that the presence of silica-coated silver nanoparticles on the flat surface of the
electrode, gives an excellent voltammetric advantage, fine stability, and noteworthy biocompatibility
towards the detection and additionally gives extensive binding sites for the involved immune
reactions. A potent interconnection between the response of the stripping current of the altered ITO
flat surface and the particular logarithmic rate of the concentration of CEA was established extended
from 0.5ng mL?* to 10ng mL? with the minimum detection limit of 0.01ng/ml. Such fabrication
methodology is more favorable as compared to the metal electrode as it is fabricated from a cost-
effective ITO flat surface and may be recreated in bunches. This empirical, low-cost, and flexible
electrochemical immunosensor allows a more uncomplicated and more low-budget immunoassay for
the detection of CEA, which can provide the goal of CEA detection in clinical analysis in the future

and such strategy could be utilized to manufacture immunosensors for other aimed targets also.
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Chapter 6: Evaluation of the Anti-Cancer Potential of Ag Nanoparticles and Ag@SiO:
Nanoparticles

6.1. Introduction

These days it is possible to merge chemistry, physics, genetics, and microbiology to tailor
structures of nanomaterials for the diagnosis and therapy of various diseases which is core advantage
of bionanotechnology?,3. Even though numerous techniques are already available for diagnosing and
treating disease, this area fascinates researchers. By utilizing nanotechnology, nanomaterials can
appropriately be made lighter, stronger, more reactive, more durable, better electrical conductors, amid
other techniques. So, this field encourages researchers to work on it and find some innovative therapies
on the nanoscale®.

Cancer is an ailment exceptionally unpredictable in its unveiling, evolution, and consequences.
There are numerous drugs available for cancer- therapy®. Most cannot set foot on the target site in
adequate concentrations and systematically deploy the desired pharmacological upshot without
triggering irreversible undesired harm to normal cells and tissues®. One of the typical sorts of cancer
is prostate cancer, which commences whilst cells of the prostrate evolve anomalously. Though there
is historical evidence advising the existence of this cancer since antiquity, the first scientific description
of this cancer was brought to notice in 1851’. According to GLOBOCAN 2020, approximately 19.3
million new patients of cancer were notified worldwide, and an estimated 10 million casualties related
to cancer happened in 2020. Out of which, 7.3% were because of prostate cancer. There are certain
limitations associated with conventional chemotherapeutic drugs®. Silver nanoparticles can potentially
prevent drawbacks of typical cancer assorted therapeutic implementations®.

Silver nanoparticles exhibit promising qualities for cancer therapies'®. Although the actual
method of the efficacy of silver nanoparticles against cancerous cells is not completely explained, it is
appropriately known that their cytotoxicity depends on the propagation of reactive oxygen species
(ROS)!,12, The cytotoxicity methodology of silver nanoparticles relies on their chemical attraction
with the cell's surface (showed in Fig.6.1) and the abolishment of the ions attributed to the silver from
the nanoparticles; the surface-coating of the silver nanoparticles influences their cytotoxic
mechanisms?3. The specific size and surface area are also the main factors, used to demonstrate the
extent of cytotoxicity. Thus, the coating material used to fabricate hybrid nanoparticles can impact
cytotoxicity, as it can magnificently influence the shape, surface area, and physical properties®*.
Therefore, hybrid nanoparticles with multiple functionalities fascinate researchers among various
classes of nanoparticles available at present due to their astounding properties. Cytotoxicity reactions
originated by enhancing the extent of reactive oxygen species, diminishing intracellular glutathione

levels, and degrading the potential of the membrane of the mitochondria. Silver nanoparticles can
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create inflammation of the lung cells (epithelial) and cause macrophage inflammation?® ®. According
to various reports, the cytotoxicity of hybrid silver nanoparticles relies on their size and coating
material®’.

The synthesized silver nanoparticles coated with specific biocompatible nanomaterial can
target cancerous cells in an inevitable wany because these can be specifically intended for expanded
drug loading®®, upgraded half-life inside the body, calm release as well as selective distribution by
altering their size, composition, surface chemistry, and morphology!®. MTT assay reveals the
appreciable anticancerous advancement of silver and silica-coated silver nanoparticles.
Comprehensive results recommended a high perspective of both the nanoparticles for application in

the biomedical field.

attacks cancer cell

Figure 6.1: Mechanism of working of Ag nanoparticles against cancer cells.?
6.2. Experimental details
6.2.1. Materials and Methods

All the reagents required for synthesizing and coating silver nanoparticles were procured from
Sigma. Materials used for experimentation of anticancerous activity were bought from HIMEDIAR,
Agueous solutions were processed by using sterilized double-distilled water. The reagents/chemicals
employed were of analytical grade, so utilized precisely without additional purification.
6.2.2. Statistical analysis

All experiments were reiterated thrice, before analyzing the data and then the demonstrated
quantitative data were calculated as means + standard deviation (SD).
6.3. Cytotoxic effects of Ag and Ag@SiO2 nanoparticles

Despite immense endeavour and advancements in cancer research, treatment failure rates are

still very high, mainly because of dose-limiting toxicity??, drug resistance, and severe side effects??,2®
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Amid metallic nanoparticles, AgNPs and their related hybrid nanomaterials stand out because of their
wide range of applications®*. Because of the advancement in nanotechnology, novel therapeutic
methods have flourished for the utilization of Ag NPs in the field of medicine. Various studies have
shown that AgNPs can enter the cells through the process of endocytosis and later their localization
into the cell can be settled equally perinuclear space of the cytoplasm as well as the endolysosomal
compartment. Cytotoxicity reactions originated by increasing the range of reactive oxygen species,
diminishing the levels of intracellular glutathione, and degrading the potential of the membrane of the
mitochondria. AgNPs can create inflammation of the lung cells (epithelial) and cause macrophage
inflammation®®,'®. According to numerous reports, hybrid AgNPs cytotoxicity relies on the size and
coating material'’, 2, 26,

Researchers have suggested that the capping or hybridization of the nanoparticle surface
enhances the dissolution and stability of the nanoparticles?”.

The cytotoxicity method of AgNPs depends upon their chemical gravitation with the particular
cell's exterior facet and the nullification of the ions of the silver from the nanoparticles; the surface-
encapsulation of the AgNPs impacts their cytotoxic procedure®®, The specific size and surface area are
also the main factors that illustrate the extent of cytotoxicity abilities. Therefore, the encapsulating
substance employed to design the hybrid nanoparticles can influence the mechanism of cytotoxicity,
while it may excellently impact the physical properties, shape, and surface area'®. The coating of the
surface of the AgNP with silica can alter their interconnection with the cell and in the aftermath, impact
their anticancerous activity and toxicity?®2°.

Currently, the reduction of tetrazolium salts is significantly recognized as a promising course
for the investigation of cell multiplication. The yellow-colored tetrazolium salt 3-(4, 5-dimethyl
thiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) is lessened through metabolically dynamic cells,
in part by the action of enzyme -dehydrogenase, which produces NADH and NADPH i.e., reducing
equivalents. The consecutive intracellular purple formazan can be evaluated by spectrophotometric
means. The assay computed the pace by which the cell proliferated and contrastingly the metabolic set
of events that resulted in necrosis or apoptosis.

To analyze the cytotoxic activity of colloidal silver and silica-coated silver nanoparticles, PC-
3 cells were trypsinized and added into a centrifuge tube of 5 ml. The cells-pellet was procured by
vortexing at 300 x g RPM. The cell count was balanced by using DMEM (Dulbecco's Modified Eagle
Medium) media. For every individual well of the 96-well microtiter plate, 200ul of the cell suspension

was supplemented and then the plates were incubated at 37°C in the atmosphere of 5% CO, for 24
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hours. All of these results are exhibited in Fig.6.2 to 6.6. Following this, different concentrations (10,
20, 40, 60, and 80 pg/ml) of the sample were augmented to the respective wells and then kept for
incubation. After 24 hours, 10% MTT reagent was added, eventually resulting in crystal formation.
The solubilization solution (DMSQO) was also used to dissolve the developed formazan. Finally, the
absorbance was calculated by utilizing a microtiter plate reader at two different wavelengths, i.e.,
570nm and 630nm. The growth inhibition percentage was evaluated by analyzing the nanoparticles'
potency to inhibit the cell growth by 50% (IC50 value.)

6.4. Results and Discussion

6.4.1. MTT-assay

Our results exhibit that the measurements of the assay are the outcome of a complex procedure
dependent on various factors. The MTT analysis is utilized to detect the metabolic-activity. Here, we
employed an MTT assay to determine the PC-3 cell cytotoxicity generated by the anticancerous
activity of Ag nanoparticles and silica-coated Ag nanoparticles. The viability of PC- 3 cells, shown in
Fig.6.2, was calculated by the yellow-shaded tetrazolium MTT (3-(4, 5-dimethyl thiazolyl-2)-2, 5-
diphenyltetrazolium bromide) colourimetric approach, focussed on the capability of live cells to reduce
MTT into formazan crystals. The following intracellular purple formazan can be measured by
spectrophotometry. The assay ciphered the rate by which the cell multiplies and numerous metabolic
sets of events, resulting in necrosis or apoptosis.

Apoptosis is the phenomenon of organized cell death where the cell kills itself without any external
factor. Whereas, necrosis is a type of cell death caused by uncontrolled external factors. Process of
apoptosis is bit advantageous over necrosis where organelles are still in functioning condition even
after the death of the cell.
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Figure 6.2: Viability of PC-3 cells after treating (for 24 hours, at 37°C, 5% CO2) with (a) various
concentrations of Ag nanoparticles and (c) silica-encapsulated Ag nanoparticles in comparison with
untreated cells (negative control) and cells treated with Cisplatin evaluated in MTT reduction assay.
The IC50 value was figured based on the MTT assay of (b) Ag nanoparticles and (d) silica-coated Ag
nanoparticles.

Table 6.1- The ICso value of the tested nanoparticles for PC-3 cell line for 24 hours of the regimen

was discovered to be as mentioned here in table no.6.1:

Sample name PC-3 cell line
ICso (in pg/ml) 24hr
Cisplatin 15 pg/mi
Sample Ag 37.44ug/ml
Ag@SiO; >80ug/mi
Calculated value: 106.74ug/ml
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Figure 6.3: Images of (a) PC-3 cell control (b) PC-3 cells treated with Ag nanoparticles (c) PC-3 cells
treated with Ag@SiOz nanoparticles. Variations in the morphology of the PC-3 cells after exposure to
the tailored nanoparticles are evident. All of the images were depicted at a resolution of 100px.

Figure 6.4: Microscopic images depicted at the resolution of 100um of the (a) Untreated PC-3 cells
and (b) cisplatin-treated PC-3 cells. Evident morphological variation is there after treatment with

Cisplatin.
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Figure 6.5: Microscopic images depicted at the resolution of 100um of the Fig. (a) - Morphological
variation on the confluency of PC- 3 cell monolayer, when exposed to the Ag nanoparticles 10 pg/ml
(b) 20 pg/ml (c) 40pg/ml (d) 60 pg/ml (e) 80 pg/ml; for 24 h.

Figure 6.6: Microscopic images to observe the cytotoxic effects depicted at the resolution of 100um
of the Fig. (a) - Morphological dissimilitude on the confluency of PC- 3 cell monolayer, when exposed

to the silica coated Ag nanoparticles 10 pg/ml (b) 20pg/ml (¢) 40pg/ml (d) 60 pg/ml (e) 80 pg/ml.
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6.4.2. Apoptosis

Apoptosis is an organized physiologic mode of cell death, a characteristic feature for anti-
cancerous remedial treatment®. There are two pathways associated with apoptosis, i.e., extrinsic and
intrinsic pathways, that employ caspases to execute this physiologic process with the help of splitting
a cluster of proteins. The apoptotic- pathway in cancer is generally inhibited by diversification of
overexpression of the protein designated as anti-apoptotic and underexpression of a hallmark of pro-
apoptotic proteins®. Most of such swapping is the root of intrinsic resistance to the stereotypical
anticancer therapy, chemotherapy®’. Still, there is a dire need for propitious anticancer therapies that
will show anticancerous activity by triggering the premeditated cell-death mechanism, i.e. apoptosis®”.
We examined the apoptotic activities of both the synthesized nanoparticles by flow cytometric studies,
shown in fig. 6.7. Normally, the apoptotic program is assumed by some specific morphological
features, including mislaying of plasma-membrane asymmetry, bonding and condensation of the
nucleus and cytoplasm, and fractionalization of DNA of inter-nucleosome®. One of the unique earliest
features is the forfeiture of the plasma membrane. During cells belonging to apoptosis, the
phospholipid phosphatidylserine (PS), which is anchored to the membrane deviated from the internal
side to the outer space of the plasma- membrane, therefore demonstrating PS to the outside cellular
environment.

The phospholipid-binding protein, Annexin V, is a special Ca2+ fosterling protein with a
molecular weight of 35-36 kDa. It possesses very high proximity to PS and interacts with cells to
expose PS. Annexin V possibly coalesced with fluorochromes combining fluorescein isothiocyanate
(FITC). Since the manifestation of PS occurs in the early phase of apoptosis, staining with FITC
Annexin V can recognize apoptosis at the early phase compared to assays based upon DNA-
fragmentation. Staining by using FITC Annexin V paves the way for losing membrane integrity and it
initiates the latest stages of cell death, which occurs either from necrotic or apoptotic processes, as
shown in fig.6.8. In this fig., scatter plot shows cytotoxicity studies of tailored Ag nanoparticles
impelled apoptosis on PC-3 Cell monolayer by cell cycle investigation at IC50 concentration for 24
hrs analyzed employing flow cytometry following staining with Annexin v and PI. The findings of this
analysis exhibited, a prominent accumulation of cells when they are in the s phase. The proportion of
apoptosis was evaluated by the grade of cells that are Annexin v*/PI* and Annexin v*/Pl-, which
ultimately activates the apoptotic process. So, FITC Annexin V staining is generally employed in
combination with a crucial dye, for instance, 7- Amino- Actinomycin Dye (7- AAD) or propidium-

iodide (P1) to make it possible for the researchers to recognize early apoptotic cells (Pl negative,
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Annexin V positive). Effective cells containing unscathed membranes prohibit PI. Alternatively,
membranes of dead and injured cells are penetrable to PI. In particular, viable cells are those cells, that
are both-PI1 negative as well as FITC Annexin V negative, showed in fig. 6.9. In this fig., scatter plot
exhibits cytotoxicity studies of tailored silica-coated Ag nanoparticles stimulated apoptosis on PC-3
Cell monolayer by cell cycle investigation at IC50 concentration for 24hrs analyzed employing flow
cytometry. Number of apoptosis-associated cells was estimated employing the percentage of Annexin
v+/P1+ and Annexin v+/PI- cells; which triggers the apoptosis.
FITC Annexin V positive and Pl negative cells are in the stage of early apoptosis. In contrast, late
apoptotic or hitherto dead cells are positive with P1 as well as FITC Annexin V. It is important to
mention that footnoted assay does not discriminate between cells gone through apoptotic death or
contrarily died owing to necrotic- route because, in any case the dead cells are bound to stain with both
Pl and FITC Annexin V. But, if apoptosis is calculated over time then, cells can be mostly traced from
Pl and FITC Annexin V negative (that means alive or not quantifiable apoptosis), to positive with
FITC Annexin V but negative with PI (early apoptotic, presence of membrane integrity), and finally
positive with both- FITC Annexin V as well as PI (that means termination of apoptosis which causes
death), as shown in 6.10.

As mentioned earlier, the maneuver of cells through all these three phases suggests apoptosis.
Even so, this sole monitoring showing cells are twain- Pl and FITC Annexin V positive by itself, does
not show all the information about the phenomenon through which the cells encounter their death.
There is a need for a three-dimensional study of cellular models because almost all of the
pronouncements related to apoptosis to date have been churned out in cell culture system that is two-

dimensional.
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Figure 6.7: Scattergram of cell-cycle analysis by flow cytometry of PC-3 cell control. Here, each dot
specifies a single cell. Side vs forward scatter reveals unstained PC-3 Cell Control. Graphs showing
percentages of (a) live cells (b) in early apoptosis, (c) cells in late apoptosis, and (d) cells in necrosis

were (e) acquired through the autogating operation of flowcyto-software.
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Figure 6.8: Scatter plot showing cytotoxicity studies of tailored Ag nanoparticles impelled apoptosis

on PC-3 Cell monolayer by cell cycle analysis. Graphs showing percentages of (a) live cells (b) in

early apoptosis, (c) cells in late apoptosis, and (d) cells in necrosis were (e) acquired through the

autogating operation of flowcyto-software.

134

Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur



Chapter 6: Evaluation of the Anti-Cancer Potential of Ag Nanoparticles and Ag@SiO:
Nanoparticles

(a) o PC-3 SAMPLE § (b) 3 PC-3 SAMPLE S
CE PR €7
o ' =
g1 El
[=]
TE1 I%‘
% 2
w§_ wg_
g1 g1
h: - W
O_I_'-’Wak.l-}'. - T T T T e LI I ) e ) e e i e e R
0 20 400 800 800 1000 10? 10! 102 10 10t
FSC-H ANNEXIN- V- FITC
(C)S PC-3 SAMPLE § (d) < PC- SAMPLE S
1 23 i ;
2] o 1
. =i
§ ]
T 1 Bl
wg- L
ol Fe-;
a_ 4
o |
© I 1 I 10— 0“' LCLLLLY | 4 Ir'""|2 4 """']3 ' "'""4
100 10! 10° 10? 10% 10 10! 10 10 10
Pl ANNEXIN- V- FITC
(E) g PC-2 SAMPLE S
O:
59-
' |
] M2
& M1
8]
c
=
Q
Qo
=k
o]
=

102
ANNEXIN-V-FITC

100 101

Figure 6.9: Scatter plot exhibiting cytotoxicity studies of tailored silica-coated Ag nanoparticles
stimulated apoptosis on PC-3 Cell monolayer by cell cycle investigation. Graphs showing percentages
of (a) live cells (b) in early apoptosis, (c) cells in late apoptosis, and (d) cells in necrosis were (e)
acquired through the autogating operation of flowcyto-software.

All-inclusive results indicate the emergence of the tremendous potential of silver nanoparticles

and silica-coated silver yolk-shell nanoparticles, having exceptionally worthy in the biomedical field.
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Figure 6.10: Annexin V - PI expression study of the test compounds, Ag nanoparticles, and silica-
coated Ag nanoparticles against PC-3 cell line by employing BD FACS Calibur, Cell Quest™ Pro
Software (Version: 6.0)

Mechanism of action- Ag and core-shell Ag nanoparticles exhibit excellent properties for cancer
therapies. The mechanism of action of Ag nanoparticles (as shown in fig.6.11) against cancerous cells
is dependent upon the multiplication of ROS (reactive oxygen species), straightly (generating O2 via
donating electron to molecular oxygen) as well as incidentally impeding with functions and structure
of mitochondria, which resulted into O2™ cascade by the electron transport chain. Reactive oxygen
species are derivatives of biological oxygen catabolism and consist of hydroxyl radical, hydrogen
peroxide, and superoxide anion.

Under physiological surroundings, such molecules are maintained at minimal levels with the
advantage of antioxidant pool of the cell, becoming important in various signaling routes. However,
the abundance of ROS is associated with oxidative stress. The augmentation in the ROS extent
generated through Ag nanoparticles manifestation prompts cytotoxicity, reduces rate of cell
proliferation, induces destruction of macromolecules and organelles, and eventually leads to cell death.
It is noteworthy to mention that reactive oxygen species inducers are principally crucial for
commanding cancer advancement because tumor cells induce elevated level of ROS in comparison
with healthy(normal) cells, shaping them effortlessly liable to oxidative-stress-prompted destruction,
as shown in Fig.6.7. Ag nanoparticles can activate ROS production which resulted in cell death, this
phenomenon also triggered through disturbing the proficiency of antioxidant molecules in the cells by

the Ag nanoparticles.
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Figure 6.11: Schematic representation of apoptosis induced by Ag nanoparticles®.

6.5. Conclusions

In the present work, rounded silver nanoparticles, and silica encapsulated silver nanoparticles
were decorously modeled, and later on, we mainly emphasized their disease-repelling activities. The
finely prepared nanoparticles were appraised for their anticancer activity in this context. We have
examined the apoptotic activities of both the synthesized nanoparticles by flowcytometry. Notable
strides have been made toward utilising engineered silver and related nanoparticles for prostate in vitro
cancer treatment. Visible morphological alteration was seen after treatment with both the nanoparticles
on the confluency of PC-3 cell monolayer. Silica-coated silver nanoparticles show little effects
compared to the bare silver nanoparticles, attributed to the biocompatible nature of silica. However, it
still shows worthwhile anticancerous activity due to the release of silver ions from the porous silica

layer and silver ions anchored to the layer of the nanoparticles. These studies will focus on
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nanoparticle-cell intercommunication and will also tremendously contribute to the expansion of

improvement in the field of nanomedicine. To conclude, we can state that current work combines

nanotechnology and cancer biology, resulting in potentially potent anti-cancerous agents for a long-

lasting period. It was noteworthy that both nanoparticles have shown effectiveness in anticancerous

eccentricities. So, it is proposed that both of the nanoparticles could be used as therapeutic agents for

anticancer treatments in the future for the purpose of treatment of prostrate cancer.
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7.1. Introduction

In the current era, nanotechnology has gained major attention in medicine because it provides
the excellent advantage of working at the molecular level. With the swift development in the
nanotechnology arena, the implementation of nanoparticles® procured fascination in the biomedical
field. The employment of nanotechnology for rapid disease diagnosis, prevention and treatment is
designated as nanomedicine. Nanomedicine is a very fast-growing area that can transform healthcare.
Among all the nanoparticles, metallic nanoparticles are acquiring attention for their considerable
applications in nanomedicine. Notwithstanding, hardly a few nano-based products elevated from metal
are presently in use for therapeutic purposes.?,® Betwixt-and-between, the silver nanoparticle is the
most promising product because of its excellent antimicrobial properties.*,®> Silver was accustomed to
conserving water since old and is considered the cradle of anti-disease resources by Hippocrates®.
There are proof that, to avert the septicemia of the soldier's wound, Egyptians utilized coins made of
silver during ancient wars.”,® Silver compounds were also used against wound infections during the
First World War.® After reaching the nanoscale, particles of silver have a miraculous change in
physicochemical properties and turn out to have exceptional biological activities.® The uniqueness of
silver nanoparticles broaden their pertinency in anti-bacterial, and anti-fungal therapy.**,12,3

Amid numerous kinds of nanoparticles accessible at the current time, nanoparticles having
core-shell architectonic, possess astounding properties, collaborating multiple functionalities into a
sole hybrid nanocomposite*. Assorted pattern of efforts was given for the study of the anti-cancerous,
anti-bacterial, and anti-fungal effectiveness of silver nanoparticles. Still, scant or no attention is given
to the comparative study of silver and yolk-shell silver silica nanoparticles. On that account, the present
study was focused on learning about the antifungal and antibacterial effects of chemically prepared
bare and coated silver nanoparticles and evaluating a comparative analysis of the activity of both
nanoparticles. Alteration in silver nanoparticle's functionality with silica gives the nanoparticle
idiosyncratic effects, because of the biocompatibility, hydrophilicity, and optical transparency along
with thermal and chemical stability of the silica; unexpectedly in aqueous media also'®. The flexibility
of silica in surface moderation as well as in synthesis demeanour, offers an outstanding edge to the
employment of this material for therapeutic purposes'® because, for the applicability in medicine,
immunocompatibility is a prerequisite condition that will clinch the non-toxic nature of the
material®’,’8,

Antimicrobial chemotherapy®® demands attention because, lately, resistance to antibiotics by
disease-engendering fungus and bacteria has grown at a breathtaking pace and thus become significant
trouble. Bacterial and fungal contaminations are a colossal source of disease. To overcome this

resistance mechanism of pathogenic microbes®, consideration has been given to silver nanoparticles
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as an encouraging tool since they work miraculously on a span of targets in contrast to antibiotics,
which have a particular site of execution?, a possible mechanism has been shown in Fig.7.1.
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Figure 7.1: Schematic representation of different methodologies of AgNPs action on bacteria.?!

Silver nanoparticles showcased magnificent outcomes in detecting and remedying microbial
infections by enabling the pick out of target pathogens, reactive and combinatorial freightage of
antibiotics, successful antibacterial vaccination, and swift detection of pathogens.??

The present study pivots on miraculous antimicrobial activities of silver and silica-coated silver
nanoparticles at odds with disease-causing bacterial and fungal strains like- Escherichia coli (Gram -
ve), Bacillus cereus (Gram +ve), and Candida albicans simultaneously. We selected E.coli because it
is associated with food poisoning, the uppermost cause of urinary tract infection (75% to 95%),3,
seizures, bleeding,*,% confusion, neonatal meningitis,” and even kidney failure.?°,25 2" Bacillus cereus
is also associated with gastrointestinal infection?® whereas Candida albicans infects primarily-
immunocompromised patients and causes candidiasis ,named fungal infection. Detailed anti-bacterial
and anti-fungal studies of both the tailored nanoparticles were brought off. Furthermore, briefly, their
comparative studies were also carried out, pictorial representation is given in Fig.7.2. For anti-bacterial

as well as anti-fungal studies; the disc-diffusion method and MIC-Assay were accomplished.
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Figure 7.2: Schematic showing present work: Fabrication of silver nanopartlcles followed by its

coating with silica. Detailed anti-bacterial and anti-fungal studies of both the engineered nanoparticles
were brought off, furthermore, briefly, their comparative studies were also carried out. For the
observation of anti-bacterial as well as anti-fungal studies; the disc-diffusion method and MIC-Assay

were worked.

7.2. Materials and methods

All the reagents required for synthesising and coating silver nanoparticles were procured from
Sigma. Materials used for experimentation of antimicrobial activity were bought from HiMedia.
Agueous solutions were processed by using sterilized double-distilled water. The reagents/chemicals
employed were of analytical grade, so utilized precisely without additional purification.
7.3. Materials and conditions used for assessment of antibacterial activity of the synthesized
nanoparticles

The agar well diffusion technique was utilized to assay the bactericidal and fungicidal action
of prepared silver nanoparticles and silica-coated silver nanoparticles®. For this purpose, two distinct
strains of bacteria were employed: Escherichia coli (Gram-ve) and Bacillus- cereus (Gram+ve). The
antimicrobial activity of both nanoparticles was calculated and compared with the control
(ciprofloxacin). The microbial culture of bacterial strain was cultivated on nutrient broth and

subsequently dabbed on Petri dishes consisting of agar media. Three wells were drilled onto the agar
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facet utilizing an autoclaved well-cutter in each Petri plate. Afterwards, suspension of both the
nanoparticles (1ml; 0.5mg/ml) in the first plate and (Iml; 1mg/ml) in the second plate were swaged
into each of the two wells of the Petri plates, and 40 pl of standard drug ciprofloxacin, were
supplemented. All of the plates were then incubated at 37°C straight for 24 hours. Subsequently, the
antibacterial activities of both nanoparticles were corroborated by considering the zone of inhibition
(in mm) fabricated surrounding the well.

The minimum inhibitory concentration (MIC) assay! was also exercised to unearth the
antimicrobial efficacy of nanoparticles. For this experiment, five multifarious concentrations of
nanoparticles were taken(10pg/ml-50pg/ml).

7.4. Materials and conditions employed for assessment of antifungal activity of the synthesized
nanoparticles.

The fungicidal action of both the nanoparticles was decided via employing the Kirby - Bauer
agar-well disc diffusion method?!. Stock fungal strain of Candida albicans was put together and
maintained in a media solution. Emended media for Candida albicans (i.e., Dextrose + peptone +
NH4H2PO4 + KNO3 + CaCl, and agar) liquified in double-distilled water. The prepared media was
then autoclaved at 15 Ibs pressure for 15 minutes at 121°C. The standard drug Itraconazole was used
as a control. We employed two different concentrations of both nanoparticles to examine their
antifungal activities.

Similarly, like in antibacterial studies, a minimum inhibitory concentration (MIC) assay was
used to discover the antifungal effects of nanoparticles. The colloidal nanoparticles were diluted to
acquire the finishing concentration extending from 50ug/ml to 10ug/ml and then added to the
microtiter plates. Then it was inoculated for a whole 1 day. The fungal growth was reckoned by
observing absorption (OD) at 600nm using a microtiter plate.

7.5. Results and discussion

Even though there is an incredible pace of development in the field of nanoscience, relatively
very few details are accessible about the upshot of the nanoparticle conjugation process with microbes
and their following consequences. Nowadays, various nanoparticles have been utilised as a drug
vector, but their synergistic effect inside the human body has not been prophesied completely.

7.5.1. Antibacterial activity

These days, nanoparticles are very favored among researchers as materials that can kill
microorganisms®2. The benefit of wielding nanoparticles is the insufficiency of confrontation of micro-
organisms to their functioning system and majestic application chances. Both the synthesized
nanoparticles were highly efficacious in two of the above-mentioned conditions. Owing to the same

reason, the bactericidal ramifications of both the nanoparticles opposed to multi-drug resistant bacteria,
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challenge and attracts researchers to move forward with this work because of lofty surface-area to
volume proportion and extraordinary physical and chemical qualities.

The swift reproduction period of bacteria is among the prominent causes of bacterial
infections®. Nevertheless, the same reason could be an exemplary strategy to obstruct the viable
infection because silver and its related nanoparticles are very fruitful in restraining microbes and have
lethal effects on bacteria in a dose and time-dependent fashion®4. Here, an improvised agar-well
method was employed in order to appraise the antibacterial action of both nanoparticles, displayed in
Fig.7.3. Two distinct bacterial strains were taken for this purpose, i.e. Escherichia coli (Gram -ve) and
Bacillus cereus (Gram +ve)*®. The nanoparticles were allowed to interact with the bacterial strains in
a freshly seeded plate containing medium. 25ml sterile nutrient -agar was sowed in each Petri-plate
using a glass rod along with day aged culture of gram +ve and gram -ve bacterial strains distinctly.

In each of the Petri plates, three wells were grooved onto the agar facet, by using an autoclaved
well-cutter. Subsequently, 40 pl of standard drug ciprofloxacin and suspension of both the
nanoparticles (1ml; 0.5mg/ml) in the first plate and (Iml; 1mg/ml) in the second plate protruded into
each of the two wells of the Petri-plates were augmented. Afterwards, every plate was inoculated.
Eventually, the antibacterial activities of both nanoparticles were validated by calculating the zone of
inhibition (in mm) formed around the well, as displayed in table no.7.1 and table no.7.2. It was
unearthed from the results, the bacteria that were employed for the experiment died even by using a
low concentration of silver along with silica-coated silver nanoparticles and in a shorter time duration.
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Figure 7.3: Anti-bacterial activity of nanoparticles against (a) Gram-positive bacteria Bacillus cereus
by employing concentration 1 and (b)concentration 2. (c) anti-bacterial activities of both the
nanoparticles at concentration 1 (0.5mg/ml) against Gram-negative bacteria Escherichia coli; (d) at
concentration 2 (Img/ml).

The minimum inhibitory concentration (MIC) assay was harnessed to discover the minutest
concentration of synthesized nanoparticles against bacterial strains, which is exhibited in Fig. 7.4 as
well as in table nos.7.1 and 7.2. MIC assay has been carried out by repeating the experiment five times,
using different concentrations (10ug/ml- 50pg/ml) of nanoparticles. The lethal effects of both the
nanoparticles against bacteria are almost alike or minutely less just in the case of coated nanoparticles.
The results obtained from MIC are in virtuous agreement with the disc diffusion results. Results are
shown here in the following table-

Table 7.1- Inhibition zone diameter (mm) induced by Ag NPs and Ag@SiO2NPs by employing

two different concentrations against Gram -ve bacteria.

Escherichia coli (Gram -ve)
Sample | Drug vol. | Control AgNPs Ag@SiO2NPs
Name (mmzstandard (mmzstandard | (mmzstandard
deviation) deviation) deviation)
Conc.1(0.5mg/ml) | 19+£0.5 17+1 10+1
Conc.2(1mg/ml) 221 20£1 17+1

Table 7.2- Inhibition zone diameter (mm) induced by Ag NPs and Ag@SiO2NPs by employing

two different concentrations against Gram +ve bacteria.

Bacillus cereus (Gram +ve)
Sample | Drug vol. | Control AgNPs Ag@SiO2NPs
Name (mmzstandard (mmzstandard | (mmzstandard
deviation) deviation) deviation)
Conc.1(0.5mg/ml) 23+1 20+1 10+1
Conc.2(1mg/ml) 24+1 2242 21+1
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Figure 7.4: Minimum inhibitory concentration (MIC) against Gram-positive bacteria Bacillus cereus;
Ag nanoparticles (denoted in red-colored bars) and Silica coated Ag nanoparticles (shown in black-
colored bars). (b) - MIC against Gram-negative bacteria- Escherichia coli for measuring the activity
of Ag nanoparticles (indicated in the red-colored bar) and Silica coated Ag nanoparticles (displayed in
black-colored bars); (c) - Minimum inhibitory concentration (MIC) against Fungus, Candida- albicans;
Ag nanoparticles (denoted in red-colored bars) and Silica coated Ag nanoparticles (shown in black
colored bars).

Mechanism of action- There is a typical difference between the structure of the cell wall of Gram
+ve and Gram -ve bacteria, as displayed in Fig.7.5. Gram -ve bacteria possess a distinguished
cytoplasmic membrane, an outermost membrane having a fine peptidoglycan surface as well as an
external layer containing lipopolysaccharide conversely Gram +ve bacteria possess broad
peptidoglycan covering accompanying teichoic acid®. Because of this difference in the cell wall,
nanoparticles (silver and silica-coated silver nanoparticles) behave differently on Gram + ve and Gram

- ve bacteria®’. In spite of the fact that the technique by which nano-scaled silver and its associated
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nanoparticles work are not completely known, there are few possible common mechanisms on which

the toxicity of nanoparticles works®®, as mentioned here-
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Figure 7.5: Possible bactericidal process of Ag Nps in Gram +ve and Gram —ve bacteria®®,

-Both the nanoparticles interact with bacterial proteins by merging the potent effects of thiol (SH)
groups, which induces the appeasement of the proteins, and leads to bacterial inactivation.*® 3!
-Because of the electrostatic attraction and rapport with sulfur proteins, ions of nanoparticles can
cohere with the cell wall as well as with the cytoplasmic - membrane.
-Formation of ROS (reactive oxygen species) through the nanoparticles.*
-Disordering of DNA and ATP production due to intake of free silver ions®. As we know, silver
nanoparticles regularly release silver ions, which was supposed to be the process of killing
microorganisms.
7.5.2. Antifungal activity

Fungi cause various frantic diseases and remedy of such infection is very necessary because
common drugs (amphotericin B, Nystatin, itraconazole, etc) available on the market used for treatment
cause severe aftereffects such as liver and renal dysfunction®®*2, Antifungal pursuit of both the
nanoparticles was availed by Kirby - Bauer agar- well disc diffusion method*?, as displayed in Fig.7.6.
Table no.3 shows that the stock fungal strain of Candida albicans was put together and maintained in
a media solution. Emended media for Candida albicans (i.e., Dextrose + peptone + NH4H2PO4 + KNO3

+ CaCl and agar) liquified in double-distilled water. The well-prepared media was autoclaved at 15
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Ibs pressure for 15 minutes at 121°C. The standard drug Itraconazole was used as a control. To explore
their antifungal activeness, we implemented two varied concentrations of bare Ag nanoparticles and
silica-encapsulated Ag nanoparticles. Ag nanoparticles exhibited towering antifungal- action in
comparison to Ag@SiO2 nanoparticles. The control exhibits 14mm and 13mm of inhibition zone by
using the first and second concentrations, respectively, as shown in table no.7.3. Ag nanoparticles
show an inhibition zone of 13mm when using the first concentration, whereas Ag@SiO2 nanoparticles
show a 12mm zone of inhibition. On the other hand, by using the second concentration, Ag
nanoparticles and Ag@SiO, nanoparticles show 11lmm and 10mm of the zone of inhibition
respectively.

The MIC assay of nanoparticles was also evaluated against Candida albicans, shown in Fig.7.5
(c). Colloidal nanoparticles were diluted to attain the final concentration extending from 50ug/ml to
10pg/ml and further prefixed in the microtiter plates. Then it was kept for incubation at 37°C for 24
hours. The growth of the fungus was calculated by observing absorption (OD) at 600nm with the help

of a microtiter plate.
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Figure 7.6: Anti-fungal activity of nanoparticles against Candida albicans (a) using positive and
negative control. (b) On concentration 1, (c) On concentration 2.
Table 7.3- Inhibition zone diameter (mm) induced by Ag NPs and Ag@SiO2NPs by employing

two different concentrations against Candida albicans.

Candida albicans
Sample | Drug Control AgNPs Ag@SiO2NPs
Name vol. (mmzstandard (mmzstandard (mmzstandard
deviation) deviation) deviation)
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Conc.1(0.5mg/ml) | 13+1 11+1 10£1
Conc.2(1mg/ml) 13+£0.5 9+1.1 12+0.5

7.6. Conclusions

The current section emphasizes spherically shaped bare silver nanoparticles and decorously
modelled silica-encapsulated silver nanoparticles, further explaining their disease-repelling activities.
In this respect, the properly prepared nanoparticles were appraised for their specific antibacterial and
antifungal pursuit. Silica-coated silver nanoparticles show diminutive effects as compared to the bare
silver nanoparticle, attributed to the biocompatible nature of silica. However, still, shows worthwhile
antimicrobial activity because of the delivery of silver ions via the penetrable silica layer as well as the
ions of silver inclined onto the nanoparticles. These studies will focus on nanoparticle-microbe
interactions and will also tremendously contribute to the expansion of improvement in the field of
nanomedicine. In short, the present chapter put together nanotechnology and microbiology
contributing to potent anti-bacterial and anti-fungal agents for a long-lasting period. It was interesting
to note that both nanoparticles have aced the effectiveness on antimicrobial queernesses.
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Chapter 8: Summary and Conclusion

8.1. Recommendations

Detection of CEA levels in adults is crucial for early diagnosis of cancer. Immobilization of
immunoreagent onto the surface of the electrode is the fundamental aspect of the fabrication of an
efficient electrochemical immunosensor. Recently, indium-tin-oxide (ITO or InSnOx) coated glass
substrate is a miniaturized lab-on-a-chip related concept that is an n-type highly degenerated and wide
energy gap semi-conductor, which is sturdy and metamorphic. The application of ITO electrodes is
acceptable based on their user-friendly characteristics: their unique optical transparency, wide
electrochemical working window, high electrical conductivity, excellent substrate adhesion, stable
electrochemical and physical properties, conveniently etched, patterned, micro arrayed, and low cost.
The use of ITO for sensing applications can be prominently enhanced by introducing nanoparticles on
its surface. Metal nanoparticles provide a biocompatible microenvironment for biomolecules and
significantly increase the surface-to-volume ratio of an immobilized biomolecule on the electrode
surface, ultimately influencing electrical signal enhancement. Analysts in nano biosensors are always
enthusiastic about finding new materials with suitable properties to enhance the behaviour of
biosensors. Composite nanoparticles are suited to form a continuous electric field and increase the
transferred ratio of electrons compared to single nanoparticles. So, they can effectively fasten the
regeneration process of sensors.

Nanocomposite materials display unique qualities: optical, catalytical, quantum size effect,
electrochemical properties, etc. The employment of such hybrid nanomaterials administers the mixture
of extraordinary anti-microbial, anti-cancerous, and physicochemical qualities of compounds,
resulting in better signals while detecting antigens. Yolk-shell-based silica-coated silver nanoparticles
are prominently used in the biomedical field along with bare silver nanoparticles for various biological
applications. The antibacterial and anticancerous effectiveness of AgNPs is enhanced based on their
wide-reaching whole surface area per unit volume.

Detailed anti-cancerous, anti-bacterial and antifungal studies of both the engineered
nanoparticles were brought off. Furthermore, briefly, their comparative studies were also carried out.
In general, Ag NPs release their ions under specific physiological conditions. Such ions assemble on
the functional (phosphoryl-, sulfhydryl-) enzymatic groups and proteins, which are prominent for the
intrinsic metabolism of bacterial cells. As a result, vital enzymes become inactivated and
deoxyribonucleic acid drops its ability to replication, and changes in the cell membrane structure take
place. Therefore, bacteria and fungi were inactivated also. For anti-bacterial as well as antifungal
studies; the disc-diffusion method and MIC-Assay were worked. For the observation of anti-cancerous

activities, an MTT assay has been executed. Additionally, the determination of apoptotic cells was
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found by flow cytometry. The grounds of the present study are to combine the advantages of metal
nanoparticles, i.e., silver, with silicon dioxide (SiO.) on an ITO flat substrate to design a novel
electrochemical immunosensor for sensitive and selective detection of CEA. Along with this, the
current study also highlights the antibacterial, antifungal, anti-cancerous properties of silver and silica-
coated silver nanoparticles in a comparative way.

8.2. Competent component of the thesis

The prepared silver nanoparticles were obtained through an improvised chemical reduction method by
employing trisodium citrate dehydrate (NasCeHs07.2H20) as a capping and reducing factor. The
layering of silica on the outer surface of silver was implemented by a modified "Stober”(sol-gel)
procedure. Silica provides a biocompatible environment. UV-Vis-spectrum, FTIR, XRD, SEM, EDX,
TEM, RAMAN, DLS-histogram, Zeta potential, AFM distinguished the structure & properties of Ag

nanoparticles and silica-coated Ag nanoparticles, as it is displayed in the Fig 8.1.
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Figure 8.1: Schematics of the present work.
The UV-visible spectroscopy exhibited that the Ag nanoparticles showed a sharp characteristic
peak at 420 nm in UV-visible absorption spectra. After the deposition of the silica layer on Ag

nanoparticles, the peak shifted to a longer wavelength. The shell thickness after coating with silica in
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terms of SPR (surface plasmon resonance) signal was attributed to the growing local refractive index
of the nanoparticles. Due to this, red shifting of the peaks took place. XRD diffraction was used to
determine the difference in the crystal structure between the two nanoparticles. XRD formats of both
nanoparticles were documented in the range of 10° to 80°. There are three characteristic diffraction
peaks at 38.2°, 44.03°, and 64.2°, which are analogous to the (111), (200), and (220) Bragg reflections
of face-centered-cubic (fcc) crystal shape of silver nanoparticles were visible. The peaks at (200), and
(220) planes were slighter intense whereas, the peak located at (111) planes was more intense. The
frail and extensive peak at 20 values of around 22° can be designated to a definite layer of silica.
Measurement of functional groups were carried out by FTIR analysis in the colloidal solution. The
sole purpose of FTIR was to study the formation of silica layer on the Ag nanoparticles. When we
observe the FTIR of Ag nanoparticles, there are visible pics on 1637.73 cm™, 2119.06 cm™ and at
3331.39 cm™. And in the FTIR of Ag@SiO, nanoparticles, the data revealed that the peaks attributed
to 1638.48 cm™ and 2123.94 cm™ may be ascribed to the presence of silica on the surface of particles
(Si-O-Si and Si-0). In addition, the band at 3340.79 cm™ were ascribed to C-N stretching which
represents the aliphatic amine. RAMAN-spectroscopic assessment was implemented to learn the
nanoparticles' vibrational characteristics. It was found that the synthesized particles exhibited good
stability. Ag nanoparticles exhibited two significant peaks at approximately 1569 cmand 1396 cm,
whereas Ag@SiO, nanoparticles show much smaller scattering at 1630 cm™and 1328 cm™.

The TEM interpretation was executed to examine the configuration and volume of the Ag
nanoparticles and Ag@SiO, nanoparticles. The operating voltage was between 20 to 200 kV with
resolution 2.4 A°. There was extensive size distribution of the silver nanoparticles, started from 30 to
100 nm with mean size of 50 nm and the average size of Ag@SiO2 nanoparticles was 80 nm.

Topological studies of both the nanoparticles were observed by AFM on glass-slides. AFM
micrographs illustrate the matching height description of the prepared silver and Ag@SiO>
nanoparticles. The maximal number of Ag nanoparticles are detected in the size span of 30 to 80nm.
There are several larger particles are also present according to the study of AFM data, but as followed
by histogram scanning their number is bounded. As suggested by line analysis, the height profile of
the nanoparticles is in the same span, as confirmed by TEM analysis. The AFM images show that once
coated with silica, the size of the nanoparticles extended, i.e. approx—80 nm.

The stability of both nanoparticles was measured in terms of zeta potential using a zeta sizer.
The prepared colloidal nanoparticles are maintained by a net negative charge on their facet and stay in
solution caused by joint electrostatic-repulsive force. It is understood that because the adherent citrate

ions Ag nanoparticles have a negative charge, simultaneously due to this, a repulsive potential drives
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the particles to prevent aggregation. Hence, there is no need for any additional stabilizing agent, and
particles in the suspension remain steady. It was found that incorporating even a tiny quantity of silica
promptly reduces the zeta potential. The colloidal stability of the Ag nanoparticles is -27.7mV and
Ag@SiO; nanoparticles are -21.7mV.

The hydrodynamic diameter of Ag nanoparticles was determined using a dynamic-light-
scattering (DLS) experiment. DLS of Ag nanoparticles colloidal solution commences from 10 to 200
nm, besides a mean volume of 50nm. While, the DLS of the Ag@ SiO2 nanoparticles colloidal solution
were in the range of 50 to 200nm, besides a mean diameter of 80nm. The DLS results are almost
similar to the TEM results.

The electrochemical experiments related to the fabrication of immunosensors were carried out
by cyclic voltammetry (CV) studies. Electrochemical-impedance spectroscopy (EIS) was also part of
the study and has been implied to observe the electron transfer resistance. It is a label-free technique
to determine antigen-antibody interactions on the electrode surfaces by measuring their capacitance
and interfacial charge transfer resistance. As soon as a target protein binds to the pre-functionalized
probe surface, the electrode—solution interface impedance changes, and these changes are detected
electrically over a range of measurement frequencies.

There are several experimental specifications which needed to be optimized in order to
manufacture an immunosensor. The antigen concentration (CEA) was optimized first to enrich the
sensitivity. It was unveiled that even with such low concentrations of CEA, well defined voltammetry
peaks can be found. Furthermore, with the rise in the concentration of CEA, the peak-current intensities
lengthen. Whereas significant enhancement of the concentration of CEA, leads to a high signal, and it
also followed the towering background at a similar time because of the non-specific adsorption
process. It was monitored that the current scale versus CEA is straight from the span of 0.5 ng/ml to
10 ng/ml, and it is appropriate for the computable task.

The highest signal-to-noise proportion was conceivably attained with 10 pl of CEA
concentration. So, 10 ul of antigen was chosen as the optimized condition. The limit of the detection
of this procedure was considered to be 0.01ng/ml. The string of 6 repeated quantifications in addition
to CEA-concentrations of 0.5ng/ml to 10ng/ml was taken.

The electrochemical reactions that occur in an immunosensor have greatly influenced the pH
of the detection suspension. Protein denaturation can occur if pH is unsuitable. The pH of the solvent
buffer was explored thoroughly to obtain an excellent electric-current signal. Maintaining the CEA-
concentration persistent (10 ul), the outcome of the pH value of the buffer solution on the intensity of

the current was calculated by keeping the span of the pH from 5.0 to 6.0 and after reaching maximum
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current at pH 6.0, the intensity of the current reduced correspondingly once the pH-value elevated from
6.0 to 7.5. This suggests that pH 6.0 is more advantageous to the current response of the sensor
assembly system. So, pH 6.0 was selected as the most favourable value. By using PBS buffer at pH
6.0, precisely elaborated cyclic voltammogram and satisfactory response to CEA were perceived.

By maintaining the concentration of the CEA-20ng/ml, the impact of time of the incubation was
examined in the period of 0-30 min. It was observed that, within the first 17 min., Al quickly elevated,
and once the incubation time was longer than 17 minutes, it came to a constant value. So, 17min was
identified as an excellent condition for incubation. Considering practicability in a genuine way of life,
the room temperature was selected to carry on all the experiments.

Agar well diffusion technique was employed to assay the antibacterial and antifungal activity
of the prepared silver nanoparticles and silica-coated silver nanoparticles. For this purpose, two distinct
bacterial strains were used, i.e. Escherichia coli (Gram -ve) and Bacillus- cereus (Gram +ve). And the
antimicrobial activity of both nanoparticles was calculated compared with the control (ciprofloxacin).
Two concentrations from the suspension of both nanoparticles were taken for analysis. Subsequently,
the antibacterial activities of both nanoparticles were corroborated by considering the zone of
inhibition (in mm) fabricated surrounding the well.

The minimum inhibitory concentration (MIC) assay was also exercised to unearth the
antimicrobial efficacy of nanoparticles. For this experiment, five multifarious concentrations of
nanoparticles were taken (10pg/ml-50ug/ml).

The antifungal maneuvre of Ag nanoparticles and Ag@SiO2 nanoparticles was decided by
employing Kirby - Bauer agar-well disc diffusion method. The stock fungal strain of Candida albicans
was put together and maintained in a media solution. We employed two different concentrations of
both nanoparticles to examine their antifungal activities. Similarly, like in antibacterial studies, a
minimum inhibitory concentration (MIC) assay was used to discover the antifungal effects of
nanoparticles.

To analyze the cytotoxic activity of colloidal silver and silica-coated silver nanoparticles, MTT
(3-(4, 5-dimethyl thiazolyl-2)-2, 5-diphenyltetrazolium bromide)-assay was used by utilizing PC-3
cells. The assay computed the pace by which the cell proliferate and contrastingly metabolic set of
events occurs which resulted in necrosis or apoptosis. Five different concentrations (10, 20, 40, 60, 80
ug/ml) of test-sample (nanoparticles) were taken to carry out the analysis. Finally, the absorbance was
calculated by utilizing a microtiter plate reader at two different wavelengths i.e., 570nm as well as at

630nm. The growth inhibition percentage was evaluated by analyzing the nanoprarticles' potency to
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inhibit the cell growth by 50% (1C50value.). Additionally, apoptotic studies of both the synthesized
nanoparticles were carried out by flow cytometric studies.

8.3. Conclusions

1] Silver colloidal solutions were synthesized following the chemical reduction method via the altered
version of the already known Turkevich method.

2] Encapsulation of silver nanoparticles with silica was accomplished by improvised Stober method
followed by characterization of silver nanoparticles and silica-coated silver hybrid nanoparticles.
e The UV-visible spectroscopy revealed a sharp characteristic peak and after accumulation of  the

silica layer on Ag nanoparticles, the peak moved towards a longer wavelength.

e The UV-visible spectroscopy revealed a sharp characteristic peak and after accumulation of  the

silica layer on Ag nanoparticles, the peak moved towards a longer wavelength.

e XRD diffraction was employed to regulate the difference of the crystal structure betwixt the two
nanoparticles. It also exhibited the phase purity of both synthesized nanoparticles. The synthesized

nanoparticles are crystalline having a spherical structure.

e FTIR, EDX, and RAMAN-spectroscopic evaluation were implemented to learn the functional
groups, chemical composition, and vibrational characteristics of the nanoparticles respectively. It was

discovered that the prepared nanoparticles displayed good stability.
e EDX confirmed the purity of both the nanoparticles.

e The TEM and SEM interpretations confirmed the spherical size of both the nanoparticles, and it was

clearly visible that the silica shell consistently encapsulates silver core particles.
e The dynamic-light-scattering (DLS) assessment are nearly identical to the TEM results.

e Topological characterization (AFM) of both the prepared nanoparticles demonstrates the matching
height elucidation, and the height profile of the nanoparticles is in the same range, as confirmed by

TEM investigation.

e [t is noteworthy to mention that all of the characterization techniques divulged the average size of

the Ag nanoparticles and Ag@SiO2 nanoparticles were 50 nm and 80 nm simultaneously.
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e The steadiness of both the prepared colloidal nanoparticles were computed in terms of zeta potential.
The synthesized nanoparticles sustained a net negative charge on their surface and remained in a
solution prompted by joint electrostatic-repulsive force. Both the synthesized nanoparticles manifest
good stability and later employed for medical and health care applications due to their exceptional
chemical and physical properties.

3] The electrochemical disposal immunosensor was fabricated by immobilizing anti-CEA onto
Ag@SiO2 nanoparticles encapsulated 1TO solid surface for the specific detection of CEA.

e The presence of silica-coated silver nanoparticles on the flat surface of the electrode, gives an
excellent voltammetric advantage, fine stability, and noteworthy biocompatibility towards the

detection and additionally gives extensive binding sites for the involved immune reactions.

e A potent interconnection between the response of the stripping current of the altered ITO flat surface
and the particular logarithmic rate of the concentration of CEA was established extended from 0.5ng
mL™* to 10ng mL* with the minimum detection limit of 0.01ng/ml.

e This empirical, low-cost, and flexible electrochemical immunosensor allows a more uncomplicated
immunoassay for the detection of CEA, which can provide the goal of CEA detection in clinical
analysis in the future and such strategy could be utilized to manufacture immunosensors for other

aimed targets also.

4] Detailed anti-bacterial and anti-fungal studies of both the engineered nanoparticles were brought
off, furthermore, briefly, their comparative studies were also carried out. For the observation of anti-

bacterial as well as anti-fungal studies; the disc-diffusion method and MIC-Assay were worked.

5] We have examined the anticancerous activities of both the synthesized nanoparticles by
flowcytometry. Visible morphological alteration was seen after treatment with both the nanoparticles
on the confluency of PC-3 cell monolayer. Silica-coated silver nanoparticles show little effects
compared to the bare silver nanoparticles, attributed to the biocompatible nature of silica. However, it
still shows worthwhile anticancerous activity due to the release of silver ions from the porous silica
layer and silver ions anchored to the layer of the nanoparticles. These studies will focus on
nanoparticle-cell intercommunication and will also tremendously contribute to the expansion of
improvement in the field of nanomedicine. So, it is proposed that both of the nanoparticles could be
used as therapeutic agents for anticancer treatments in the future for the purpose of treatment of

prostrate cancer.
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8.4. Summary of thesis

Chapter 1 describes all the necessary information about nanoparticles and brief knowledge of
nanotechnology, the history of nanoparticles, classification of nanoparticles based on dimension,
origin as well as on morphology, consolidation of nanotechnology and life sciences, the influence of
nanotechnology on life sciences, their impact on the diagnostic field, the influence of nanotechnology
in the field of drug-delivery, influence in tissue-engineering, synthesis of silver nanoparticles, various
chemical synthesis routes of silver nanoparticles and silica-coating method of silver nanoparticles.
Chapter 2 gives detailed information about hybrid nanoparticles and approaches to the synthesis of
hybrid nanoparticles, components involved in designing hybrid nanostructures, hybrid silver
nanoparticles and nanostructures- nanowires, nanospheres, and nanocubes, various modes of synthesis
of hybrid silver nanostructures- etching method, double-reductant method, synthesis of silver core-
shell nanoparticles- organic coated hybrid silver nanoparticles, inorganic coated hybrid silver
nanoparticles, core-shell nanoparticles with the metal core, bimetal nanoparticles or metal core metal-
shell nanoparticles, applications of hybrid silver nanoparticles- antibacterial effectiveness of hybrid
silver nanoparticles, anticancerous approaches of hybrid silver nanoparticles, hybrid silver
nanoparticles applications in detection.

Chapter 3 describes characterization techniques used to determine the chemical and physical
properties of silver nanoparticles and silica-coated silver nanoparticles. This chapter also deals with
the techniques involved in the study of antimicrobial and anticancerous activities of silver
nanoparticles and silica-coated silver nanoparticles.

Chapter 4 deals with the synthesis methods of silver and silica-coated silver nanoparticles. It also
covers the physical and chemical studies of silver and silica-coated silver nanoparticles.

Chapter 5 introduces the design and fabrication of an electrochemical immunosensor based on
carcinoembryonic antigen (CEA). Optimization of experimental condition during fabrication of
immunosensor. Characterization of immunosensor by cyclic-voltammetry and electrochemical
impedance spectroscopy as well as morphological studies by scanning electron microscopy.

Chapter 6 deals with the evaluation of the anti-cancer potential of silver nanoparticles and silica-
coated silver nanoparticles. It covers the cytotoxic studies of both the nanoparticles by MTT (3-(4, 5-
dimethyl thiazolyl-2)-2, 5-diphenyltetrazolium bromide) colorimetric assay. This chapter also deals
with the programmed cell death mechanism induced by silver nanoparticles and silica-coated silver

nanoparticles.
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Chapter 7 focuses on comparative antibacterial and antifungal studies of silver nanoparticles and
silica-coated silver nanoparticles. Both nanoparticles were utilized in different concentrations.
Antibacterial activity was performed against Gram —ve bacteria- Escherichia coli and Gram +ve
bacteria- Bacillus- cereus. Whereas, antifungal activities were studied against fungal strains of Candida
albicans. For the study of antibacterial and antifungal activities-disk diffusion method and minimum
inhibitory concentration, methods were employed.

Chapter 8 deals with the summary, conclusion as well as recommendations of the thesis.

8.5. Future scope of the thesis
Silver and silica-coated silver nanoparticles: For therapy (Alternative to commercially available
anti-cancerous drugs and drug-resistant microorganisms)

The Synthesized silver and silica-coated silver nanoparticles possess great anticancerous and
antimicrobial activity. Furthermore, they are biocompatible. For the treatment of various infections
rendered by drug-resistant fungi and bacteria, silver and silica-coated silver nanoparticles can be
employed as an effective antimicrobial candidate alternatively than the employment of conventional
old antibiotic therapies to cure infections. Apart from this, both synthesized nanoparticles are also
effective against cancerous cells and can be utilized as a potential anticancerous agent.

Silver and silica-coated silver nanoparticles: For diagnosis (early detection of life-threatening
disease)

The synthesized nanoparticles detected CEA (carcinoembryonic-antigen) by fabricating an
immunosensor. The sensor fabrication method by utilizing the prepared nanoparticle is more beneficial
than that of another electrode because it is made from a low-cost ITO (Indium tin oxide) flat substrate,
and it can be reproduced in batches. This direct, cost-effective, and flexible electrochemical
immunosensor makes possible a more economical and straightforward immunoassay for CEA, which
can enable the detection of CEA. It can serve the purpose of CEA detection in future clinical diagnosis,

and this strategy could also be used to develop immunosensors for other targets.

166
Centre for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur



	References
	2.1. Introduction
	2.2. Coated silver nanoparticles and structures
	2.4. Modes of synthesis of coated Ag nanostructures
	2.4.2. Hydrogen peroxide


