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Abstract

Cancer is the second leading cause of death all over the world due to its high incidence,
uncontrolled cell growth and recurrence/relapse. Traditionally, tumor resection and
chemotherapy is of prime interest while treating cancer but they result in non-specific drug
accumulation, systemic damage and resistance to these therapies. Among a variety of
nanomaterials, metallic nanoparticle such as gold nanoparticles have gained much
importance in past few years due to their applications in cancer theranostics and
pharmaceutical industries. Gold Nanorods have gained importance recently due to their
shape and unique optical and anisotropic properties. In this study, Seed-mediated approach
was used for their synthesis. These nanorods were further verified by UV/Vis spectroscopy,
X-Ray Diffraction patterns and Fourier Transformed Infrared spectroscopy. Morphology
and size were measured by microscopic analysis such as Scanning Electron Microscopy.
Antimicrobial activity of gold nanorods was performed against strains of Escherichia coli,
Staphylococcus aureus and Klebsiella pnuemoniae. The synthesized nanomaterials were
identified as rod shaped with a size of around 50-100nm. FTIR spectra also indicated the
presence of hydroxyl (OH), aliphatic groups, amide, stretching inorganic carbonate (-C=0),
and alkyl halide functional groups on the AuNRs surface The activity of Gold Nanorods
against 3 bacterial strains have shown promising results. DPPH inhibition assay revealed
scavenging ability of nanorods compared with ascorbic acids at different concentrations.
The in vitro evaluation of 4-Hydroxytamoxifen (4-OHT) and Hif 1-alpha inhibitor
conjugation with Gold nanorods was carried out on MCF-7 breast cancer cell line through
MTT assay. The therapeutic activity of drugs conjugated with AuNRs was slightly
enhanced. These results provide rationale for further progress of AuNRs-assisted

combination chemotherapy.



Chapter 1

Introduction

Nanotechnology refers to the field of advanced technology which deals with the particles
of size less than 100nm (McNeil, 2005; Poole Jr & Owens, 2003). With advent of
nanotechnology, new era of research began with wide range of applications in engineering,
cosmetic, textile, hardware and mechanical industries (Bulus, Bulus, & Yakuphanoglu,
2020; Dikshit et al., 2019; Hameed et al., 2019; Krifa & Prichard, 2020; Ye et al., 2018). It
is now being developed in biomedical applications including drug delivery, biosensors,
medical equipment and bioimaging (Altintas, 2017; Corsi et al., 2018; Hu et al., 2018; Yao
et al., 2018). Nanotechnologies are also widely being explored in environmental
applications and to combat effects of climate change (Corsi et al., 2018).

Nanomaterials are one of the most advanced materials used in present technologies (Lu &
Astruc, 2020). Nanomaterials can be organic, inorganic or composite based (Khan, 2020).
Nanoparticles are widely known to show unique physical and chemical properties
depending on their size such as, optical, thermodynamic, magnetic, and electrochemical
properties (Khan et al., 2019; Nikzamir et al.. 2021; Zhou et al., 2021). Organic
nanoparticles have their structure similar to biological membranes and possess wide range
of advantages such as biocompatibility and easier delivery methods through liposomes,
dendrimers, micelles and by use of protein/peptide-based carriers (Y. Shi et al., 2017; Zhou
et al., 2021). Inorganic nanoparticles however are very important owing to their magnetic,
fluorescent, optical and electronic properties. They include ceramic magnetic quantum
dots, polystyrene and metallic nanoparticles having central core of inorganic substances
that give characteristic properties to particular structure (Pugazhendhi et al., 2018; G. Yang
etal., 2019).

Inorganic nanoparticles includes both metallic and non-metallic nanoparticles that are
being widely used and both of them have their respective advantages (Choudhary et al.,
2020; Choudhury & Goswami, 2017; Patil & Kim, 2018). However, in biological systems
metallic nanoparticles are widely used due to their potential applications in theranostics
such as development of efficient drug delivery system and non-invasive imaging which
gives them clear advantage over conventional pharmaceutical agents (Dayem et al., 2017;

Cheetham et al., 2020; Huang et al., 2020). Once administered in biological systems these
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nanoparticles can be used to facilitate bio-imaging using variety to techniques such as X-
ray, computed tomography, bone scan, magnetic resonance imaging and positron emission
tomography (McNamara & Tofail, 2017; Mousavi et al., 2020). Commonly used metallic
nanoparticles are gold (Au), iron (11, 111) oxides (Fe203, Fe304, FeO), nickel (Ni), silver
(AQg), gadolinium (Gd), titanium dioxide (TiO2), platinum (Pt) and zinc oxide (ZnO)
(Ghaffari & Dolatabadi, 2019). Metallic NPs are preferred in various fields. They are easily
synthesized, have large surface area to volume ratio, and other remarkable properties such
as enhanced permeability, higher stability, wide range of chemical modification and
retention of solutes, that make them promising materials in wide range of fields (N’Konou
& Torchio, 2019; Sardoiwala et al., 2018). Not only these metals used have advantages but
they can also be conjugated with several chemical and biological functional groups such as
drugs, enzymes, receptors, ligands and antibodies, hence imparting wide window of
modification that can be explored in biotechnology (Evans et al., 2018; Oliveiraetal., 2019;
Ovais et al., 2018) . Properties of nanoparticles are greatly affected by size, shape and

nature of particles.

Of all the metallic nanoparticles employed in biological research, AuNPs, which are also
referred to as colloidal gold, are of prime importance due to their unique magnetic, optical
and catalytic properties (Giljohann et al., 2010; Sperling et al., 2008). AuNPs can be
classified into 3 categories based on thier dimensions; one dimensional including nanotubes
nanorods and nanowires, two dimensional including nanoplates, pentagon, nanospheres
and three dimensional branched AuNPs including nanostars, nanodumbles and nanopods
(Jin et al., 2001; Kim et al., 2013; Sardar & Shumaker-Parry, 2008). Properties of AuUNPs
are tunable specially their optical properties which plays huge part in their biomedical
applications such as, imaging, biosensing and therapeutics (Saha et al., 2012; Sardar et al.,
2009; Sperling et al., 2008). Recently, researchers have focused on developing chemical,
physical and biological methods for the synthesis of AuNPs including variety of
morphologies and sizes. Physical methods includes gamma or microwave irradiation,
thermolytic process, photochemical process, laser ablation or sonication (Crespo et al.,
2014; Nakamoto et al., 2005). Chemical methods for synthesis are commonly used that
involve various chemical reactions by reducing agents. This method is more controlled and
gives desirable product properties (Kuo & Huang, 2005; Ziegler & Eychmuller, 2011).

Lastly there is a biological method that involves living organisms as a source such as plants,



fungi bacteria or viruses (Gericke & Pinches, 2006). These three methods have variable

efficiency in producing different shapes and sizes of AuNPs.

Stability, biocompatibility and selectivity are most important factors while choosing metal
of interest, method for synthesis and desired shape. Of all the shapes, AuNRs have acquired
great attention due to strong narrow absorbance band. This is linked to their longitudinal
surface plasmon resonance (LSPR) mode. Typically, molar extinction coefficients of
AuUNRs is larger than other morphologies, that enables them to give higher light absorption
hence letting greater heat generation i.e., greater photothermal effect. AUNRs can also
exhibit as a suitable contrast in photo acoustic imaging (Deb et al., 2019; Kah et al., 2015;
Pérez-Juste et al., 2005). Wide range of sizes of AuNRs are used particularly in cancer
treatment and there light scattering properties have made them an attractive candidate to be
used as biosensors (Hlapisi et al., 2019; Shams et al., 2019).

Thermodynamic and Kinetic controls are required for AUNRS synthesis; therefore, a lot of
parameters should be considered. Similar to AuNPs, AuNRs can also be synthesized by
physical, biological and chemical ways (Alekseeva et al., 2006; Gole & Murphy, 2004). Of
all the available methods chemical methods are reproducible, economical and can be scaled
up easily (Scarabelli et al., 2015). There are four main methods to synthesize AuNRs in
wet chemistry, template method, electrochemical method, seeded method and seedless

method.

The first is the template method and this method is based on gold deposition into template
porous membranes that can be made up of alumina or polycarbonate. This is one of the
initial methods used to make AuNRs. Once Au was deposited on nanomembranes by
electrochemical plating, nanorods could be obtained in the presence of any polymeric
stabilizer through selective dissolution. In the end, rods can be dispersed in solvent by
means of agitation or sonication. AUNRs obtained by this method will have same diameter
as that of template. Similar techniques can also be used to synthesize other nanomaterials
by altering shape and size of nanomembrane template. This method is practically
acceptable for initial studies but yield remain a limiting factor that discourage researchers
for use of template method (Gao et al., 2011; Meng et al., 2019).

Low yield of AuNRs was overcome by new method for synthesis such as electrochemical

method. The synthesis involves two electrode type electrochemical cell (Saldan et al.,



2018). A sacrificial anode gold plate is used. Different chemicals are used and then electric
current is applied. This method synthesizes rods within reverse micelles in organic solved
systems. This method also utilizes silver ions however the role of silver ions is not
understood. It is believed that, the release rate of ions affect length of AuNRs at cathode
(Niidome & Niidome, 2007). Sometimes template based electrochemical methods are also

used that also shows promising results (Kim et al., 2010).

Two of the most common methods used for the synthesis of AUNRSs are seed-mediated and
seedless method. One of the most promising, old, well-studied and successful methods of
forming nanorods is seeded method for AuNRs with face-centered cubic (FCC) metals such
as silver, gold, platinum, etc. (John et al., 2013). This method is concerned with separate
preparation of metal seeds which are then added to the growth solution with metal
precursor. At the same time ascorbic acid, a weak reducing agent, is also added that will
reduce metal ions (Nikoobakht & EIl-Sayed, 2003). The exact mechanism for how we
receive nanorods from this method is unknown. As growth solution and seed are mixed
together seed starts their growth habits to form nanorods. Although it is a simple process
but slight change in chemical condition can have great impact on yield and aspect ratio of
AuUNRs (Sachdeva et al., 2020). Increase in concentration of gold salt leads to reduced
aspect ratio with less length that is reduced stability, moreover increase in temperature and
increase in seed concentration can also lead to similar effects. Hence maintaining aspect
ratio is very important to have optimized size and desirable properties of AuNRs (Jana et
al., 2001). Similarly, it was observed that addition of Silver nitrate increases yield but
decreases aspect ratio. Concentration of surfactant such as CTAB is also very important as
changing its concentration can alter the morphology (Smith & Korgel, 2008). Optimizing
its concentration can also give more control over tunable properties of AuNRs (Li et al.,
2018).

The limitation of seeded method was its reproducibility mostly because of two steps;
therefore, seedless method makes the synthesis one pot protocol for synthesis of AuNRs.
Wide range of substrates can be employed as reductants in seedless methods (Liopo et al.,
2015; Requejo et al., 2018). Seedless protocols have been widely improved with every new
research different factor are identified that directly affect synthesis, morphology, and

optimization of AuNRs. NaBH4 and sodium oleate are one of the limiting reactants (Samal



et al., 2010) but modification of concentrations of CTAB gives advantage to control

morphology in earlier stages of synthesis of AUNRs (An et al., 2017; Roach et al., 2018).

Optimization of protocol for synthesis of AuNRs is the major challenge. Once synthesized
and characterized, they can be used in wide range of therapies including cancer, diabetes
and autoimmune diseases (Ali et al., 2017; Liang et al., 2018; Mao et al.,, 2020; Wang et
al., 2020). Scientist have been exploring the properties of these nanorods and how
manipulation of size, shape and surface functionalities can affect their medicinal and
biological applications (Pérez-Juste et al., 2005). They have extraordinarily high surface
area to volume ratio consequently, broad window is accessible for surface alterations that
might lead to change in surface electronic characteristics (Jiang & Pinchuk, 2015). As
AuUNRs are considered to have anisotropic shape i.e., they have two absorption bands, one
as a result of longitudinal absorption while other as a result of transverse absorption. As the
length of rods increases, plasmon frequency also increases this means that they show
absorption peaks over wide range of wavelengths simply by change in length of rods (Bala
etal., 2019; Wei & Mulvaney, 2014).

Metals are known to have different properties at nanoscale as compared to bulk
counterparts (Pokropivny et al., 2007). Major focus of research community designing
AUNPs is cytotoxicity (Buzea et al., 2007). Gold salt in bulk have been successfully used
for treatment of rheumatoid arthritis (Shah, 2021) and are considered safe however at
nanoscale with change in properties, toxicity is also increased. Cytotoxicity of cancer cells
and cell viability can be measured by method of transcriptional and translational assay
(MTT) (Guo et al., 2021). Researches showed that gold itself was not cytotoxic but the
components for synthesis of AuNRs, such as CTAB, imparts cytotoxic affect to
nanoparticles as it is known to disrupt cell membranes (Han et al., 2021; Lu et al., 2021).
However, this can be reduced by coating AuNRs with polyethylene glycol. These AuNRs
get entry into the cells through endocytosis which is receptor mediated (Fang et al., 2021).
Different functional groups (e.g. amides) can be utilized to enhance the stability of these
AuNRs. These additional coatings can also facilitate conjugation with different proteins,
drugs or antibodies on nanorods surface (Centi et al., 2014; Shi et al., 2021; Soulé et al.,
2011).

After cardiovascular illnesses, cancer is the greatest cause of mortality worldwide (Zaorsky
et al., 2017). Traditional treatment and diagnostic options are obsolete now and possess
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wide range of side effects (Devlin et al., 2017). This increases the concern among research
community to explore new ways to combat this life-threatening disease. With the
progresses being made in nanotechnology there is a hope that nanotechnology when
associated with cancer theranostic can do wonders (Chen et al., 2021). In specific AUNRs
have been proved by multiple researchers in applications such as sensing, drug delivery,
tracking and imaging and photothermal therapeutics. Sensing of biological species is done
by particle aggregation of AuNRs that can lead to development of highly sensitive and
specific system based on nanotechnology-based sensing (Yan et al., 2021). Moreover,
AuNRs are capable of changing their dielectrics and their interparticle spacing that make
them best candidate for biosensing (Khan & Luo, 2021). The high specificity and sensitivity
of AuNRs make them good reporters that can play effective role in developing multiplex
assays (Amri et al., 2021; Zhang et al., 2021). Nanotechnology has played great role in
another biological application i.e., tracking and imaging. AuNRs are intensely being
investigated are contrast for imaging by use of dark field microscopy, when coupled with
selective photothermal therapy by low energy lasers on cancer cells can be proposed as
effective therapeutic strategy (Sudri et al., 2021). Evidence provided by light scattering
confirms that AuNRs selectively binds with cancerous cell (Xu etal., 2021; Xu et al., 2021,
Yan et al., 2021).

There have been tremendous discoveries in drug discovery in recent years, however,
effective vehicle to transfer these drugs to target organ is a major challenge faced by
researchers. AUNRS posed to be a promising vehicle to carry not only anti-cancerous drugs
but also drugs for other ailments (Guo et al., 2021; Jin et al., 2021). The primary target for
nanoparticle-based drug delivery has been cancer due to failure of previously employed
methods to transfer drugs. Nanoparticles not only enhance the permeation of drug but also
increase the retention in cancerous cells as compared to normal tissue hence known as
passive targeting (Mahmoud et al., 2021). AuNRs have an extra advantage over other
shapes of nanoparticles in having high surface area to volume ratio so even after loading
drugs molecules on surface some room is still left for attachment of other recognition
molecules such as antibodies, thus enhancing the specificity (Jin et al., 2021; Shan et al.,
2021). These nanorods are known to support photothermal effects, Hence, drug release can
be enhanced by dissipation of light energy as heat (Shan et al., 2021; Sudri et al., 2021).

Binding of drugs with nanocarrier is of prime importance as strong binding will lead to



slow release and week binding will lead to premature drug release and targeted drug

delivery would not be possible.

AuUNRs are widely considered non-toxic (Jakhmola et al., 2021). Several in vitro
biochemical assays can be used to evaluate toxicity such as, genetic toxicity assays,
oxidative stress assays, and general viability assays. The dose-dependent toxicity of
nanoparticles on cell cultures can be determined in viability assays among which the
colorimetric (MTT) assay is one of the most commonly employed method which is
primarily based upon the mitochondrial metabolic activity to reduce the MTT dye (Kiss et
al., 2021). With the advancement of technology several kit-based oxidative assays are now
available commercially that can determine the level of the reactive oxygen species (ROS),
and techniques such as DNA-micro array and real-time polymerase chain reaction (RT-
PCR) can be used for evaluation of effects of these AuUNRs at the DNA level.

Due to flexible properties, AuNRs can be promising alternative in several biomedical
applications. However, the research regarding them is in infancy stage further validation is
required specially in vitro as photothermal properties of these particles although very
attractive but can lead to damage of not only tissues but also alter the morphology of
nanoparticles (Yang et al., 2019). Once optimized, AuNRs can act as ‘gold standard’

vehicle in diagnostics as well as therapeutics.
1.1 Problem Statement and Objectives

Commercially available chemotherapeutic drugs have poor bioavailability, high-dose
requirements, adverse systemic damage, low therapeutic indices, non-specific targeting and
development of multiple drug resistance. Nanoparticle-based drug delivery can provide
distinct benefits over traditional medication therefore AUNRS can be exploited to determine

their importance as a potential drug delivery system.
1.1.1 Objectives

The objectives of the research are as follows:
1. The synthesis of AuNRs.

2. The optimization of the parameters for the synthesis of AUNRs.



3. The characterization of the synthesized AuNRs using techniques like UV/Vis, XRD,
FTIR and SEM.

4. The demonstration of the role of AuNRs in efficient drug-delivery systems

5. Determination of antioxidant ability of AuNRs by 2,2-diphenyl-1-picrylhydrazyl
hydrate (DPPH) assay.

6. Determination of the anti-bacterial activity of AuNRs against 3 different strains of

bacteria.



Chapter 2
Literature Review

2.1 Nanotechnology and Nanoparticles

Scientists started using nanotechnology in applied research a couple of decades ago and it
has been used in different fields of research since then (Daniel & Astruc, 2004). This
concept of Nano systems and nanotechnology was properly introduced to the science world
in a Lecture which was called ‘There’s plenty of room in the bottom’ by Richard P Feynman
in 1959 (Feynman, 1960). After this revelation, a great number of studies and revolutionary
developments in physics, chemistry and biology started happening across the globe and
nanotechnology became a hot topic. Nanotechnology basically acts as a theoretical and
experimental field for applied sciences and technology. It is involved in manipulating
matter at atomic and molecular level and the production of various functional systems. The
term ‘nanotechnology’ was firstly used by Norio Taniguchi to give this field extra precision

and a proper dimension (Hulla et al., 2015).

Different types of materials are produced and dealt with in the nanotechnology.
Nanoparticles are basically a class of materials that are 0-100nm in size where at least one
dimension of the nanoparticles should be less than 100nm (Laurent et al., 2010). These can
have one, two or three dimensional shape. Researchers started more work on these
nanoparticles after they found out that transition of micro-particles to nanoparticles can
affect the physicochemical properties of substances. There are two major factors in this
change in physicochemical properties. Increase in surface area to volume ratio is the first
one while the size of the particle that moves to a realm where the quantum effects

predominate is the second factor.

Nanotechnology has applications in wide range of industries. Nanotechnology products in
huge numbers can already be found in the market and research is going on in full flow to
widen the products even in the global markets of agriculture, non-fuel commodities and
minerals (Barker et al., 2009). Products of everyday use contain nanoscale materials. Few
examples are: the presence of nanoscale zinc oxide and titanium oxide in sunscreens that

reflects ultraviolet (UV) to avoid sunburns. Nanomaterials have been used to manufacture
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batteries to provide more power, efficacy and dissipate less heat. Nanotechnology also finds

its application in the manufacturing of devices, sports goods, vehicles and cosmetics.

Nanoparticles although so tiny, but can’t be considered as simple molecules. They have
uniqueness in their size, structure, composition and shape. Therefore, they are composed
of three layers:

e A layer which is functionalized with surfactants, polymers, metal ions and various
small molecules designated as the surface layer

e A layer which is different from the core of nanoparticles called the shell layer

e The most important portion of the nanoparticle which is almost nanoparticle itself,
the core (Huo et al., 1994)

2.2 Properties of Nanoparticles

Nanoparticles have unique and important physical and chemical characteristics due to their
nano-size (1-100nm) and are therefore termed as multifunctional constructs (Dionysiou,
2004). These nanoscale particles open new horizons in the field of therapy and diagnosis
due to their range of dimesions which is similar to that of nucleic acids, membrane receptors
and antibodies amongst other biomolecules. Along with these biomedical properties,
nanoparticles’ property of surface to volume ratio makes them even more valuable in the
commercial sectors such as medicine, cosmetics, manufacturing and electronics (Sanvicens
et al., 2008).

2.2.1 Size and Surface functionality

The feature of surface to volume ratio is very important in the capabilities of nanoparticles
(Bruce et al., 2008). The behaviour of nanoparticles in the environment and in vivo can be
described by their size and surface characteristics. Surface charge and hydrophobicity are
very important in this regard. Other features such as their reactivity and solubility can be
altered by their interaction with the environment (Nowack & Bucheli, 2007). In controlling
the interaction of nanoparticles with various biological, chemical and physical systems,
their size and surface functionality plays a vital role. For example, the impact of the
manufactured nanoparticles in the environmental sector can be altered with different choice

of coating material (Lee et al., 2010). In the biomedical sector, this is very important as
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well. Controlling the surface properties of nanoparticles can help in increasing their

efficacy in imaging and therapeutics (Kim et al., 2013).

The core of a nano-biomaterial is a major constituent of a nanoparticle. This core can be
composed of inorganic or polymeric biomolecules and can act as an appropriate surface for
molecular assembly. A membrane or layer may have surrounded it as well making it appear
in the form of a nano-vesicle (Bruce et al., 2008). As for shapes, there are many which can
be imagined e.g. cylindrical, spherical or plate-like (Teo, et al., 2010). If the particle has to
pass through a porous structure of a membrane, the factor of shape and size can be crucial
there too. When material characteristics are regulated by the quantum sized properties, the

size and shape functionalities come in critical there as well (Salata, 2004).

The core of nanoparticle can be protected using various monolayers of inert materials such
as silica. The surface of the nanoparticle can also be protected by the process of adsorption.
Many organic materials have this ability to get adsorbed or chemisorbed on their surface
(Huo et al., 1994). The purpose of a biocompatible material is also served by this layer.
The addition of a layer of linker molecules to nanoparticles can also improve their
functionalization. Both ends of this linker molecule contain reactive groups. (Salata, 2004).
One group aids in its attachment to the nanoparticle, while the other aids in attaching the
nanoparticle to a variety of compounds such as fluorophores, antibodies or biocompatibles
depending on the function they are required for (Katz et al., 2004).

2.2.2 Geometrical Structure

Nanoparticles can appear in different shapes and geometrical forms as well despite having
same composition. They may have spherical, triangular, rod-shaped or cubic. Different
banding patterns are provided by their different shapes. On the absorbance profile, the
spherical nanoparticles show only one peak, while other shapes may form more than one
peak (Mie, 1908). Due to this reason, usually spherical particles are used as they have
increased uptake than those having rod-shape (Chithrani et al., 2006). Different charged
polarization edges are present on differently shaped or edged nanoparticles along with
corner atoms and these provide different reactivity to the particles. Different optical
technologies and conductors are also developed by these (Kelly et al., 2003; Panda &
Deepa, 2011).

2.2.3 Plasmon Resonance
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Metallic nanoparticles show significantly different physicochemical properties than the
physicochemical properties of bulk metals (Eustis & EI-Sayed, 2006). The specific
applications of nanoparticles determine their characterization techniques. Plasmon
resonance is designated as oscillations of excited free electrons in metal.

The ultimate characteristic and importance of a nanoparticle is held by its optical property.
For instance, a characteristic wine red color is exhibited by a 20nm AuNPs, yellowish grey
by a Silver nanoparticle and black by the Platinum and Palladium nanoparticles (Horikoshi
etal., 2013).

The Plasmon resonance optical spectrum of various nanoparticles is related to size and
shape which is determined by high resolution microscopy (usually TEM). Specific
geometrical shapes of nanoparticles generate various spectral responses. Heating can be
used to change the particle morphology due to which the individual particle spectrum is
formed which then supplies clear means to modify spectral responses to a suitable optical
wavelength. The developed colloidal preparations help in the formation of a homogenous
population of similar colors and shapes of the nanoparticles (Mock et al., 2002).

2.3 Classification of Nanoparticles

A variety of characteristics can be used to classify nanoparticles. That is why, based on
their shape, size, chemical makeup, and physical features, they are divided into several
types. Nanoparticles possess various forms of shapes and structures. They can possess
shapes like spheres, rods, tubes, cages or may have irregular shape. They can also exist as

agglomerates or in fused state. Following are the significant categories of nanoparticles.
2.3.1 Carbon based Nanoparticles

Carbon based nanoparticles are an important and wide group of nanomaterials. These
include carbon nanodiamonds, nanotubes, grapheme, fullerenes, nanocones, nanofibres,
nanoohms and their functionalized states as well (Paradise & Goswami, 2007). Carbon
nanotubes and fullerenes are two important classes of these NPs. In sample preparation, a
large number of these carbon-based NPs are known as sorbent substances. Carbon based
NPs can also form non-covalent bonds like hydrogen bonds, electrostatic forces,

hydrophobic or wan der waal’s interactions with other organic molecules due to their
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characteristic structures. They can also be used as adsorbent materials due to their hollow

nanosized structures and covalent structures (K. Scida et al., 2011; Zhang, et al., 2013).

Carbon nanotubes that are formed of coaxial graphite sheets are known to be related to
fullerenes. These structures are also known to be excellent heat conductors due to their
effective strength and electrical properties. They also possess great metallic and
semiconductor behaviour. These are also very favourable for use in the drug delivery
system (S. Polizu, et al., 2006).

2.3.2 Magnetic Nanoparticles

Mostly, these magnetic nanoparticles are in the form of spherical nanocrystals which range
in size from 10-20nm. Fe?* and Fe® form the core of these crystals which is enclosed by
PEG or dextran molecule (Park et al., 2007). These nanoparticles have proven to be very
favourable in the bioassays for labelling biomolecules and MRI contrast agents due to their
magnetic characteristics. They are also great agents for drug delivery, diagnostics and

therapy due to their surface functionalization (A.H. Lu, et al., 2007).
2.3.3 Organic and Inorganic Nanoparticles

These nanoparticles can have two or more dimensions and range in size from one to one
hundred nm. They have distinctive thermodynamic, magnetic, catalytic, chemical,
electrochemical and physical properties (Dionysiou, 2004). All of these characteristics are
determined by the nanoparticles' size, shape, and chemical functionalization. Organic
polymers are used to prepare organic nanoparticles, whereas, inorganic nanoparticles are
synthesized from inorganic elements. Organic nanoparticles mostly do not show any sort
of toxicity and they are also biodegradable. Few of these organic NPs have a hollow core
which means they have a little space free at the center and so they are also designated as
nanocapsules (Kumari et al., 2010). Just like magnetic nanoparticles, they also have
exceptional capability of holding and binding drugs thus making those efficient agents for
drug delivery systems. Examples of organic nanoparticles are liposomes, dendrimers,

polymeric micelles and carbon nanomaterials.

Just like inorganic compounds, inorganic nanoparticles are also considered the ones which
don’t possess carbon. Common examples of inorganic nanoparticles are metal oxides,

guantum dots, polystyrene and metallic nanoparticles (Kumari et al., 2010).
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2.3.4 Metal oxide based Nanoparticles

These kind of nanoparticles have just been recently introduced and developed and have
soon started to attract the researchers. This interest in them has aroused to use them in the

development of biosensors as immobilizing matrices (Bang & Suslick, 2010).

Nanostructured oxides of the metals like titanium, iron, tin, zinc, cerium, zirconium and
magnesium are known to exhibit significant non-toxic, functionally bio-compatible,

catalytic and non-morphological activities (Solanki et al., 2011).

Enhanced characteristics of biosensing and improved electron transfer are also carried out
with the help of these metal oxide NPs because of the fact that these materials provide
favourable microenvironments for biomolecules immobilization. The characteristics of
metallic nanoparticles can also be modified by these metal oxide nanomaterials. The
example of it can be seen when iron nanoparticles are instantly oxidized to Fe»Os in the
presence of oxygen which helps in enhancing its activity in comparison to other iron

nanoparticles
2.3.5 Metallic nanoparticles

Metallic nanoparticles are the most studied and explored nanoparticles due to their unique
physical and chemical characteristics that differ from those of their bulk components. This
is because of their tiny size and high surface to volume ratio. As more and more research
is being carried out on these NPs and there potential in various disciples has started to
unveil, they have become a focus of interest for matter of concentrated research in various
disciplines (Wang & Z. L, 2013). Nanoparticles with a larger surface-to-volume ratio are
also more reactive. For instance, Gold when in bulk form is considered to be an inert
substance but in the nanoscale, its reactivity with surrounding compounds increases and it
acts a suitable catalyst (Brust & kiely, 2002). Their optical properties are also another
important point of their significance because the electrons in the NPs are not as mobile due
to their smaller size and this causes the nanoparticles to react with light in a different way
than do their bulk state materials (Nath & Chilkoti, 2002). High efficiency of light
scattering and absorbance is displayed by the nanoparticles (Au and Ag) which make them

exhibit the property of plasmonic resonance.

Several new advancements have been made in the researches associated with the metallic

nanoparticles that they may now be conjugated with drugs, antibodies, and ligands, among
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other functional groups. This has paved the way to various applications in biotechnology
that include drug delivery, gene delivery, magnetic separation and diagnostic imaging etc.
Over the last decade or two, a number of imaging modalities such as ultrasound, MRI, CT
scan, PET and optical imaging have been introduced which assist in imaging the diseased
condition (Fayaz et al., 2010). All these imaging tools have their own category of technical
functionality and also require a contrast material with unique physiochemical properties.
These metallic nanoparticles such as Au, Ag and magnetic nanoparticles serve as these
contrast agents. In addition to these nanoparticles, different nanocages and nanoshells have

also been developed to aid in diagnostic imaging and cancer therapy (Mody et al., 2010).
2.4 Gold Nanoparticles (AuNPs)

AUNPs are the suspensions of nanoscale particles that are formed from gold and are also
referred as colloidal gold. In the Roman era, this colloidal gold was used for decorative
purposes where it was used as staining agents (Giljohann et al., 2010). Different properties
of suspensions of this colloidal gold from the bulk material were observed by Micheal
Faraday in 1850s and this resulted in the evolution of modern AuNPs (Peter et al., 2007).
The colloidal solution of gold either possesses an intense red or a dull yellowish color.
These unique optical features are a result of their fascinating interactions with light. The
free electrons in AuNPs oscillate in line with the metal lattice when exposed to an
oscillating electromagnetic field. Therefore, in an aqueous solution, gold nanospheres with

size around 10nm display strong absorption which is maximum around 520nm.

The size and morphology affect the properties of the colloidal AuNPs. For example, when
the shape of the nanoparticles in the colloidal solution is changed, the colour they exhibit
also changes. As we can see in the AuNRs, due to their rod-like shape they exhibit dual
resonance. The plasmon oscillation along the long axis creates one, and the nanorod short
axis creates the other. When the rods' aspect ratio is changed, the long-axis LSPR
wavelength position moves from red visible to NIR, increasing the oscillation intensity.
Rod-like particles display both the longitudinal and transverse absorption peaks (Sharma
et al., 2009). Due to these distinctive optical properties, AUNPs are studied and researched
for various purposes including a range of applications in electronics, therapeutics,
diagnostics and material science. Due, to this reason, highly reliable and efficient synthesis
methods are required.
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AUNPs that are less than 100nm can be synthesized in the form of various geometric shapes
such as nanorods, nanocages, nanospheres and nanoshells. They are a great option for use
in biosensing as they have exceptional detection techniques like optic absorption, electrical
conductivity and fluorescence (Medintz, et al., 2005).

In terms of synthesis processes, they may be synthesized in a variety of ways, including
chemical and physical approaches (Nikoobakht & El-Sayed, 2003). Microwave irradiation,
photochemical process, y radiation and sonochemical methods are among the physical
methods of synthesis. The most common and prevalent method for their synthesis is the
chemical method where gold salts, such as tetra choloroauric acid (HAuCls) also called
hydrogen tetrachloroaurate, are reduced and citrate is used as the reducing agent. This
method was introduced in 1951 by Turkevich et al. and then in 1973 it was reformed by
Frens et al. Using this approach, monodispersed spherical AUNPs were produced. Their
synthesis method can be controlled to produce various shapes of the AuNPs.

2.5 Gold Nanorods (AuNRs)

AuUNRs are the nanoparticles of gold with rod-like shape and they have specifically
attracted the interest of the biomedical scientists and physicists due to their small size effect,
macroscopic quantum tunnelling effect, unique optical properties, surface effect and
quantum size effect (Xu et al., 2021). All these properties rely on their morphology and
have been used widely in therapeutics, catalysis and diagnostics such as bioimaging and in

biosensors.

AuUNRs range in size from a few nanometers to a few hundred nanometers. They are kind
of capsule-like AuNPs and they are known to have more peculiar optical properties than
spherical AuNPs. This is due to their localised surface plasmon resonance effect (LSPR)
(LSPR). Due to the anisotropy in their structure, there exists a different kind of polarisation
of electrons in almost all the directions of AuNRs. Individually, AuNRs have separate
electron collective vibrations in both the diameter and long axis directions (Maetal., 2021).
When electrons resonate with light in the 510-530nm region along the rod's long axis, this
is known as transverse surface plasmon resonance absorption (TSPR). The vibration is
caused by the rod scattering incident light along its long axis. This scattering, which ranges
from visible to near-infrared, is referred to be longitudinal LSPR. When the synthesis is

modulated, the longitudinal LSPR peaks of AuUNRSs with varying aspect ratios move from
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the visible to the near-infrared region. Furthermore, the longitudinal LSPR's oscillator
strength is greater, allowing it to play a significant role in the optical characteristics of
AUNRs (Yin et al., 2020). That is why AuNRs are referred to be tuneable.

Biological tissues are known to be relatively transparent in the near-infrared range. Many
promising possibilities for both photothermal and photodynamic cancer therapy may be
found in this region. Because of its capacity to increase the surface Raman scattering of
adsorbed molecules, AUNRs may also be used as a Raman probe substrate (Yang et al.,
2018). Despite all these exceptional applications, there are still some concerns over AUNRS

in their synthesis methods, their toxicity or biocompatibility.
2.5.1 Synthesis of AUNRs

A number of synthesis methods have been established for AUNPs and AuNRs. Some of the

synthesis methods that are typically used for AUNRSs synthesis are as follows:

Seed-mediated growth method
Electrochemical synthesis
Lithographic methods
Photochemical reduction

a > W N e

Template-assisted growth method
Seed mediated growth method is discussed in detail here.
2.5.1.1 Seed-Mediated Growth Method

This growth method is a frequently used chemical synthesis method for colloidal AuUNRs
(Chang & Murphy, 2018). It is popular because of its high yield and quality along with the
simplicity of the procedure. Also, there is flexibility for structural methods and ease of
particle size controlling in this method. In 1989, according to a report by Wiesner and
Wokaun, anisometric gold colloids were formed by the addition of gold nuclei to
chloroauric acid growth solutions. HAuCl4 was reduced with phosphorous to form the
nuclei and then with the help of H202, the growth of AuNRs was initiated.

In 2001, Jana et al. established the current notion of seed-mediated growth by creating
colloidal AuNRs via a procedure that involved adding citrate-capped tiny gold nanospheres
to a bulk chloroauric acid growth solution (Mallick et al., 2001). This growth solution was

created by reducing HAuUCI4 with ascorbic acid in the presence of silver ions and CTAB
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(cetyltrimethylammonium bromide) as a surfactant. Ascorbic acid can convert gold ions to
gold atoms in the presence of metal nanoparticles that catalyse the reduction. The same
group of researchers expanded on this technology by developing a three-step approach for
synthesis of long rods in the absence of silver nitrate up to a 25 aspect ratio in the absence
of silver nitrate. First-stage nanorods are employed as seeds in this process for second
growth. The ones that were generated in the second growth stage are subsequently used in
the third development stage. This procedure also produces a huge number of spheres, which
is @ major disadvantage because it needs a lot of centrifugation to separate the rods from
the spheres. It was also discovered that adding nitric acid during the third seeding aided the

development of AuNRs with a high aspect ratio, resulting in an increase in yield.

In 2003, Nikoobakht and El-Sayed introduced two changes to the previous technique. The
first was the substitution of a CTAB stabiliser for sodium citrate, and the second was the
inclusion of silver ions to adjust the aspect ratio of AUNRS. This approach begins with the
preparation of a gold seed solution by reducing chloroauric acid with ice-cold sodium
borohydride in the presence of CTAB. The seed solution is then mixed with the Au+ stock
solution, which is made by reducing chloroauric acid with ascorbic acid in the presence of
the surfactant (CTAB). Before adding the seed solution, silver nitrate is added to the
solution to adjust the aspect ratio and assist rod production. With an aspect ratio ranging
from 1.5 to 4.5, this approach yields a very high yield, i.e. 99 percent of the nanorods.
Separating spheres in this procedure does not need extreme centrifugation. Overgrowth can
be halted by using sodium sulphide.

BDAC (benzyldimethyhexadecylammonium chloride) is a co-surfactant used to develop
nanorods with greater aspect ratios in the original growing fluid. This binary surfactant

system creates AUNRS with aspect ratios up to 10 by varying the silver contents.

2.6 Characterization Techniques

Following the synthesis of AuNRs, to gain an insight in the physical behaviour,
morphological features and reactivity of nanorods, characterization is the most crucial step.

Various techniques are available to characterize specific nanomaterials such as UV/Vis
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spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier

transformed infrared (FTIR) spectroscopy (Khan et al., 2017).
2.6.1 Visual Color Change and UV/Vis analysis

One of the most principal phases of characterizing nanorods is their indication by the
change of color of their solution (Daniel & Astruc, 2004). Firstly, in the seed solution,
CTAB and chloroauric acid combined give a clear yellow color and then after the addition
of sodium borohydride appears dull brownish after incubation. Now, the growth solution
appears yellowish after the addition of gold salt, CTAB and silver nitrate. Then, right after
addition of ascorbic acid, the solution turns colorless. Then after the addition of seed
solution, the solution starts turning to purple to reddish depending on their aspect ratio and
size. This phenomenon of color change lies on the principle of surface plasmon resonance

exhibited by AuNRs as their size increases.

Due to higher electron oscillations on the surface of the AuNRs, the change in optical

properties also plays a major role in the change of color.
2.6.2 Structural Characterization

Structural characterization is used to examine the properties of nanoparticles such as
composition and nanomaterial bonding. Zieta sieze analysing, Energy-dispersive X-ray
spectroscopy (EDS) and X-ray Diffraction (XRD) are the most common techniques used
to get an understanding of the specific nanomaterial. To study the phase of the nanomaterial
and to analyse the crystalline structure, XRD is mostly used. By analysing it with Debye
Scherer equation, it also gives a vague idea about the size for nanoparticles of single or
multi phases. EDS analyses the elemental composition of nanomaterials (Veith et al.,
2002). This technique not only gives an idea about the intuition of the elements in the

sample, but also their relative abundance.

Another technique X-ray photoelectron spectroscopy (XPS) can be used to determine the
occurrence of bonding between elements in a nanoparticle and their elemental ratio (Chen
et al., 2011).. Simple spectroscopic value is the factor in which the principal of this
technique depends and this technique also provides an in-depth knowledge of the variation
of composition of any specific nanoparticle. Along the X-axis in XPS, lies the bonding

energy of electrons, while number of electrons is depicted on Y-axis.
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The nanomaterial vibrations are characterized by Fourier Transform Infrared Spectroscopy
(FTIR) and Raman spectroscopies. Among the techniques or practices that provide
elemental analysis of nanoparticles, these two are the most established. Exclusive
molecules that can be used as capping agents and which can support the stabilization of
AuNPs can be identified through FTIR. Other methods such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy
(AFM), and dynamic light scattering (DLS) are commonly employed to acquire
information regarding the size of nanoparticles. All of these can tell the size and analyze
them, but Zeta Potential has the ability to predict and analyze the size of extremely small

nanoparticles (Bhardwaj et al., 2009).
2.6.3 Morphological Characterization

As previously stated, the size and shape of nanoparticles are the two most essential elements
that impact their varied properties. Transmission electron microscopy (TEM), Scanning
electron microscopy (SEM), and Polarized Optical Microscopy are common techniques for
analysing morphological features (POM). SEM is based on the principal of electron
scanning and it provides all the basic information about nanoparticles. TEM also has
principal based on electron transmittance (Williams & Carter, 1996). Through this
technique, all the information about nanoparticles can be collected with high to low
magnification. It is also reported that if a nanomaterial has multiple or several layers, TEM

can also analyze that such as quadrupolar hollow spherical structure of Coz04nanoparticles.
2.7 Applications of AUNRs

AUNPs have been used in various forms especially as additives for aesthetic purposes but
during the last decade, there have been researches in both nanoparticles and nanorods and
they have gained increased popularity among researchers as tools for bioimaging,
biological sensing, therapeutics and drug delivery. They also show various antimicrobial

and antioxidant properties.
2.7.1 Sensing

Because of the interaction between their size, shape, and surroundings as a consequence of
changes in dielectric and interparticle spacing, AuNRs are appropriate materials for

sensors. Yu and Irudayaraj performed a multiplex biosensor test in which they monitored
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variations in the plasmon bands caused by slight changes in the immediate environment to
detect varied responses of AUNRs towards particular targets. The CTAB bilayer of AUNRs
with varied aspect ratios was substituted with 11-mercaptoundecanoic acid, which then
binds to human, mouse, or rabbit antibodies. Different red shifts were identified in the
nanorod plasmon bands, and the binding of three recognition agents to their specific ligands
was also examined (Stone et al., 2011). Mathematical models were employed to determine
these parameters and binding events. AuNRs were shown to have high specifity and
sensitivity, as well as a dynamic response in the range of 10-9-10-6. For a stronger probe-
target affinity, the detection limit can be lowered to femtomolar levels. Huang et al. took
use of the ability to track refractive index changes caused by molecular interactions in

AUNRS' near proximity.
2.7.2 Imaging

Isotropic gold nanospheres’ one of the earliest application was their use as contrast agents
for imaging in both bright and darkfield imaging systems. After that, other structures of
AUNPs which include nanorods have been used for similar purpose. Darkfield microscopy
occurs when steady-state white light is blocked, allowing only dispersed light to be detected
(Stone et al., 2011). Single AuNRs may be seen as a single point of scattered light under
darkfield imaging due to a particular resolution of roughly 200 nm, because scattered light
propagates as a cone. Darkfield photography allows researchers to track nanorod movement

"visually" as their surroundings change.
2.7.3 Photothermal Therapeutics

Several papers have defined gold nanostructures as therapeutic agents that use laser-
induced photothermal heating to selectively kill malignant cancer cells while leaving
healthy cells unchanged (Stone et al., 2011). The success of photothermal therapy is
determined on the strong electromagnetic fields associated with the metal surface, which
convert the energy from absorbed photons into heat, causing permanent cell damage.
Photothermal therapy is regarded to be less harmful to human tissues than typical
chemotherapies when it comes to cancer treatment. For medical photothermal therapy,
nanorods whose absorption band maximums can be tuned to this wavelength regime are
advantageous since the NIR area of the electromagnetic spectrum has increased tissue

transparency.
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2.7.4 Drug Delivery

With technological advances, many new traditions for treating difficult diseases have
emerged, and nanotechnology has identified new features in disease diagnosis and
treatment (Takahashi et al., 2005). Since nanoparticles can be made in a variety of sizes
and morphologies, they have a lot of potential as a drug delivery vehicle in different cells.
Antibodies and antitumor agents are the most commonly used drug delivery vehicles. The
surface of AuNPs, in particular, provides a robust medium for advanced modifications such
as conjugating functional molecules to form a specific monolayer that is associated with
improved dispersion in organic media, extended stability, and the addition of targeted drugs
or probes (Stone et al., 2011).

These changes to AuNPs allowed them to be targeted at cancerous sites in a passive or
active mechanistic manner. Tumors are coated with antitumor drugs using the improved
permeability and retention (EPR) effect in a passive method of targeting. Active targeting
drugs or peptides, on the other hand, are conjugated with AuNPs for tumour detection and
targeting. AuNPs' interaction with various functional groups is another feature; these
functionalized AuNPs have been identified as active gene delivery vehicles. PEGylated
AuUNPs, for example, have been identified as an effective transfection mechanism, and the
rate of gene expression was increased by about 100 times when DNA was conjugated with
PEGylated AuNPs versus naked DNA. These transgenes were said to be stable in the

bloodstream.

In recent years, AuNRs have gained popularity as drug delivery vehicles. In one
process, near-IR laser pulses are exposed to DNA-AUNR complexes, resulting in DNA

release due to photo-induced morphological changes in the nanorod.
2.7.5 Antimicrobial Activity

Because of their simple mode of synthesis, high efficiency of transfection, and
customization of their surface by conjugating several molecules, AuNPs, among all
metallic nanoparticles, have a wide range of applications in every possible aspect
(Majdalawieh et al., 2014). While AuNPs do not have the same degree of antimicrobial
activity as silver nanoparticles, they do have some antibacterial activity. AUNPs have been

identified as a unique alternative to high-dose antibiotic administration, and as a result, they
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have been found to be very effective against a variety of infectious diseases, including

antibiotic-resistant infections.

The toxicity of nanoparticles administered, their surface modifications, fundamental
properties, and the bacterial species being studied all influence the antimicrobial activity of
AuUNPs. Smaller AuNPs are known to do more damage to bacterial cells by entering them
and eventually killing them (Bindhu & Umadevi, 2014).

2.7.6 Antioxidant Activity

Researchers demonstrated that multiple nanoparticles serve as a potential antioxidant and
free radical scavenger, thanks to the widespread use of nanotechnology in the prevention
and treatment of infectious diseases (Elswaifi et al., 2009). A compound's or substance's
anti-oxidant potential aids in the defence of cells from oxidative stress induced by the
presence of free radicals. The ability of a substance to inhibit oxidation of molecules is
generally due to its ability to cause the inhibition of an overall origination phase of an
oxidation chain reaction by the creation of natural stable radicals that are not very reactive.
A large number of oxidants with a high reductive potential for removing free radicals have
been reported (Gordon, 1990). These materials have the potential to reduce and minimise
a variety of syndromes, including heart disease and atherosclerosis, which is caused by the
oxidation of very low density lipoproteins (VLDL). Several pathogenic agents have been
documented to retain their pathogenicity by being able to produce free radicals, which then
cause cell damage. For example, the toxin pyocyanin produced by Pseudomonas aeruginosa
is known to cause cell damage and compromise the immune system by producing reactive
oxygen species (ROS). Nanoparticles as antioxidants provide unigue opportunities to
combat pathogen virulence and their ability to form biofilms, both of which are linked to
elevated oxygen levels and ROS development (Raghupathi et al., 2011).

There are several methods for determining a substance's antioxidant potential, but the
DPPH assay has been shown to be a well-described synthetic solid radical for evaluating
biosynthesized AuNPs (Kumar et al., 2015). The capacity of AuNPs to reduce DPPH by
accepting hydrogen and electron was calculated spectrophotometerically due to a shift in
colour from deep purple to yellow. In a comparison analysis, silver nanoparticles were
found to have higher inhibition than AuNPs, which can be due to the fact that silver is a

strong oxidant and loses electrons easily (Elswaifi et al., 2009).
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Chapter 3

Materials and Methods

The research is based on the chemical synthesis, characterization and applications of Gold
Nanorods. The research was carried out in the Cancer Biology Lab of Atta-ur-Rahman
School of Applied Biosciences (ASAB), National University of Science and Technology

(NUST), Islamabad. The materials and methods used in this research are as follows:
3.1 Synthesis of Gold Nanorods

Gold nanorods were synthesized using the chemical synthesis method. There are two
main methods in chemical synthesis named as seed-mediated method and seedless
method. Seed-method was adapted for this research (Chang & Murphy, 2018) and the

chemicals used in this methods are mentioned in Table 1.

Table 1 List of chemicals used in the synthesis of gold nanorods

Chemicals Concentration

Tetrachloroauric acid (HAUCl) 0.01M

Cetyl trimethylammonium  bromide | 0.1M

(CTAB)

Sodium Borohydride (NaBHa) 0.01M
Silver Nitrate (AgNO:s) 0.01M
Ascorbic Acid 0.1M
Hydrochloric acid (HCI) 1%

Firstly, the seed solution was prepared by taking 125ul of 0.01M tetra-chloroauric acid
(HAUCI,) solution in a test tube. 5ml of 0.1M Cetyl trimethylammonium bromide (CTAB)
solution was added to this solution. The color of the solution changed to yellow. Then 300pl
of freshly prepared ice-cold 0.01M sodium borohydride (NaBHa) solution was added to it

as it degrades after 15 minutes of preparation. The solution was then vigorously stirred for
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10 minutes keeping the test tube uncapped so that gases may release. This solution was
kept for two hours at 37°C and the color changed was observed after two hours which was
brown. After the preparation of seed solution, growth solution was prepared. 10ml of
CTAB solution was taken in a falcon tube. Then50pul of 0.01M Silver nitrate (AgNO3) was
added in it followed by addition of 500ul of HAuCI4 solution in it. This resulted in a clear
yellow colour. After that, 55ul of 0.1M Ascorbic acid solution was added to it which
changed the solution’s colour to colourless. 12ul of the seed solution previously prepared
was then added to the growth solution. The pH of the solution was adjusted to slight acidic
(approx. 6) using minute quantities of HCI. The solution was incubated at 37°C overnight.
After the preparation of this solution, it was then centrifuged at 13000rpm for 10 minutes
and then supernatant was discarded to get rid of excessive surfactant. The pellet was
dispersed in distilled water and was centrifuged again at 13000rpm for ten minutes to again

redisperse the pellet in the distilled water.
3.2 Characterization of Gold Nanorods

3.2.1 UV/Vis Spectrophotometry

The ultraviolet-visible spectrophotometer of model AE-S90-2D (A and E Lab, UK) was
used to confirm the synthesis of AuNRs because these particles interfere with light at a
certain wavelength, resulting in unique optical properties. The synthesis of AUNRs was
confirmed by measuring the absorbance spectra of reaction mixture aliquots in the 300-
800nm range. The spectra were collected using a 200ul test volume and a quartz cuvette
with a 1cm path length. For spectrophotometer's base line correction, distilled water was
used as a blank. The data was registered, stored, and analysed using UV/Vis spectral
analysis tools. For comparison, the numerical data was plotted on graphs.

3.2.2 Scanning Electron Microscopy

An instrument of model JSM-6490A (JEOL company, Tokyo, Japan), was used to
determine mean particle size, uniformity, and morphology of nanoparticles using SEM
analysis. For each sample, the microscope range's accelerating voltage was set to 10kV. In
glass vials, 10ul of colloidal gold nanoparticle solution was combined with 1ml of distilled
water. These glass vials were sonicated for 2 hours at 37°C. A drop of this homogenised
sample was put on 1 cm? cut glass slides and dried for fifteen minutes in the oven. To make

these samples conductive, they were sputter coated with gold palladium using a Sputter
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coater model no. JFC-1500 at 18-20 mA, 240V to a thickness of 15nm, then used for SEM
analysis. For the characterization of AuNRs, images were taken at various magnifications
and resolutions (10000X, 15000X, 43000X; 0.5um, 1pum 2um).

3.2.3 Fourier Transform Infrared (FTIR) Spectroscopy

The Spectrum-100 spectrometer (Perkin-Elmer, USA) was used to determine the functional
groups present on the AuNRs. Due to its hygroscopic properties, KBr was combined with
air-dried samples to eliminate any remaining water molecules. The sample and KBr pellets
were formed using a hydraulic press. Infrared waves were used to scan these pellets, which
were scanned at a resolution of 4cm™ and a length of 4000-350cm™. The obtained spectra
were plotted as wave number (cm-1) vs. transmittance (percent) on the X-axis. The manual
peak picking method was used to compare the peaks obtained from these spectra to standard

functional group charts.
3.2.4 X-Ray Diffraction (XRD)

XRD analysis was performed on an air-dried sample of AUNRs using an X-ray generation
system, model D8 Advance with DAVINCI desigh (BRUKER, Germany). A spectrum was
recorded after the sample was loaded onto the instrument's glass plate. The instrument was
optimised at 40kV and 30mA with Cu-Ka radiation. Samples were scanned at 20 range of
20-800 at 60/min with an increment of 0.020 interval. The average crystallite diameter
was calculated using the Debye-Scherrer equation: D =0.9A\/Bcosd, where D (nm)
represents the size, A (nm) represents the wavelength of Cu-K radiation, (A = 1.58)
represents the full width at half maximum (FWHM), and 6 (radians) represents half of the
Bragg angle.

3.2.5 Antibacterial Activity

One of the key applications of AuNRs is antibacterial activity. Three pathogenic bacterial

isolates were used in a disc diffusion assay to evaluate this activity.
3.2.5.1 Collection of Bacterial Isolates

Identified strains of Escherichia coli, Klebsiella and Staphylococcus Aurues were collected
from a Microbiology Lab, ASAB. All these strains were grown on Luria Broth Media
(Sigma Aldrich, Germany) overnight to get new and fresh cultures. Then, these isolates

were further streaked on Nutrient Agar (Sigma Aldrich, Germany) the next day to get fresh
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and isolated colonies. After that Muller Hinton Agar (Sigma Aldrich, Germany) was
prepared as it is usually used for anti-bacterial assay. It was poured and its plates were

prepared and kept.

After that, loop full bacterial cultures were taken and were mixed with saline in 1.5 ml
eppendorfs. This solution of all the cultures mixed in saline was then compared with
Mcfarland solution and the turbidity of all the solution was same as that of Mcfarland
solution so this implied that they could be used for swabbing. The MHA plates were then
swabbed with the colonies of all the three bacterial cultures taken (Escherichia coli,
Klebsiella and Staphylococcus Aurues).

3.2.5.2 Preparation of Gold Nanorods Concentrations

In order to disperse the AuNRs pellets, 700ul of deionized water was used. These
suspensions were used for the evaluation of antibacterial activity.

3.2.5.2.1 Well Diffusion Method

Antibacterial activity of AUNRs was evaluated through Kirby-Bauer disc diffusion method
(Kirby et al., 1956). This experiment was performed in laminar flow hood after application
of UV light for 15 minutes to avoid contamination. Nutrient agar petri plates were prepared
for this activity. 4 wells were made on each plate of each bacterium. One well was a
negative control and the other three had different concentrations of Gold Nanorods (35pl,
45ul and 55ul). A positive control plate which contained antibiotic discs was taken against
each bacterium. All these plates were then incubated at 24°C overnight and the zones of

inhibition were seen and analysed the next day.

The wells in each plate were made using a sterilized pipette tip (1000pul). Also, all the

activity was performed in triplicates.
3.2.6 Antioxidant Activity of Gold Nanorods

These newly synthesised and fully characterised AUNRs were then tested using the 2, 2-di-
phenyl-2-picryl hydrazyl hydrate (DPPH) assay to see how effective they were at free
radical scavenging activity. This approach is the most effective and commonly used for

assessing the antioxidant activity of a variety of materials.
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A modified protocol was followed in this study (Wang et al. 2008). This assay is
established on the ability of antioxidants to donate an electron and hydrogen. DPPH is
known to be a calorimetric material and has the potential to interact with the antioxidants
in a way that results in their reduction. A change in color of DPPH from deep purple to
yellow is used as an indication and is observed by spectral analysis of UV/Vis
spectrophotometer at 517nm. For the analysis of antioxidant ability of AUNRs, fresh 1mM
DPPH solution was prepared in methanol and different AUNR concentrations were also
prepared (50pg/ml, 100pg/ml, 250pg/ml and 500ug/ml) and were added to the solution.
Control samples were untreated DPPH solution in methanol whereas, test samples were
AUNRs treated with methanolic DPPH solution. The formula used to assess the free radical

scavenging ability is:

% scavenging radical = [Absorbance of Control — Absorbance of Test Sample/ Absorbance
of Control] X 100

This experimentation was completed in triplicates and acquired results were plotted on
graph to compare antioxidant property of AUNRSs with Ascorbic acid which has the highest

antioxidant ability at different concentrations.

This reaction mixture was kept in dark at 37°C for 30 minutes prior to measuring their

absorbance at 517 nm.
3.2.7 In vitro evaluation of Drug conjugated Gold Nanorods
3.2.7.1 Chemicals Preparation

Various chemicals were prepared as working solutions from stock for use during the
experiment in this study. To conjugate drugs with nanoparticles, the drugs had to be diluted

from stock, and a linker working solution had to be prepared as well.
3.2.7.1.1 Polyethylene Glycol (PEG)

For coating drugs over nanorods, polyethylene glycol was used as a linker. To make a 10%
PEG linker, 1g of PEG 6000 (Sigma Aldrich, USA) was dissolved in 10ml of deionized

water and stirred continuously with a magnetic stirrer until fully dissolved.

3.2.7.1.2 Drugs Stock Solution
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Two drugs HIF 1 alpha inhibitor (Chem Cruz, USA) and (Z)-4-Hydroxytamoxifen (Sigma
Aldrich, USA) were used, and 1% ethanol was added to each drug to achieve the final
concentration required for testing purposes. Each drug was prepared at a concentration of
50g/ml using a different protocol. This concentration was obtained by dissolving 5mg of
HIF 1 alpha inhibitor in 200ml of 1% ethanol. Similarly, 1g of (Z)-4-Hydroxytamoxifen

was dissolved in 200ml of 1 percent ethanol to make a 500 g/ml drug stock.

Table 2 Preparation of Drugs Solutions

Drug Drugs Stock Solution
Drug Amount 1% Ethanol Final Concentration
HIF 1 alpha inhibitor | 5mg 100ml 50ug/ml
(2)-4- 19 200ml 50 pg/ml
Hydroxytamoxifen

3.2.7.1.3 Complete RPMI preparation

Roswell Park Memorial Institute (RPMI) 1640 media (Fischer Scientific, UK) contains
more glutathione (a reducing agent) and vitamins than Dulbecco's modified media and is
used to grow a variety of cell lines. 10% foetal bovine serum (FBS) (Fischer Scientific,
UK) was added to RPMI 1640 to provide growth factors for cellular differentiation and
proliferation, while 1% Penicillium-streptomycin (Pen-strep) (Fischer Scientific, UK) was
added to avoid bacterial contamination (prophylaxis). The cell line that was used in this

study was MCF-7 cell line.
3.2.7.1.4 MTT Preparation

The yellow dye 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT)
(Sigma Aldrich, USA) is used to assess cell metabolic activity (including cell viability and
cytotoxicity). Since it is a light-sensitive dye, it was stored at -200C after being wrapped in
aluminium foil to shield it from light. Since it is carcinogenic, it should be treated with

caution.

MTT (5mg) was added per 1ml of Phosphate Buffered Saline (PBS) (Fischer Scientific,

UK) to prepare the dye as a working solution to determine cell viability.
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3.2.7.2 Gold Nanorods conjugation with Drugs

In this study, two drugs HIF-1 alpha inhibitor and (Z)-4-Hydroxytamoxifen (4-OHT) were
conjugated with AuNRs synthesized using seed mediated chemical synthesis. The protocol

of drug conjugation was as follows:

e Equal proportions of Nanorod solution and PEG solution (synthesis of PEG solution
explained in the previous section) were first subjected to vortexing for 5 minutes
and then incubated for 24 hours and its UV/Vis analysis was done

e The nanorod-PEG solution was then mixed with drug solution (synthesis of drug
solution synthesis also explained in the table above) and were vortexed for 5

minutes and incubated for 24 hours. It’s UV/Vis analysis was also done

Table 3 Properties of chemicals used for drug conjugation with their quantities and

company

Chemicals Required for Drug Conjugation

1- Anti-cancerous Drugs

Drug Quantity Condition Form Company

Hypoxia Inducable factor-1 | 1mg -20°C Solution ChemCruz
(Alpha) Inhibitor

(z) 4-Hydroxytaoxifen 5mg 4°C Solution ChemCruz

2- Polyethylene Glycol (PEG)

Substance Density Condition Form pH Company
Quantity
1kg 1.5gm/cm? | 20°C Solution 5-7 Sigma
Polyethylene Aldrich
Glycol (PEG)
6000
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Table 4 Concentrations of AUNRs and drugs

Concentration of Gold Nanorods

AUNR Concnetration

Solution of AuNRs 50ug/ml

Concentration of Drugs

Drug Concentration

Hypoxia Inducable factor-1 (Alpha) | 50ug/ml
Inhibitor

(z) 4-Hydroxytaoxifen 50ug/ml

Table 5 Concentrations of Hif-1a inhibitor and 4-OHT conjugated AuNPs

Concentration of Drug Conjugated AunNRs

Names Concentration

Hypoxia Inducable factor-1 (Alpha) | 19, 28 and 43ug/ml
Inhibitor conjugated AuNRs

4-OHT conjugated AuNRS 23, 33 and 46pg/ml

3.2.7.3 Drug conjugated Gold Nanoparticles cellular viability evaluation

MCEF-7 cells were cultured in complete RPMI-1640 (Sigma Aldrich, USA) and incubated
at 37 °C in 5% CO2 at 37 °C. The cells were incubated at 37 ° C in a 5% CO2 atmosphere.
Phosphate-buffered saline (PBS) (Sigma Aldrich, USA) was used to wash cell lines before
each test. After centrifugation, cells were detached with trypsin-ethylenediaminetetraacetic
acid (EDTA) solution (Sigma Aldrich, USA) and resuspended in full RPMI at 2000 r.p.m

for 2 minutes.

3.2.7.4 Cell Counting
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The cells that were obtained after centrifugation from flask contain confluent cell lines
counted using haemocytometer. Cells counted from 4 wells named as A, B, C, D. A=108,
B=95, C=89, D=92 Cell counting was performed using (Creghton University, 2012; Maria
Fuentes, 2020) formula given below:

Cell count average = (number of cells + 4) x 2 x 104
or

Mediarequired for plating = (number of squares counted x1x10%cells ml)

+ Total counted cells
The total cells per ml counted was 192x10* = 1.92x10° /ml

Three dilutions each of Hif-1a inhibitor and 4-OHT conjugated AuNRs were needed. Also,
three dilutions for AuNRs and three dilutions of AUNRS+PEG were also needed to see if
there was any effect of these on the cell line. The media and number of cells were counted
accordingly. Each well must have 10,000 cells and one plate contains 96 wells. Thus
calculation was done accordingly and 20ml of media was added to cells containing media

and after homogenization and vortexing used to fill the wells of plate carefully.
3.2.7.5 Dilution Plating

On the next day, dilutions were prepared from 2.5ug/ml, 5ug/ml, 10 pg/ml for Hif-1a
inhibitor conjugated AuNRs and 4-OHT conjugated AuNRs. Also same dilutions were
prepared for solutions of AuNRs and AUNRS+PEG. Hif-1a inhibitor and 4-OHT positive
control and negative control were also labelled. All the dilutions were performed in three
replicates, and then 200ul of each dilution was added on the plate accordingly. Afterwards,
plate was covered without disturbing wells and wrapped with aluminium foil.
Subsequently, the plates were labelled with cell line, date and supervisor name kept in

incubator at 37 °C temperature under 5% CO> for 24 hours.
3.2.7.6 MTT Assay

The MTT assay is the most common form of cell line viability assay. MTT (3-(4,5
dimethyl-2-thiazolyl)-2,5,5-diphenyl-2H-tetrazolium bromide) is a cell proliferation dye
that is used in vivo. The use of tetrazolium salt to determine the metabolic function of cells

from microbial to mammalian was typical in cell biology. The methodology used included
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many steps. Firstly, viability of cells was observed under microscope after 12, 24 and 48
hours and then was replaced in incubator. 15-20ul of MTT was added in each well of the
plate. It was then incubated at 37°C for 3 hours. Purple-colored farmazan crystals appeared
in wells. Media containing MTT was cleared by slightly tilting the plate to avoid damaging
farmazan crystals. 150ul of Dimethyl sulfoxide was then added in each well. Optical

density (OD) was then checked under spectrophotometer at 550nm.
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Chapter 4
Results

4.1 Initial Confirmation of AUNRSs Synthesis on the Basis of Color

Change

As the reaction proceeded, the color change was the most initial and the easiest way to
detect or confirm the synthesis of Gold Nanorods. As mentioned in the methodology
section, the seed-mediated method was adapted for the synthesis of Gold Nanorods. So, the
first color change was visible after the formation of the seed solution. As per previous

studies, the color came out to be dull brown.

Figure 1 Figure depicting the colour change of the seed solution to dull-brown proving the formation of gold seeds
in the process of synthesis of gold nanorods

Similarly, the color changed during the gold nanorod after the addition of ascorbic acid.

The bright yellow color of the gold salt changed to colorless.

After the addition of gold seed and incubation for 24 hours, the gold nanorod solution

developed a colour depending on the aspect ratio. The colour can vary from blue to purple
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to slight green to red. These aspect ratios can be obtained using different concentrations of

gold salt and silver nitrate.

Figure 2 Figure depicting the pattern of colour change through the growth solution during the process of formation
of gold nanorods (a) shows the bright yellow coloured solution before the addition of ascorbic acid (b) shows the
colorless solution formed after ascorbic acid reduced the gold present in the solution (c) and (d) show the colors of
gold nanorods of different aspect ratios. The aspect ratio depends on the concentrations of Silver nitrate/ Silver

ions added to solution
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Figure 3 shows the nanorod solutions obtained after the gowth solution after 24 hours was centrifuged and then
dispersed in water so as to eliminate any surfactant in the solution

The last photo was taken after centrifuging different nanorods solutions obtained by using

different gold salt concentrations.
4.2 Confirmation by UV/Vis Spectral Analysis

The synthesis of AuNRs was further confirmed by Ultra-Violet/Visible (UV/Vis)
spectrophotometer. Two absorbance peaks usually lie in the case of AuNRs. At a lower
wavelength, there was the transverse peak that came around 530-550nm and the other one
was the longitudinal that came at a higher wavelength from 650-800nm depending upon
the aspect ratio of the nanorods. Figure shows the UV/Vis spectra of the nanorod solution
showing both the transverse and the longitudinal peaks around 540 nm and 700nm
respectively which confirmed the synthesis of AUNRs in the reaction mixture. The spectral
analysis between 200-300 nm was not analysed as certain proteins show absorbance
between these regions and contribute in making noise.
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Figure 4 Graph of UV/Vis analysis illustrates the absorption spectra of gold nanorods solution. First peak around
530nm is the transverse peak and the second peak is around the 700nm mark which is the longitudnal peak

When the gold naorods were conjugated with PEG, the UV/Vis analysis was pefomed again
to check the stability of the nanorod-ligand nanosystem and both the peaks were seen there

too referring that the nanosystem was a stable one.

37



Sample-1
2.0 , ,

s ik

Absorbance(Abg)

0.0 : : : ' : :
200 400 0 500 &00 YO0 BOO O R00 1000
Wavelength(mmn)

Figure 5 Figure illustrates the stability of the nanoparticle-ligand nanosystem (Nanorods-PEG). Both the peaks
i.e. transverse and longitudinal peaks can be seen in the graph showing the absorption spectra of gold nanorods-
PEG nanosystem solution

4.3 X-Ray Diffraction (XRD) Analysis

In order to confirm the crystalline structure of AuNRs, XRD analysis was performed on
D8 Advance (Bruker, Germany). The instrument was operated at 40 kV and 30 mA with
Cu-Ka radiation (A =1.54 A). It required the sample to be in solid state, thus AuNRs
crystals were used for this purpose. The intensity of diffracted X-rays was recorded from
0° to 80°. It was deduced from the analysis that the shape identified was face centred cube
with the lattice parameter of a=b =4.0796 and c=4.083. The diffraction pattern of the
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chemically synthesized AuNRs is presented in the Figure 6. AuNRs displayed gold peaks
at around 38.06°C, 47.16°C, 64.54°C and 77.28°C and their peaks can be indexed to the
(111), (200), (220) and (311) respectively, as indicated in the Figure.

Counts

150

100
(200)

(111)

Figure 6 Figure indicates the XRD spectrum of the gold nanorod solution. AuNRs displayed gold peaks at around
38.06°C, 47.16°C, 64.54°C and 77.28°C and their peaks can be indexed to the (111), (200), (220) and (311) respectively

4.4 Fourier Transformed Infrared (FTIR) Analysis

FTIR analysis of AUNRs was used to determine potential of the components in the sample
to form functional groups. Several functional groups also act as stabilizing and capping
agents for nanoparticles. AUNRs were subjected to FTIR spectral analysis and graph is
depicted in Figure 7. AuNPs are known to exhibit additional bands as compared to gold
salt. The bands shown at 3435.19, 2923.42/2853.25, 1643.85, 1488.45, 950.39 and 719 cm"
1 were due to the stretching vibrations of hydroxyl (O H), aliphatic groups, amide,
stretching inorganic carbonate (-C=0), alcohol (C O) groups and alkyl halides,

respectively.
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Figure 7 FTIR spectrum of gold nanorod solution. The bands shown at 3435.19, 2923.42/2853.25, 1643.85, 1488.45,

950.39 and 719 cm-1 are due to the stretching vibrations of hydroxyl (O H), aliphatic groups, amide, stretching
inorganic carbonate (-C=0), alcohol (C O) groups and alkyl halides

Table 6 Details of bands shown in Fourier Transform infrared spectroscopy

Origin

Group

wavenumber (cm)

frequency

Assignment

O-H (stretch, H-bonded) 3435 (Sharp) Hydroxyl group, H-bonded OH
stretch
CH and CH> 2923 (sharp) Aliphatic group
C-O amide I band 1643 (sharp) Amide
-C=0 1488 (sharp) Stretching inorganic carbonate
CO 950 (sharp) Alcohol
C-Cl 719 (broad) Alkyl Halides

4.5 Scanning Electron Microscopic (SEM) Analysis

In order to determine the characteristic particle size and morphology of AuNRs, Scanning
Electron Microscopic Analysis was done at 15,000X and 43,000X magnifications. The

images clearly presented that the newly synthesized nanorparticles possess rod shape and
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their distribution was uniform throughout the aqueous colloidal solution. According to
SEM analysis, the average particle size of Gold Nanorods was recorded as 100nm. Due to
the delay between sonication process and SEM analysis, agglomerates of nanorods were
synthesized at some points.

fa): 7

10kV  X15,000 1pm 15 42 SEI

10kVv. X15,000 1pm 15 46 SEI

Figure 8 SEM Micrographs illustrating the size and morphology of the Gold nanorods formed through the
chemical synthesis. (a) shows the labelled sizes of the nanorods. (b) also shows the morphology of the nanorods.
Some can be seen in clusters whie others are single
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4.6 Antibacterial activity of AUNRS

In order to observe the antibacterial activity of AUNRS, 3 pathogenic strains of bacteria i.e.,
Escherichia coli, Klebsiella pneumonia and Staphylcoccus aureus were collected from
hospital and were subjected to well diffusion assay by maintaining several concentrations
of AuNRs solution in the wells. Well diffusion assay using AuNRs indicated dose
dependent bactericidal activity against these strains as they displayed zone of inhibition of
increasing diameter with increase in the concentrations of AUNRS as shown in the figure 9.
AUNRs were observed to be effective against 2 strains of bacteria but didn’t show any
considerable zone against K. pneumoniae. It was also seen that there was no zone against
K. pneumonia even in the positive control. Maximum diameter of zone of inhibition was
recorded as approximately 25mm signifying the efficacy of AuNRs against pathogenic
bacterial strains. No zone of inhibition was observed around the wells which were treated
with deionized water only, that act as a negative control, thus, it can be deduced that the
wells containing different concentrations of AUNRs gave the zones of inhibition depicting

antibacterial activity.
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Figure 9 shows the picture of the plate that has E. coli culture treated with 3 different concentrations of gold
nanorod solution and a negative control which was treated with deionized water. It can be seen that there is no
zone around the negative control and clear zones of inhibition around the wells treated with gold nanorods
solution. Also the zone size increases with increase in concentration. The graph represents the increase in
antibacterial activity with increase in the concentration of nanorod solution. Thus, the nanorod solution showed a
slight anti-bacterial activity against E. coli
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Figure 10 shows the picture of the plate that has Staphylococcus aureus culture treated with 3 different
concentrations of gold nanorod solution and a negative control which was treated with deionized water. It can be
seen that there is no zone around the negative control and clear zones of inhibition around the wells treated with
gold nanorods solution. The zones are quite bigger than that of E.coli. Also the zone size increases with increase in
concentration The graph represents the increase in antibacterial activity with increase in the concentration of
nanorod solution
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Figure 11shows a picture of a plate that is a K. pnuemonia culture and it can be seen that the nanoparticles solution
has shown a very little or no antibacterial activity in all the concentrations. The graph represents a very slight
increase in antibacterial activity with increase in the concentration of nanorod solution. The graph also suggests
that there is a very little antibacterial activity of the gold nanorods solution on this bacterial culture.

4.7 Free Radical Scavenging Ability of AUNRS

The potential of chemically synthesised AuNRs to scavenge free radicals was investigated
using the DPPH assay. As the concentration of AUNRs was increased, the assay revealed
that the AuNRS' scavenging capacity improved, as shown in Figure 12. The percent

inhibition of DPPH was assessed and compared to that of ascorbic acid, which was used as
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a positive control. Ascorbic acid is an antioxidant with an antioxidant scavenging potential
of 86.35 percent at 500ug/ml. Though, as shown in Figure 12, the maximum inhibition
percentage of AUNPs was 53.5 percent at the same concentration as Ascorbic acid. These
results suggest that the scavenging abilities of AuNRs differ substantially from those of
Ascorbic acid and that AUNRSs have substantial antioxidant activity but are not equivalent
to natural antioxidants. AUNRs may also be used as free radical scavengers to further

examine their potential in medical science.
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Figure 12 The graph shows the pattern of anti-oxidant activity of gold nanorods solution compared to that of
ascorbic acid. These results suggest that the scavenging abilities of AuNRs differ substantially from those of
Ascorbic acid and that AuNRs have substantial antioxidant activity but are not equivalent to natural antioxidants.

4.8 Cytotoxicity analysis and in vitro evaluation of Drug conjugated gold

nanorods

The cytoxicity and in viro analysis of drug conjugated gold nanorods was done. Breast
cancer cell line MCF7 was used for this study. As for the cytotoxicity analysis, there was
no cytotoxicity detected on part of the simple gold nanorod solution. Also, there was no
cytotoxicity detected by a pegylated gold nanorod solution. Both these results can be seen

in the graphs.
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Now talking about the drug conjugated gold nanorods, there were two drugs used; HIF-1 a
and 4-OHT. As theMCF-7 cells are ER and PR+ and 4-OHT is the down-regulator of ER,
so it showed considerable cell death of the MCF-7 cells. HIF-1 a also worked on the MCF-
7 cells but not as well as did the 4-OHT. Both drugs, on the other hand, when conjugated
with gold nanorods gave a slight efficient cytotoxicity as compared to when they were
administered alone. This implies that there is a slightly better activity of the drug when

conjugated with gold nanorods.
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Figure 13 The graph illustrates the in vitro analysis of AUNRs conjugated Hif-1 alpha inhibitor drug. The drug
has shown cell death on this cell line but it is not as efficient as 4-OHT because 4-OHT, being an ER down-
regulator, specifically targets MCF-7 cell line. The nanoparticles here did not kill the cells which means they are
not cytotoxic. Similarly, NP+PEG solution has also shown zero cytotoxicity. When conjugated with PEGylated
AuNRs, the drug showed similar action at lower concentrations of AUNRS but at higher concentration, the AUNRSs
conjugated drug worked even better than when the drug was administered alone
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Figure 14 The graph illustrates the in vitro analysis of AUNRs conjugated 4-OHT drug. The graph shows that the
drug has shown significant cell death on this cell line as 4-OHT4-OHT, being an ER down-regulator, specifically
targets MCF-7 cell line. The nanoparticles did not kill the cancer cells and thus are not cytotoxic. Similarly,
NP+PEG solution has also shown near to zero or zero cytotoxicity. When conjugated with PEGylated AuNRs, the
drug showed similar action at lower concentrations of NPs but at higher concentration, the AuNRs conjugated
drug worked even better than when the drug was administered alone
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Chapter 5

Discussion

As an integrative branch of science, nanotechnology has its applications in almost all fields
but their importance is remarkable in the field of medicine also known as nanomedicine. It
is an emerging branch of nanotechnology and has expanded due to its crucial role in
diagnosis and therapeutics (Sandhiya et al., 2009). It provides alternate ways to develop
drugs and therapies through targeted approach that prevents the side effects caused by
conventional methods of treatment and has opened ways for high quality research.

Nanoparticles have gained enormous attention due to their exceptional characteristics that
allow them to perform their role in the field of biotechnology for targeted delivery of drugs,
probes for disease detection, drug discovery and tissue engineering. Among metallic
nanoparticles, Gold nanoparticles have been extensively studied and used in biotechnology
due to their ease of synthesis and significant electronic, magnetic, catalytic and optical
properties (Murphy et al., 2005). AuNPs can be excited by light which allows them to be
used as contrast agents in diagnostic phototherapeutic applications such as photo-thermal
therapy, Raman spectroscopy and light scattering imaging. Furthermore, they can be
manipulated by changing their size, adjusting their electronic and optical properties,
aggregation and surface functionality, thus allowing them to be used in various branches
of science. Gold Nanorods, among other shapes, have been recently considered especially
in this regard. AuNRs, due to their significant anisotropic properties and tunable aspect
ratio are being studied. Their small size effect and tunneling effect and their unique optical
properties are the ones that attract the scientists’ interest. All these properties rely on their
morphology and have been widely used in therapeutics, catalysis and diagnosis (Meng et
al., 2019).

Many techniques regarding synthesis of AUNRs have been introduced till now but for this
research, chemical method of synthesis was used and seed-mediated approach was selected
(Chang & Murphy, 2018). This is a method which is very simple, synthesizes rods of small
size and has a high yield. Also, this method was selected as it was easy to execute. Another
reason to select this method was that it synthesizes the nanorods in a matter of 24 hours and

as we had to optimize the method in our conditions, it was a suitable method. After carrying
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out the method, the colloidal AuNRs were characterized to confirm their synthesis, their

shape, size and other information.

Initial confirmation of AuNRs synthesis was done by observing color change throughout
the process. As it has been reported that the seed solution attains the color of dull-brown
after its incubation period (Sharma et al., 2009), the color was observed and it was dull-
brown. During the synthesis of growth solution, the bright yellow color of the gold salt
solution was changed to colorless as it was reduced due to the addition of ascorbic acid.
After the addition of seed solution to growth solution, the color changed to blue after 24
hours. All these color changes have been previously indicated (Gole & Murphy, 2004).
These results clearly indicated the formation of AuNRs but it was also confirmed using

other characterization techniques.

Synthesis was further verified by UV/Vis spectral analysis that normally shows
characteristic AUNRs peaks at 540nm and around 650-900nm (Scarabelli et al., 2015). One
of these is a longitudinal peak and the other one is the transverse peak. In our study, both
of these peaks were observed when the UV/Vis analysis of the colloidal AUNRs sample
was carried out as shown in figure 4. Also, the stability of ligand-nanoparticle nanosystem
was analyzed after the addition of PEG to the solution. The UV/Vis analysis after the

addition showed the same results indicating that PEG has not affected the nanorods.

Crystallinity of AUNRSs was confirmed by their XRD profile analysis. Figure 6 represents
XRD diffractogram of AuNRs. Four peaks were indexed to (111), (200), (220) and (311)
planes according to Bragg’s equation. Sharpest peak was measured at 38.06° that
corresponds to (111) plane. Similar peaks were observed in a study with colloidal gold
AuNRs (Long et al., 2009).

FTIR spectrum of the AuNRs provide information about presence of functional groups in
the solution. AuNPs are known to exhibit additional bands as compared to gold salt. The
bands shown at 3435.19, 2923.42/2853.25, 1643.85, 1488.45, 950.39 and 719 cm™ were
due to the stretching vibrations of hydroxyl (O H), aliphatic groups, amide, stretching
inorganic carbonate (-C=0), alcohol (C O) groups and alkyl halides, respectively. These
could e compared with functional groups of gold nanoparticles synthesized through
different sources (Barros et al., 2016).
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AuNRs were further analyzed by SEM. Figure 8 showed AuNRs to be rod-shaped and
ranging in nanometric size. Images of SEM analysis revealed that AUNRs are rod-like in
shape and did not lose their shape even after purification and disruption of cells. All of
these characterization techniques helped firstly in the optimization of the process of

synthesis and secondly to confirm the synthesis of AUNRS.

Bactericidal property of AuNRs was studied against various bacteria to provide an
alternative to the use of antibiotics due to the emerging problem of antibiotic resistane. In
this study, antibacterial potential of AUNRSs was evaluated against E. coli, S. aureus and K.
pnuemoniae. Different concentration of AUNRs were used. Increase in concentration of
AuUNRs increased its bactericidal property. Chmielewska et al., explained the bactericidal

properties of various shapes of gold nanomaterials.

Free radical scavenging activity of AuNRs was evaluated by DPPH assay. AuNRS can
reduce DPPH and it can be observed by measuring absorbance value at 517nm using
UV/Vis spectroscopy. Results of this assay showed that free radical scavenging ability of
AUNRSs increase with increase in concentration of AuNRs. These results also showed that
AUNPs possess significant radical scavenging ability but it cannot be compared with natural
antioxidants. Previosuly, antioxidant abilities of gold nanoparticles have been reported as
well (Medhe et al., 2014).

In breast cancer, usually chemotherapy lasts a long time and has certain very painful side-
effects. In order to test the nanoparticles as drug-carrying vehicles, several studies have
been going on. AUNRs have also been used and conjugated with doxorubicin against breast
cancer cell lines (Nima et al., 2017). In our study, 4-OHT and Hif-1a inhibitor were used
as drugs and AuNRs were conjugated with them through a linker PEG. The MTT assay
showed that the drugs conjugated with AuUNRs had a slightly better rate of cell killing than

that of drug alone and hence AuNRs had some positive results as drug-delivery vehicles.
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Conclusion and Future Perspectives

Current study was focused on the synthesis of AuNRs and their applications. Various
physicochemical parameters such as pH, temperature, concentration and incubation time
were optimized for the synthesis. It was found that a very slightly acidic pH and a
temperature of 37 degrees Celsius was ideal for the synthesis of AuNRs. Also the size and
shape of AuNRs also depend on the concentrations of CTAB and AgNO3 used in the seed-
mediated synthesis. The ideal incubation time of the growth solution was found to be 16-
24 hours.

As for the applications, it was found at that AUNRSs have decent bactericidal properties and
in future they can be tested further to be utilized to deal with problem of antibiotic
resistance. They can also be considered as drug-delivery vehicles for antibiotic drugs as

well. Their action against other microbes is also not clear yet and can be studied in future.

The drug-delivery with AuNRs is the brightest prospect for the future. These AUNRs can
be tested as drug-delivery vehicles on mice models as well and then if positive results keep
coming, this research can even make its way to trials on other models or even humans.
Researches can also be conducted regarding the exact targeted delivery of drugs.
Anticancer medications must be delivered to the site of tumor with as little loss of volume
and biological activity as possible while in circulation. When the medicine reaches the
tumor location, it should be possible to achieve targeted tumor cell death without harming
healthy cells, as well as a controlled release mechanism for the active version of the
medication. To address the hazards associated with current cancer treatment methods, these

strategies can be fulfilled by customized nanostructures.
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