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ABSTRACT

Microscopy detection has once been the gold standard in the detection of infectious diseases
such as tuberculosis and cancer, and therefore improvements in the detection procedure could
further enhance sensitivity and restore its use. Fluorescent probes for microscopy detection
have been synthesized using organic dyes which have numerous limitations, such as a narrow
absorption spectra and a broad emission spectra to name but a few, that impact negatively on
assay sensitivity. Use of semiconducting nanomaterials in the design of fluorescent probes for
disease detection eliminates the aforementioned limitations and enhances the sensitivity of
detection, and also allows for the detection of multiple disease analytes further improving the
scope of detection which eliminates misdiagnosis. Moreover, commercially available
nanomaterials are synthesized from toxic elements such as cadmium, lead and mercury; using
an organometallic synthesis route which further yields nanomaterials not suitable for bio
applications. This study is based on the aqueous synthesis of semiconducting nanomaterials
for use as fluorophores in the development of fluorescent probes for imaging of cellular

materials.

Copper and Cobalt sulfide nanomaterials were of interest in our study. They were synthesized
via an aqueous synthesis method, using four different capping ligands, namely; glutathione,
thioglycolic acid, 18-crown-6 and L-carnosine. Reactions were performed at either 50 and 95
°C, using deionized water as a solvent. The optical and structural properties of as-synthesized
nanoparticles (NPs) were investigated using UV/Vis absorption spectroscopy (UV-Vis),
Photoluminescence spectroscopy (PL), Transmission Electron Microscope (TEM), X-Ray
Diffraction (XRD) spectroscopy and Fourier Transform Infrared Spectroscopy (FT-IR). The
cytotoxic properties of as-synthesized NPs were investigated using the 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide tetrazolium assay (MTYS).
Fluorescent probes were constructed by conjugating hypoxia inducible factor-1a (HIF-1a)
and the Phosphohistone H2A.X (Phospho H2A.X) monoclonal antibodies to as-synthesized
NPs using carbodiimide chemistry. The fluorescent probes were used to target HIF-1o and
Phospho H2A.X proteins produced in mammalian cells (Human Embryonic Kidney (Hek-

293) and HelLa cells) undergoing apoptosis, in vitro.



The optical properties of as-synthesized NPs depicted absorption spectra that are blue shifted
from their bulk counterparts, signifying the formation of small nanoparticles. This is due to
quantum size effects. Copper sulfide nanoparticles depicted emission peaks that are red
shifted from their respective absorption spectra while cobalt sulfide nanoparticles revealed
red shifted emission spectra. TEM images revealed the formation of various morphologies,
including spheres, hexagons and rods, in response to the use of different capping ligands,
synthesis temperatures and sulfur sources. The size of nanoparticles was greatly influenced
by the reaction temperature, with small nanoparticles formed at 50 °C while bigger particles
were formed at 95 °C. The XRD revealed the formation of mixed phases when the
temperature of the reaction was set at 50 "C. At 95 °C, single phases were formed and the
reactions were seen to be complete as no evidence of non-reacted material was observed. The
interaction of the capping ligands with NPs was confirmed via FT-IR, with various capping
ligands employing different functional groups to attach to the surface of NPs, which were not

affected by reaction temperature or sulfur source employed.

The cytotoxicity of as-synthesized NPs was investigated using an MTS assay. Copper sulfide
NPs were seen to be non-toxic at concentrations below 6ug/ml, with a dose dependant
decrease in cell viability observed throughout. However, for CuS NPs synthesized at 50 °C
using SDEDTC, a decline is observed when the concentration of nanoparticles exceeds 3.125
pg/ml. CoxSy NPs were found to be non-toxic to MT-4 cells, with cell viability maintained
above 80% even at the highest concentration tested. Fluorescent probes were developed by
conjugating antibodies to CuySy NPs for imaging purposes. A slight shift to higher
wavelength was observed in the absorption spectra of CuxSy NPs after the conjugation step,
signifying the presence of the antibodies on the surface of nanoparticles. When tested in vitro
using cells treated with CoCl, and doxorubicin, the fluorescent probes were internalised by
the cells, but their fluorescence intensity was low when compared to cells treated with non-
conjugated nanoparticles. These results demonstrate the feasibility of utilising these
nanoparticles in the development of fluorescent probes for biological imaging applications in

vitro, with further optimisation.
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Chapter 1: Introduction

1.1 Background and Rationale

The search for advanced diagnostic systems to improve disease detection and management
has been the focus of most research work in various study fields. This has prompted
interaction amongst various study areas within the science arena, with nanotechnology in the
forefront [1]. Innovation in the field of nanotechnology has shown potential to unlock key
advances in the detection, diagnosis, treatment and management of infectious diseases [2].
Nanotechnology has pioneered the miniaturization of structures and materials to a nanometre
scale, forming nanostructures and nanomaterials that are suitable to explore biological
processes. It has also advanced the formation of larger structures (still within the nanometre

scale), with enhanced properties, from the assembly of smaller atoms and molecules [3].

Nanomaterials have unique physical and chemical properties that are different from those of
bulk materials from which they are formed [4]. These include high electron density and
strong optical absorption (e.g. metal particles such as gold colloids), high photoluminescence
(e.g. quantum dots or semiconducting nanomaterials), high phosphorescence, and also
possess magnetic properties (e.g. Iron Oxide) [5]. Such properties present excellent
opportunities for the design of novel and innovative nanostructures that can be used in
various applications such as electronics, optoelectronics, energy storage applications, and
most importantly in biomedical applications for therapeutic and diagnostic purposes [6,7].
The design of novel nanomaterials will assist in the development of sensitive and reliable
diagnostic systems for the early detection of infectious diseases, thereby improving

limitations associated with current detection systems.

Disease detection has been the main focus of biological research recently. In most cases,
disease biomarkers are present in biological samples at very low concentrations and therefore
highly sensitive detection methods are required. Microscopy detection has once been the
gold standard in the detection of infectious diseases such as tuberculosis and cancer, and
therefore improvements in the detection procedure could further enhance sensitivity and
restore its use. Fluorescent probes for microscopy detection have been synthesized using

organic dyes which have numerous limitations, such as a narrow absorption spectra and a



broad emission spectra to name but a few, that impact negatively on assay sensitivity. Use of
semiconducting nanomaterials in the design of fluorescent probes for disease detection
eliminates the aforementioned limitations and enhances the sensitivity of detection, and also
allows for the detection of multiple disease analytes further improving the scope of detection

which eliminates misdiagnosis.

For use in biological applications such as disease detection, nanomaterials must be
functionalized with biomolecules that are capable of recognizing target analytes in biological
samples [8]. In most cases, nanomaterials are synthesized using organometallic route which
yields high quality nanostructures that are insoluble in aqueous media, thereby limiting their
use in biological assays. Therefore, nanomaterials synthesized this way require additional
processing to render them biocompatible as biological reactions are hydrophilic in nature.
The non-polar organic capping agents used during organometallic synthesis of nanomaterials
can be replaced or modified with polar inorganic ligands using various processes including

ligand exchange, hydrophobic interaction and encapsulation [9,10].

This then prompted the synthesis of these nanomaterials in polar solvents which produce
stable, hydrophilic, and biocompatible QDs that can be used directly in biological assays
without the need for ligand exchange [11-13]. This method utilizes water soluble thiols as
stabilizing agents or capping ligands for the synthesized nanoparticles. In the aqueous
synthesis route, it is much easier to control the reaction kinetics and also passivate surface
dangling bonds [14]. Moreover, aqueous synthesis is cheaper, much simpler to perform, and
highly environmentally friendly compared to the organometallic synthetic route [15]. This
method also allows for the use of low reaction temperatures and also yields nanoparticles that
are smaller in size as compared to those obtained after encapsulation of hydrophobic
nanomaterials with hydrophilic ligands [16].



1.2 Aims and Objectives

The aim of this project is to synthesize biocompatible nanoparticles and use them in the

development of fluorescent probes for disease imaging.

Objectives to fulfil the above aim include:

e Synthesis and characterization of water soluble/ biocompatible nanoparticles using an
aqueous synthesis route. Copper Sulfide and Cobalt Sulfide were selected as

nanomaterials to be used herein;

e Bio-conjugation of as-synthesized nanoparticles to biomolecules;

e Use or application of the bio-conjugated nanoparticles (fluorescent probes) to
demonstrate proof of concept in the imaging of mammalian cells using fluorescence

microscopy

1.3 Thesis Outline

This thesis is presented in eight (8) chapters. Chapter 1 introduces the main focus of this
study, highlighting the problem statement, the motivation behind the study and the aims and
objectives of the research conducted.

Chapter 2 outlines the properties of semiconducting nanomaterials that make them suitable
candidates for use in biological assays, including the different methods used in their synthesis
and also their cytotoxicity properties in vitro. Additionally, the use of these nanomaterials in
various applications is mentioned as well as their performance as fluorescent probes in

imaging applications.

Chapter 3 outlines the experimental conditions and instrumentation used in the synthesis and
characterization of copper and cobalt sulfide nanomaterials. Moreover, the experimental
conditions for cytotoxicity testing and imaging applications of as-synthesized nanoparticles
are highlighted.



Chapters 4 and 5 report the results obtained in the synthesis and characterization of CuS and
CoS nanoparticles using sodium diethyldithiocarbamate or thioacetamide as sulfur sources
and four different capping agents, (i.e. glutathione, thioglycolic acid, 18-crown-6 and L-
carnosine) and conducted at two different temperatures (50 and 95 °C).

Chapter 6 reports the cytotoxicity studies of as-synthesized CuS and CoS nanoparticles, using
MT-4 cells. Chapter 7 focuses on the functionalization of CuS nanoparticles with monoclonal
antibodies and their subsequent use in imaging on Hek-293 and HelLa cells. Chapter 8 gives

the general conclusions on the overall study and recommendations for future work
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Chapter 2: Literature Review

2.1 Nanotechnology

The emergence of the field of nanotechnology has unlocked numerous opportunities that seek
to tackle challenges in the field of science, which in turn could be translated to solutions for
the advancement of modern day society. Nanotechnology, as defined by the US National
Nanotechnology Initiative (NNI), is the study and manipulation of matter at an atomic,
molecular or macromolecular scale (dimensions ranging approximately between 1 and 100
nanometres), to unlock their unique properties that will enable innovative applications. It was
observed that the self-ordering forces and properties of materials at nanoscale differ from

those at the macro-scale [1-4].

For instance, the surface-to-volume ratio of a material increases as its dimensions are reduced
to the nanoscale. Moreover, electronic energy states become discrete bringing forth unique
electronic, optical, magnetic, and mechanical properties [5]. These unique properties
(physical, chemical and optical properties) available when materials are reduced to nanoscale

can be exploited for applications that alleviate societal challenges.

Therefore the primary aim of nanotechnology is to design, produce and characterize novel
materials, devices and systems that have new and improved properties and functions when
their size has been reduced to less than 100 nm [6]. A nanometre is one billionth (10®) of a
meter, about 10 times the size of the smallest atom, for instance hydrogen, and 80 000 times
less than the diameter of a strand of human hair [7]. Dimensions between approximately 1

and 100 nanometres are considered as the nanoscale, as illustrated in Figure 2.1.
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Figure 2.1: An illustration of the size scale depicted by object of various sizes [8]

Nanotechnology has continued to make a great impact in the field of science and technology,
with more and more disciplines being actively involved. Its footprint spans across a vast
range of disciplines including physics, chemistry, engineering, information technology,
material sciences, as well as biology [9]. Thus nanotechnology has brought together all these

scientific disciplines in creating new materials with superior properties.

2.2 Quantum dots or Semiconductor nanoparticles

Quantum dots are nanocrystals made of semiconductor materials of group Il - IV, 1l - V or
IV - VI elements [10]. These nanocrystals, often referred to as artificial atoms or zero-
dimensional electron systems, are defined as particles that exhibit physical dimensions
smaller than the exciton Bohr radius of the bulk material [11]. The Bohr radius is the distance
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between an electron in the conduction band and its hole in the valence band, in an exciton.
When a semiconductor is excited, an electron leaves the valence band and enters the
conduction band creating an electron-hole pair that is transformed into an exciton by weak
coulomb forces that exist between the electron and the hole [12].

According to literature, quantum dots or semiconducting nanomaterials range between 2 - 20
nm in diameter, and thus contain between hundred to a few thousand atoms. It has also been
argued that the diameter of quantum dots should strictly be below 10 nm [13]. According to
Drbohlavova et al, [14] the dimensions of a quantum dot are dependent on the material from
which they are formed, and a system is considered to be a quantum dot when quantum

confinement effects occur.

This size range allows nanomaterials to exhibit unique properties intermediate between those
of their bulk materials and individual atoms or discrete molecules. This is usually motivated
by the high surface to volume ratio of these nanomaterials which emanates from their reduced
size [15]. Nanomaterials have been seen to contain an inherent ability to glow a particular
colour when exposed to light of a particular wavelength, with the resulting colour dependent
on their size, as shown in Figure 2.2 [16]. Smaller particles have a strong blue colour and
particles have a strong red colour. This is due to the fact that small quantum dots have a
larger band gap and therefore emit higher energy photons whereas larger quantum dots have a

smaller band gap and emit low energy photons [17,18].

Size of Quantum Dots

Small Large

THEBEEOO L

Figure 2.2: Size dependent colour emission observed in quantum dot solutions of various
sizes [17].



The band gap therefore depends on the size of the nanomaterials, with the band gap
increasing as the size of the quantum dot is decreased. This is one of the most interesting
properties that have made nanomaterials superior over their bulk counterparts, and is known
as the quantum confinement effect whereby size of the nanostructure determines its band gap,

as the dimensions are decreased to levels below the Bohr exciton radius [19].

2.2.1 Properties of Semiconductor Nanomaterials

Semiconductor Nanomaterials have attracted much attention over other nanoparticle systems
due to their amazing optical and electronic properties, not found in their counterparts. One of
the most unique properties of these nanomaterials is the size dependant colour emission,
which is mainly due to quantum confinement as previously highlighted [20]. This allows
properties such as the band gap, emission colour, and absorption spectrum to be highly
tunable, as the size distribution of semiconductor nanomaterials can be controlled during
fabrication [21 - 25].

2.2.1.1 Optical Properties

As was indicated earlier, semiconductor nanomaterials exhibit size dependable optical
properties that are attributed to the phenomena of quantum confinement. The quantum
confinement effect is brought about by the entrapment or confinement of energy bands to
discrete levels due to the increase in the band gap as a result of reduction of the nanomaterials
size to nanoscale levels [26]. As such, it has become possible to manipulate optical properties
of a particular nanomaterial such as the spectral width, position, and profile of the
luminescence band through direct control of the size and the size distribution of the

nanomaterial [27,28].

As the size of a bulk semiconductor is decreased to nanoscale, electrons within the
semiconductor become confined into a small space, sometimes referred to a “quantum box”
[29]. As the dimensions of the semiconductor are reduced further to below the exciton Bohr
radius, the continuous energy bands collapse and become quantized according to Pauli’s

exclusion principle, thereby forming discrete energy levels similar to those of atoms [30, 31].
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The discrete structure of the newly formed energy states forms a discrete absorption spectrum
that is different to the continuous absorption spectrum of the bulk semiconductor [32]. The
energy levels in a bulk semiconductor are termed “continuous” because they are compact.
Therefore there is a negligible energy difference between them. Figure 2.3 illustrates the

difference in energy levels or bands between a bulk material and a quantum dot.

Bulk Band Quantum
Structure Dots

Conduction
Band =

Band
Gap

Valence
Band

Energy

v

Decreasing Size

Figure 2.3: Comparison of the arrangement of energy states or bands between a bulk material
and a quantum dot. Also shown is the effect of the quantum dot size on the band gap and light
emitted [33].

A decrease in the dimensions of the semiconductor nanomaterial results in an increase in the
energy difference (band gap) between the conductive and valence bands [34]. Consequently,
there is an increase in the amount of energy (hv) required to excite an electron within the
semiconductor nanomaterial from the conduction band to the valence band [35]. A photon
with energy less than the band gap cannot be absorbed by the semiconductor. When
excitation occurs, a semiconductor nanocrystal absorbs photons which causes the electrons

within the nanocrystal to absorb energy and create excitons, i.e. an electron-hole (quasi
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particle) pair. Upon relaxation, as the electron returns to the ground state, the electron and the

hole recombine resulting in the release or emission of photons [36].

Light emission by semiconductor nanomaterials is known as fluorescence or luminescence.
The colour of light emitted by semiconductor nanomaterials is dependent on the width of the
energy band gap of the nanomaterial [37, 38]. Below (Figure 2.4) is a schematic diagram
illustrating a semiconductor absorbing a photon causing the electron to be excited from the
valance band to the conductive band, and its subsequent light emission as the electron returns

to its original state.
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Figure 2.4: Schematic diagram illustrating the path of an electron after being excited by a
photon [38].

2.2.1.2 Electronic Properties

Quantum confinement is induced by relatively few atoms within a semiconductor
nanomaterial system, in which the excitons within the material are now trapped and subjected
into a relatively smaller space that is comparable to the size of the materials Bohr radius [39].
This phenomenon occurs when dimensions of a material are small enough such that the
electronic density of states of the material is affected or altered [40 - 43]. The dimensionality
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of a material is of utmost importance as it determines the number of dimensions in which the
carriers (electrons or holes) of the material act as free carriers. When the dimensionality of
the region that constrains the electrons wave function is reduced to zero, the density of state
changes dramatically and the material possess new enhanced properties [44, 45].

The electronic structure of a semiconductor material is depicted or measured by means of the
density of states (DOS) [46]. This phenomenon refers to the number of quantum states per
unit energy, i.e. how densely packed the quantum states are in a particular system [47]. As the
dimensionality of a material or system is reduced, a change in the density of electron states

occurs from a continuum of state to a much more discrete state, as seen in Figure 2.3 [48].

In a 3-dimensional system such as a bulk semiconductor, where density of states is
proportional to the square root of the electron energy, the energy levels are reported to be
continuous. In a 2-dimensional system, such as the quantum well system, the electrons are
confined in one dimension and therefore the density of electron states assumes a step like
pattern. In a 1-dimensional system, such as the quantum wire system, the electrons are
confined in two dimensions and therefore the density of electron states forms a line-like
pattern. Lastly, in a O-dimensional system such as quantum dots, where the number of atoms
in the lattice is very minimal and electron motion is confined in all dimensions, the density of
electron states moves from the continuous ‘band’ like feature observed in the 3-dimensional
model and assumes a more discrete pattern, since the energy levels are now separated by a
considerable amount of energy [49, 50]. This density of electron states is similar to that of
atoms since the charge carriers can occupy only a restricted set of energy levels [51, 52]. This
transformation of the density of electron states as a result of change in dimensionality of

material is depicted in Figure 2.5.
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reduced. The density of states in different confinement configurations such as bulk, quantum

well, quantum wire and quantum dot [53].

2.2.2 Methods for Synthesizing Semiconductor Nanoparticles

The synthesis of highly monodispersed, crystalline, shape controlled semiconductor
nanoparticles with a narrow size distribution is of utmost importance in the applications in
which these nanocrystals are to be used [54]. Since their discovery in the 1980s,
semiconductor nanoparticles have been synthesized and used in a myriad of applications
across the science arena [55]. In most cases, synthesis of semiconductor nanoparticles is
directed or determined by the applications in which these nanocrystals are to be used in. In
accordance with the laws of nanotechnology, synthesis of nanostructures can be attributed to
two approaches, i.e. the top-down and the bottom-up approach. The top down approach
yields quantum dots through the usage of synthesis techniques such as molecular beam
epitaxy (MBE), ion implantation, e-beam lithography, and X-ray lithography, whereas the
bottom up approach yields quantum dots by self-assembly following a chemical reduction
process in solution [56-59]. Within the bottom-up approach, numerous synthetic techniques

have been used to produce quantum dots but the most widely used techniques can be grouped
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into two categories according to the nature of the solvent used, i.e. the organometallic and the

aqueous synthesis routes, collectively known as colloidal synthesis [60, 61].

2.2.2.1 Organometallic Synthesis Route

This mode of synthesis was first reported by Bawendi et al, [62] and is considered to be
amongst the simplest methods used for the production of high quality, nearly monodisperse
semiconductor nanomaterials [63]. This method usually consists of three components,
namely, precursors, a surfactant and an organic solvent, which in some cases serves as both
the surfactant and a solvent [64, 65]. This technique usually involves the use of high
temperature, non-polar solvents such as trioctylphosphine (TOP), trioctylphosphine oxide
(TOPO) or hexadecyl amine (HDA) that have long alkyl chains.

Nanoparticles are produced by way of a pyrolysis reaction wherein organometallic reagents
are injected into a hot hydrophobic organic solvent, wherein the solvent can serve as both the
solvent and the capping agent to coordinate with unsaturated metal atoms on the surface of
the synthesized semiconductor nanoparticles [66, 67]. The capping agent ensures that no bulk
semiconductors are formed during this process and that the synthesized quantum dots are
stable and will not form aggregates as they grow [68 - 70]. The coordinating solvents act as
ligands by attaching to the surface of semiconductor nanoparticles through their terminal
functional groups (phosphines, phosphine oxides, and amines); with their alkyl chains
forming a monolayer that spans the nanoparticles. This mode of synthesis has been credited
with producing highly monodisperse nanomaterials, with highly crystalline cores that exhibit
narrow size distributions and symmetrical photoluminescence spectra or high

photoluminescence quantum yield [71].

This method however has a number of drawbacks that have led to most researchers looking
for an alternative synthesis route. Firstly, due to the use of organic coordinating solvents, the
resulting nanoparticles are highly hydrophobic and therefore are only miscible in non-polar
solvents such as toluene, chloroform, and hexane. This therefore restricts their use in a
biological system in vitro [72]. To mitigate this problem various methods have been devised
whereby the hydrophobic surface-capping monolayer created by the coordinating ligands is

substituted with hydrophilic molecules such as thiol groups or amines which render the
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nanomaterials hydrophilic, but this too compromises their photoluminescence yield [73, 74].
Other drawbacks associated with this method of synthesis include the use of pyrophoric,
unstable, costly, and toxic organometallic raw materials. In some instances the reaction

process lacks control and reproducibility [75 - 77].

2.2.2.2 Aqueous Synthesis Route

This mode of synthesis involves the production of semiconductor nanoparticles in aqueous
media using less toxic and biocompatible solvents, i.e. water. It also involves the use of water
soluble small organic molecules, functionalized short chain thiols, and thiol groups. These
serve various roles including acting as stabilising agents for the synthesized nanoparticles,
passivation of surface dangling bonds, and improving solubility and functionality of resulting
nanoparticles [78, 79]. Moreover, use of thiol groups allows for easy control of reaction

kinetics and help control the growth rate and size of semiconductor nanoparticles [80].

This method usually employs heavy metals such as acetates, nitrates, or chlorides that are
easily soluble in water as precursors [81]. Some of the small organic molecules mostly
reported in this method are thioglycolic acid (TGA), mercaptopropionic acid (MPA),
mercaptosucinnic acid (MSA), glutathione (GSH), and L- Cysteine (Cys). These molecules
contain both the sulfhydryl and carboxyl functional groups [82 - 84]. The sulfhydryl end of
the capping molecule attach to the quantum dot surface while the carboxyl functional group
remains available. The free carboxyl functional group create a hydrophilic layer that spans
the quantum dots rendering them soluble in biological media. Furthermore, these free
carboxyl functional groups provide a “functionalized” surface that can carry out further

surface modification processes such as bioconjugation or PEGylation [85, 86].

Aqueous synthesis was found to produce semiconductor nanomaterials with lower gquantum
yields and large size distribution as compared to the organometallic synthesis route [87].
Nonetheless, efforts have been made to improve the quality of nanoparticles by changing
parameters such as the type of capping agent, type of precursor, and molar ratio of reactants.
As a result, aqueous synthesis has now been the preferred mode of synthesis as it yields less

toxic and environmental friendly nanomaterials [88, 89].
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2.2.3 Semiconductor Nanoparticle Formation Process

Understanding the growth mechanism in which nanoparticles are formed during a synthesis
reaction is of utmost importance for the synthesis of high quality, monodisperse
semiconductor nanoparticles. It has been reported on numerous occasions that nanoparticle
formation occurs over two processes, namely nucleation and growth processes [90]. The
nucleation process occurs in the early stages of the reaction, and creates a “seed” that
eventually grows into nanoparticles as the reaction progresses further. It has been reported
that the control and separation of these processes is crucial in synthesizing monodisperse

nanoparticles [91 - 93].

2.2.3.1 Nucleation

Nucleation is the first step that precedes the formation of a new structure and this occurs
through the self-assembly of reactants. By definition, nucleation is the process whereby free
molecules or atoms of a reactant phase self-assemble to form a nucleus or thermodynamically
stable cluster that serves as a template from which nanoparticles grow [94 - 96]. The phase of
the cluster therefore resembles that of the envisaged product or nanoparticles, and the cluster
should be large enough to be able to grow irreversibly into bigger particles of the desired
size. This happens when the nuclei or newly formed cluster exceed a specific size known as
the critical size that is determined by the competition between the aggregate curvature and the

free energy, thereby facilitating the emergence of a new phase [97, 98].

Nucleation can either occur homogeneously or heterogeneously, and is controlled by the
presence or absence of impurities within the reaction. Heterogeneous nucleation is reported to
occur at the surface of particles in solution, where it provides nucleation sites for seed
mediated growth. Homogenous nucleation occurs spontaneously when a supercritical state
known as supersaturation has been achieved [99, 100]. Supersaturation is defined as the
difference in chemical potential between a molecule in solution and that in the bulk of the

crystal phase, and is denoted as follows:

Ap = pus — pe
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Where s is the chemical potential of a molecule in solution and g is the chemical potential of
the molecule in the bulk crystal. Supersaturation is very important phenomenon which is
considered the driving force for nucleation and growth to occur. The rate at which nucleation

occurs can be expressed as follows:

Rate = v exp(-AF*/kT)

where v is an attempt frequency of the order of the spin-flip frequency (v also depends on
supersaturation), AF* is the height of the free-energy barrier that must be surmounted, Kk is the
Boltzmann constant, and T is the absolute temperature [101, 102]. According to literature, the
process of nucleation is better understood through LaMer's nucleation theory [103]. This is
based on the classical nucleation theory (CNT) developed by Becker and Ddring many years
ago. Together with its modifications, the LaMer model is regarded as the only commonly
accepted model that illustrates the general mechanism through which nanoparticles are
formed [104].

In this process, often referred to as the “burst nucleation process”, precursors decompose
instantaneously to form multiple nuclei and simultaneously through homogenous nucleation
and then continue to grow without further nuclei formation. LaMer’s theory proposes that
synthesis should be tailored in such a way that monomer concentration rises rapidly and
exceeds the saturation concentration (Cs) for an extended period of time. This will then
promote the occurrence of a short burst of nucleation resulting in the instantaneous formation
of a large number of nuclei, which can further grow swiftly to form nanoparticles. In unison,
the monomer concentration decreases and therefore no additional nuclei are formed, leading

to the next process known as growth [105 - 108].

According to Thanh et al, [97] LaMer’s nucleation theory plays out in three different stages,
as shown in Figure 2.6. The first stage sees a rapid increase in the concentration of monomers
to reach a supersaturation level which favours homogeneous nucleation. In stage Il, the
monomer concentration continues to rise and saturation increases such that the monomers
undergo burst nucleation. Initially (stage I, pre-nucleation stage), monomer concentration

increases to reach the supersaturation level depicted as Cs. At this point, nucleation that can
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happen is referred to as “effectively infinite”. In the second stage (stage II), saturation
increases further to reach a self-nucleation level (Cmin) where nucleation activation energy is
exceeded resulting in burst nucleation. In stage Ill, monomer concentration decreases and
drops supersaturation levels to below self-nucleation level thereby bringing nucleation to a

halt, and making way for the growth phase [109 - 111].
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Figure 2.6: Graph depicting the various stages within LaMer’s nucleation theory of particle
formation and growth [104].

2.2.3.2 Growth

Following the formation of numerous nuclei from the nucleation step, particle growth is
initiated. Nuclei begin to grow from their surface resulting in the depletion of the monomer
supply. This reduces monomer concentration to below the critical supersaturation level,
thereby initiating a stop to the process of nucleation [112]. Nanoparticles are therefore
formed as a result of growth from the nuclei formed during the nucleation process. Growth
occurs via a series of carefully coordinated steps, which basically facilitate the incorporation
of atoms or molecules into crystal surfaces resulting in an increase in crystal size. The steps

include the transport or diffusion of atoms or monomers through solution towards the crystal
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surface, attachment of atoms to the surface of the crystal, movement of atoms on the surface

of the crystal and lastly the attachment of atoms to edges on the crystal surface [113, 114].

Nanoparticle growth has been attributed to various mechanisms such as Ostwald ripening,
digestive ripening, Finke-Watzky mechanism, coalescence and orientated attachment, and the
intraparticle growth mechanism. Ostwald ripening (diffusion limited) is the most
predominant growth mechanism and is explained further in the subsequent section. These
processes play out successively, and therefore the slowest process will control the overall
crystal growth, hence growth is usually diffusion (step 1 is rate limiting) or surface (steps 2-4
are limiting) controlled [115, 116].

2.2.3.3 Ostwald Ripening

This particle growth mechanism is described as the process whereby larger particles grow
from smaller particles by means of small clusters of molecules dissolving and transferring
their mass to bigger clusters, as observed in Figure 2.7. Ostwald ripening was first reported
by Ostwald in the 1900s, and is known to occur in situations whereby larger particles are
more energetically stable than smaller particles [117 - 119]. In smaller-sized particles, atoms
are loosely packed on the surface whereas in larger particles atoms are well ordered and
packed in the interior. Therefore, as the overall energy of the system is lowered, molecules on
the surface of the smaller-sized particles will detach and diffuse through the solution and
finally attach to the surface of the larger particles [120, 121].
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Figure 2.7: An illustration of the process by which bigger nanoparticles grow bigger in size

as smaller nanoparticles disappear into solution in a process called Ostwald ripening [122].
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The most studied form of Ostwald ripening was mathematically modelled and derived by
Lifshitz, Slyozov and Wagner [123]. Their derivative was based on diffusion limited Ostwald
ripening or in cases whereby the diffusion of material is the slowest process. They formulated
a scenario that defines the margin between small shrinking particles and large growing
particles. They introduced a concept of the critical radius (r,) and compared it with the mean
radius (r) of the particles in solution. This concept is therefore used to separate small particles
that are shrinking (when r <ry) from larger particles that are growing (when r >r,). When the
mean radius is the same as the critical radius (r = r,), the growth is regarded as zero [124 -
127].

2.3 Metal Chalcogenides (Copper Sulfide and Cobalt Sulfide)

Metal chalcogenides have been the most preferred nanomaterials due to a number of reasons.
These include, amongst others, their distinct physical and chemical properties which allow
them to be used in a range of applications that exploit their electronic, optical and
electrochemical features. Until recently, metal chalcogenides have been used mainly in the
fabrication of energy devices such as fuel cells, light-emitting diodes, solar cells, lithium-ion
batteries and supercapacitors [128 - 130]. Due to their amazing intrinsic properties, metal
chalcogenides are now being used extensively in biological applications for the sensitive
detection of target analytes. Biological applications in which metal chalcogenides have been
used include cell imaging and tracking, sensing, molecular imaging, photothermal therapy,
and drug delivery [131].

2.3.1 Copper Sulfide

Copper sulfide is a p-type semiconducting nanomaterial composed of group | and VI
elements. These semiconductors are grouped amongst the least toxic nanomaterials and have
thus been sought for use in biological applications. They are known to exist in two phases,
namely the amorphous brown chalcosite and the green crystalline covellite. These
nanomaterials are known to exist in various stoichiometric ratios which include covellite
(CuS), anilite (Cuy75S), digenite (CuygS), djurlite (CuygsS), and the copper rich chalcocite
(Cu,S) phases. Copper sulfide nanomaterials are known to have unique optical and electronic
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properties. They are known to exhibit a stoichiometry dependent band gap that can be tuned
from 1.2 — 1.5eV [132 - 136].

These properties can be tailored through the modification of their structure, morphology,
stoichiometric composition and valence state. Copper sulfide nanomaterials have gained
advantage over other metal chalcogenides as they are non-toxic, less expensive and stable
under ambient conditions. As such, copper sulfide nanomaterials have been used extensively
in the last few decades for various applications including photovoltaics, catalysis, memory
devices and thermoelectric cooling materials. The most important feature of this
semiconductor is based on the fact that its properties can be altered or tuned through the
adjustment of its structure, morphology, stoichiometric composition and valance state. These
semiconductors have been synthesized to a variety of shapes including nanoparticles,
nanocubes, nanowires, nanorods, nanoplates, ball- flower, hollow cages and hollow spheres.
Synthesis has been carried out using various methods including microwave irradiation,

sonochemistry, solid state reaction and hydrothermal/solvothermal synthesis [137 - 142].

2.3.2 Cobalt Sulfide

Cobalt sulfide is a semiconductor composed of elements from group Il — VI. It has been
found to contain unique catalytic, electric, electrochemical, optical and magnetic properties.
It is for this reason that this nanomaterial has been used across a myriad of applications
within the energy sector [143, 144]. Owing to their high solar absorption which results from
their strong intrinsic absorption together with surface morphology effects, these metal
chalcogenides have been used extensively solar cell technology. It is recognised as one of the
most complicated metal chalcogenides since it comes in various phases, chemical
compositions and stoichiometric ratios that differ from each other. Stoichiometries include
C04S3, CogSg, CoS, Co;-xS, Co03S4, C0,S3 and CoS,, which pose a challenge on shape-
controlled synthesis [145 - 147]. It has been reported that the properties of cobalt sulfide are
strongly dependent upon their size, shape, distribution and surface. Moreover, properties,
morphology and stoichiometric composition of cobalt sulfide are greatly influenced by the

mechanism used during synthesis [148].
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2.4  Applications of Metal Chalcogenide Nanoparticles

Since their discovery and further fabrication in the early 80’s, semiconductor nanomaterials
have been the subject of interest in various fields. As such, they have been used in a myriad
of applications which exploit their optical and electronic properties [149, 150]. The unlocking
of various properties inherent to these nanomaterials has led researchers spreading
semiconductor nanoparticle applications across a vast range of disciplines, both academically
and industrially. Due to their ability to emit light upon excitation, with the colour of emitted
light varying with the size of the semiconductor nanomaterial, they have also been
successfully used in bio-sensing applications [151]. The use of semiconductor nanomaterials

in various disciplines is explained in detail in subsequent sections.

2.4.1 Biological Assays

Semiconductor nanoparticles are amongst the first nanotechnology products to be applied in
biological applications, and have now been seen in a number of commercial consumer and
clinical products [152, 153]. Their effectiveness has been tested in a magnitude of biological
and clinical assays that include immune-histochemical detection, drug delivery and
therapeutics, bio-sensing, small animal imaging, and single-quantum dot tracking of extra-
and intracellular targets [154]. Figure 2.8 illustrates various biological applications in which

semiconductor nanoparticles have been used.
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Figure 2.8: Potential biological applications of semiconductor nanoparticles functionalized

with various biomolecules [14]
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For decades, organic dye fluorophores have been at the forefront of biological analysis. With
the advancement of times, technology evolving and new discoveries reported, flexibility is
also expected from these fluorophores to help keep up with such changes. However, this is
not the case, as these fluorophores continue to pose limitations on their use, therefore

prompting for the search of more advanced agents [155].

Organic dyes that are currently in use are known to have narrow excitation spectra, and
therefore can only be excited by light of a single wavelength, which gives challenges since
this differs among specific dyes. However, semiconductor nanoparticles have been reported
to circumvent this limitation since they have broad absorption spectra which allow excitation
over a wide range of wavelengths [156]. As such, different coloured nanoparticles can be

excited simultaneously using a single wavelength, as illustrated in Figure 2.9 [157].

Figure 2.9: Simultaneous imaging of tumour cells in a live mouse using multi-color

semiconductor nanoparticles [158].

Secondly, due to the broad emission spectra of most conventional dyes, it is not possible to
use various fluorescent probes to tag different biological molecules due to a possible overlap
between spectra of different dyes, making it difficult to simultaneously resolve their spectra
[159]. However, this is not the case with quantum dots. As was indicated earlier,
semiconductor nanoparticles have narrower and symmetric emission spectra compared to
fluorescent dyes, which allows multiple quantum dots to be excited by the same light source

and easily separate their spectra. This is a very useful property during biological imaging.

24



Figure 2.10 illustrates the differences between the absorption and emission spectra of organic

dyes and that of semiconductor nanoparticles.
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Figure 2.10: Comparison of the excitation (a) and emission (b) spectra for a fluorescent dye
(Rhodamine 6G) and quantum dots (CdSe) [158].

Moreover, semiconductor nanoparticles have been reported to be 20 times brighter and 100
times more stable than organic dyes. This is prompted by their high extinction coefficients
and their ability to resist or withstand photo-bleaching. Conventional dyes are known to
bleach when exposed to light for a few minutes, whereas quantum dots are able to undergo
repeated cycles of excitation and fluorescence for long hours. This feature has made it
possible to perform real time tracking of molecules or cells over an extended period of time

[160 — 162].

2.5 Solubility of Semiconductor Nanoparticles

As mentioned earlier, semiconductor nanoparticles have attracted attention from various
study fields, each requiring quantum dots at a specific form. To date, a myriad of applications
in which these nanomaterials are being used as enhancing or replacement agents are in the
field of biology. Such applications require high quality nanomaterials, but most importantly

they must be soluble in aqueous media and must be active in bio-conjugate reactions [163 -
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165]. In most cases, semiconductor nanoparticles are synthesized using the organometallic
route which yields high quality, monodisperse nanostructures which are protected with
hydrophobic coordinating ligands. These ligands are insoluble in aqueous media and
therefore impart such characteristics over to resultant quantum dots, as they create a layer

around these nanomaterials [166].

This restricts the use of these nanomaterials in biological assays, and are therefore required to
undergo further processing to render them soluble in aqueous media, and more
biocompatible. The methods used to solubilize nanoparticles can be grouped into two main
categories, i.e. complete ligand exchange and native surface modification [167]. Complete
ligand exchange involves the displacement of native hydrophobic ligands from the surface of
nanoparticles, and replacing them with hydrophilic moieties such as thiols. The surface
modification methods retain the native hydrophobic ligands, but now an amphiphilic
molecule is introduced, which binds strongly to the hydrophobic alkyl chains with one end

and exposes a hydrophilic end to the aqueous solvent [168 — 172].

2.6 Biofunctionalization

For use in biological applications such as imaging, detection and drug delivery, nanomaterials
need to be tagged with or attached to biological molecules such as proteins, peptides,
antibodies and nucleic acids that are capable of recognizing target analytes in biological
samples. This process is called bio-functionalization or bio-conjugation, and should be
conducted under mild conditions without disrupting the properties or functionality of these

biological molecules [173 - 176].

The mechanism employed when attaching biomolecules to nanoparticles depends on the
properties of the biomolecule and the intended use of the functionalized nanoparticle.
Initially, processing is required before bio-conjugation can take place so as to introduce
functional moieties on the surface of the nanoparticles which will aid attachment of the
biomolecules. This is due to the fact that the synthesis methods used to produce these
nanoparticles often does not make them capable of attachment to biomolecules. Several

mechanisms have been used to attach biomolecules on quantum dot surfaces, and can be
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grouped into two main categories i.e. covalent and non-covalent attachment, and are

explained further in subsequent sections [177 — 179].

2.6.1 Covalent Attachment

This is one of the simplest and effective methods for attaching biomolecules to nanoparticle
surfaces. This method is a combination of various mechanisms that exploit the presence of
activated functional moieties at the surface of nanoparticles. It involves the use of small
molecule cross-linkers to attach biomolecules to nanoparticles surfaces [180]. These cross-
linkers act as anchors between the nanoparticles surface and the biomolecule, where they
attach to the functional groups present on the surfaces of both the nanoparticle and the
biomolecule [181].

Cross-linkers are molecules that have reactive terminal ends capable of binding to specific
functional groups on proteins or any other molecule to be tagged. Terminal ends found on
most cross-linkers include -OH, -COOH, and -NH, [182]. Two different types of cross-
linkers have been used, namely homo- and hetero-bifunctional cross-linkers. Homo-
bifunctional cross-linkers are those that contain one or two identical reactive groups on their
terminal ends, and are mostly used to cross-link proteins to other proteins, or to different
molecules, or to stabilize quaternary structures, using a one-step process. Hetero-bifunctional
cross-linkers contain two or more different reactive groups. These cross-linkers are mostly

used in sequential bio-functionalization reactions [183].

Covalent binding mostly involves the use of the carbodiimide chemistry method, amine- and
sulfhydryl reactive chemistry, aniline catalysed hydrazone reactions, and the reversible
reactions between phenyl boronic acid and diols [184, 185]. Carbodiimide chemistry, the
most  frequently used method, employs cross-linkers such as 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), dicyclohexylcarbodiimide (DCC), and some
functional carbodiimide derivatives [186].

Also known as EDC coupling, this method activates or transfers carboxylic acid groups onto
the nanoparticle surface which readily bind amine groups on the biomolecules [187]. In this
reaction, N-ethyl-N-[dimethylaminopropyl] carbodiimide (EDC) converts the carboxylic acid
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into a reactive intermediate which is susceptible to attack by amines. Therefore no
modification of the biomolecule or protein is required since amine groups are readily

available on the surface of most proteins [188 - 190].

This method has been used extensively to conjugate quantum dots to biomaterials. Ag et al
[191] successfully conjugated anti-HER2 antibodies to thioglycolic acid (TGA) capped
CdTe/CdS quantum dots using the EDC/NHS coupling reactions. Initially, NHS was used to
activate carboxyl groups on the quantum dot surface, which were then used to actively bind
amines on the anti-HER2 antibody, thereby forming amide linkages. Similarly, Kloepfer et al
[192] successfully attached an amino acid, adenine, to cadmium selenide (CdSe) quantum
dots using an EDC/NHS coupling reaction. These adenine conjugated CdSe quantum dots

were subsequently used to label gram positive bacteria [193].

2.6.2 Non-covalent Attachment

This process is loosely described as the spontaneous absorption of biomolecules onto the
surface of nanoparticles. It is composed of methods or mechanisms that exploit inherent
charges on the surface of quantum dots to facilitate bio-functionalization with biomolecules
that are oppositely charged. Non-covalent attachment is based on electrostatic interactions or
binding, Van Der Waals forces, m effects and the hydrophobic effects [194, 195]. Of these,
electrostatic interactions have been the preferred and most widely used method for attaching
biomolecules onto nanoparticles surfaces using the non-covalent approach. Electrostatic
binding is in turn based on ionic and hydrophobic interactions between the nanoparticle

surface and the biomolecule of interest [196, 197].

lonic interactions have been used extensively and they are based on the reactivity or binding
of materials with opposite charges. Usually, semiconductor nanoparticles are synthesized to
contain a negative net charge for stability purposes. Proteins on the other hand have an
abundance of positively charged groups due to the presence of positively charged amino
acids and also their N-terminal. Therefore, ionic interactions occur between the positively
charged groups on the protein and the negatively charged nanoparticle surface thereby

forming a non-covalent bond between the nanoparticle and the protein [198 - 200].
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This mode of attachment is hailed as an easy and quick method for bio-functionalization;
however it has been seen to have major limitations. These include the inability to control the
orientation of the biomolecule on the nanoparticle surface, possibility of the biomolecule
being replaced by other unwanted biomolecules in biological samples as the bond between
the nanoparticle surface and the attached biomolecule is not strong enough [201, 202]. Also,
as the bond between the quantum dot surface and the biomolecule is facilitated by ionic
strength and pH, subtle changes in these parameters might result in the detachment or loss of

the biomolecule from the nanoparticle surface [203, 204].

2.7 Nanoparticle Toxicity

Nanomaterials have been shown to have unique properties and capabilities that can be useful
in unlocking important biological insights, and also improve or enhance key processes in
clinical diagnostics and therapeutic applications. However, their use has been restricted by
their potential toxic effects which have become a major concern recently [205].
Biocompatibility of nanomaterials determines their suitability for use in such biological
assays, as they can be detrimental to biological form [206]. This involves both the solubility
of these nanomaterials in aqueous or biological media and their toxicity at cellular level
(cytotoxicity). Since the emergence of these nanomaterials as highly efficient tools for
biological analysis, nanoparticle toxicity has been a topic of interest sparked with numerous
debates that have led to the establishment of a new platform termed “Nanotoxicology” [207,
208].

Toxicity of nanoparticles is dependant entirely on the physicochemical properties of these
nanomaterials together with environmental factors; and as each individual type of
nanomaterial contains its own unique properties, biocompatibility or toxicity is expected to
vary amongst different types of nanoparticles [209]. These include the size, charge,
concentration, outer coating bioactivity, and oxidative, photolytic, and mechanical stability
[210 - 213]. The toxicity of nanomaterials has been investigated in numerous in vitro and in
vivo assays which monitor cell growth, cell viability and DNA damage in response to
treatment with nanoparticles. Due to the use of various methods or assays for the assessment

of nanoparticle cytotoxicity, coupled with the use of different experimental conditions, there
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are conflicting reports and discrepancies on the cytotoxic behaviour, bio-distribution and
clearance of these nanomaterials. This makes it difficult to fully comprehend the fundamental

mechanism by which nanoparticles induce toxicity both in vitro and in vivo [214 - 217].

It has been reported that nanoparticles induce cytotoxicity by compromising the integrity of
the plasma membrane, mitochondrion and the nucleus. This therefore initiates the process of
apoptosis which further results in cell death [218 - 220]. Figure 2.11 gives a detailed
illustration of the proposed mechanisms by which nanomaterials induce cell death.

Mechanisms of Nanoparticle
Induced Toxicity
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Figure 2.11: Various mechanisms through which quantum dots are likely to induce
cytotoxicity [221].

Literature reports toxicity on the most commonly used nanomaterials, which are based on
cadmium, selenium and zinc based nanoparticles [222]. These materials are known to be
highly toxic and carcinogenic in their bulk form, and are therefore expected to be toxic in
their nanoparticle state. The level at which nanoparticles are cytotoxic is reliant upon the size,
type of capping ligand, and the exposure concentration [223]. It has been argued that most
nanomaterials show toxicity through the release of free ions. For example, in the case of
cadmium based nanoparticles, cytotoxicity is correlated with the release of free Cd** ions due
to the weakening of the nanoparticle lattice or upon degradation, due to photosensitization
[224].
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This results in the disturbance of the oxidative balance of the cell, which further leads to the
production of reactive oxygen species (ROS) such as superoxide (Oy), hydroxyl radicals
(HO), peroxide radicals (ROO") and hydrogen peroxide (H,0,) [225 — 227]. Therefore, it has
been reported that toxicity can be circumvented through the use of an appropriate coating
ligand, which will bind strongly to the nanoparticle for an extended period of time and will
not disintegrate. The capping ligand will thus form a protective layer around the nanoparticle
which will limit the access of light and oxygen to the core surface and hence prevent
oxidation [228 - 230].

2.8 Significance of Capping Ligands in Semiconductor Nanoparticle Synthesis

As mentioned previously, the synthesis method for semiconductor nanomaterials usually
involves three components, i.e.; precursors, a capping ligand or surfactant and a solvent. In
some cases, the solvent can also serve as a capping ligand. Capping ligands are known to play
various roles during nanoparticle synthesis which include the control of nanoparticle growth,
coating of dangling bonds at the surface of resulting nanoparticles, prevention of nanoparticle
aggregation and determination of nanoparticle solubility [231]. Capped nanoparticles differ
from their uncapped counterparts by their optical (absorption and emission spectra) and
morphological properties. For example, uncapped or poorly capped nanoparticles are likely to
contain electron and/or hole traps which will negatively affect its luminescence properties. In
this study, four capping ligands were employed to improve solubility and toxicity of as-
synthesized nanoparticles. These include L-glutathione (GSH), thioglycolic acid (TGA),
crown ether (18-crown-6) and L-carnosine (L-Carn).

2.8.1 L-Glutathione

Glutathione is a tripeptide that is composed of three amino acids, i.e.; Glutamic acid, cysteine
and glycine. It is a ubiquitous antioxidant that occurs abundantly in human and plant cells,
where it prevents damage to important cellular components caused by reactive oxygen
species such as free radicals and peroxides. As such, GSH is used as a supplement for
patients suffering from cancer, sepsis and trauma where it regulates nitrogen balance which

improves their survival rate [232, 233]. Also, this tripeptide is known to adsorb easily onto
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surfaces of metal nanoparticles, hence it has been used extensively as a capping ligand in the
synthesis of metal nanoparticles. This is because GSH contains a thiol, amine and carboxylate
functionalities that enable coupling of the as-synthesized nanoparticles to other molecules for
biological or sensing applications [234, 235]. The structure of GSH is presented in Figure
2.12A. Baruwati et al. [236] reported the effectiveness of GSH in the control of the size and

shape of silver nanoparticles when used as capping ligand during synthesis.

2.8.2 Thioglycolic Acid

Thioglycolic acid is a small, water soluble, carboxylic acid that is chained to a sulfur group.
Owing to its unique reducing capabilities, this ligand has been used as a chemical
intermediate in various chemical reactions that involve addition, elimination and cyclization.
TGA contains two functional groups, i.e.; thiol and carboxylic groups; the thiol group is
known to be reactive in the presence of bases, acids, ketone groups and organic halogen
compounds whereas the carboxylate group reacts in the presence of alcohols or amines,
nonetheless preferentially. The chemical structure of TGA is represented in Figure 2.12B.
TGA has been used extensively in the cosmetic industry as an active ingredient in hair
treatment products and also in acrylic polymers as a water soluble chain transfer agent. TGA
has found widespread use in nanoparticle synthesis where it has been employed as a capping
ligand in the synthesis of various nanomaterials to improve nanoparticle toxicity. For
example, Yang et al. [237] used TGA as a non-toxic template for the synthesis of metal
sulfides via a mild hydrothermal route. During this process, TGA was reported to act as an
oriented growth reactant [238].

2.8.3 18-Crown-6

18-crown-6 belongs to a family of compounds known as crown ethers. It is a microcyclic
polyether with a structure that contains hydrogen, carbon and oxygen atoms as shown in
Figure 2.12C. Each of the oxygen atoms is trapped between two carbon atoms thereby
forming a confirmation with a hole or an open cavity. This compound contains donor atoms
within their ring structure which can donate electrons to metal ions thereby encapsulating
them. 18-crown-6 has the ability to form stable complexes with metal ions that have similar

diameters with the open cavity of these ethers. This occurs through the ion dipole interaction
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between positively charged metal ions and the negatively charged oxygen atoms which form
the crown ether ring. It has been reported that microcyclic ligands have the ability to form
more stable complexes with metal ions compared to non-cyclic polydentate ligands. As such,
crown ethers have been used extensively in the fabrication of sensors and separation systems
[239 - 241]. Recently, 18-crown-6 has been used in the synthesis of nanomaterials due to
their complexing abilities. This ligand has been found to act as both the reducing and the
stabilizing agent during nanoparticle synthesis. Pal and colleagues successfully synthesized
stable silver nanoparticles using 18-crown-6 as a reducing and stabilizing agent [242].

2.8.4 L-Carnosine

Carnosine, also known as beta-alanyl-L-histidine, is a naturally occurring dipeptide
composed of two amino acids, namely B-alanine and L-histidine, bound together via a peptide
linkage. It is found in various body organs including the stomach, kidney, skeletal and
cardiac muscles and also the brain. Carnosine has been linked to numerous biological roles
such as being a physiological buffer, promotion of wound healing, regulation of enzyme
activity, ion chelating agent, inhibition of oxidative reactions and acting as an anti-glycating
agent. Owing to its ability to form stable complexes with metal ions, L-carnosine has been
reported to be an effective chelator of transition metals such as copper, iron, calcium and
zinc, thereby preventing metal induced damage. L-carnosine contains several functional
groups that act as binding sites for metal cations. These include the carboxylic group, amine
group, amide group and the imidazole moiety of histidine, as shown in Figure 2.12D [243 -
245]. Owing to these aforementioned properties, this dipeptide has been used as a capping
ligand during the synthesis of biocompatible nanoparticles. Malkar et al. [246] synthesized
silver (Ag) nano-chains capped with carnosine using ionizing radiation. They reported that
carnosine plays an important role in the stabilization and morphology of as-synthesized

nanoparticles.
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as capping ligands [247, 248].
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Chapter 3: Experimental

3.1 Synthesis and Characterization of Metal Sulfide Nanoparticles

3.1.1 Chemicals and Reagents

Copper chloride dihydrate (CuCl,.2H,0), cobaltous chloride hexahydrate (CoCl,.6H,0),
sodium diethyldithiocarbamate (SDEDTC), thioacetamide (TAA), glutathione (GSH),
thioglycolic acid (TGA), 18-crown-6 (18C6), L-carnosine (L-Carn) and sodium hydroxide

(NaOH) pellets were all obtained from Sigma Aldrich, and used without further purification.

3.1.2 Synthesis of Copper and Cobalt Sulfide Nanoparticles

Copper sulfide (CuSy) and cobalt sulfide (CoxSy) nanoparticles were synthesized using metal
chlorides (CuCl,.2H,0 or CoCl,.6H,0) as metal sources, with SDEDTC and TAA employed
as sulfur sources. GSH, TGA, 18C6 and L-Carn were used as capping agents. In a typical
synthesis method, 2.36 mmol of the capping agent was prepared in 30 mL of deionized water
(dH20) in a three-necked flask and stirred. A solution of the metal source (0.59 mmol) was
then introduced into the flask, followed by a drop-wise addition of the sulfur source (1.8
mmol), with continuous stirring. The pH of the solution was adjusted to 9.0 by a drop-wise
addition of 1 M NaOH then refluxed at a specified temperature (50 and 95 °C) for 60 minutes
under nitrogen. Upon reaction completion, nanoparticles were collected via centrifugation
and precipitates were washed thrice with dH,O. Finally, some amount was dispersed in dH,O
for characterization purposes. The two temperatures, 50 and 95 °C, were chosen in order to
investigate the growth of nanoparticles at both low and high temperatures.
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3.1.3 Characterization Techniques
3.1.3.1 Optical Characterization

Optical absorption measurements were carried out using a Thermo Scientific Multi-Skan Go
UV-visible spectrophotometer. Samples were placed in plastic cuvettes (1cm path length),
using water as a reference solvent. Emission spectra measurements were recorded on a Perkin
Elmer LS 45 photoluminescence (PL) spectrometer with a xenon lamp at room temperature.
The samples were placed in glass cuvettes (1cm path length) using water as a reference

solvent.

3.1.3.2 Electron Microscopy

Transmission Electron Microscopy (TEM) is a vital tool for viewing samples at higher
resolutions. Since TEM uses electron beams to illuminate the sample instead of light,
samples can be analysed at micrometre, nanometre, and even sub-nanometre scales. The
technique (JEOL-JEM 2100F HR-TEM operated at 200 kV) was used to investigate the
morphology (shapes and sizes) of as-synthesized nanoparticles. The samples were prepared
by dropping a dilute dispersion of as-synthesised nanoparticles on carbon coated copper or

nickel grids and allowed to dry at room temperature.

3.1.3.3 X-ray Diffraction

X-ray diffraction (XRD) analysis was performed on powdered samples using a Bruker XRD
machine (D8 Advance, Copper X-ray source, Lynx-eye XE detector), carried out in the two
theta (20) on a D8 diffractometer. Samples were placed in a glass holder and measurements

were taken using a glancing angle of incidence detector at an angle of 2°, for 20 values over

20° — 60° in steps of 0.05° with a scan speed of 0.01° 20. s™.

52



3.1.3.4 Fourier Transform Infrared Spectroscopy

Infrared spectroscopy is a relevant technique in determining the binding mode of the ligand
to the metal. More studies on infrared absorption spectra were reported for some metal
sulfide nanoparticles. Infrared spectra were recorded on a Bruker Optics Tensor 27 Fourier
Transform Infrared Spectroscopy. Spectra were collected over the range from 400 to 4000

cm™.

3.2 Cytotoxicity Studies of Copper and Cobalt Sulfide Nanoparticles
3.2.1 Chemicals and Reagents

Roswell Park Memorial Institute (RPMI) medium, Foetal calf serum (FCS), trypsin-EDTA,
trypan blue, dimethyl sulfoxide (DMSO) were purchased from Sigma, South Africa. Cell
Titer 96® AQueous One Solution Cell Proliferation Assay (MTS) kit and Cell Titer-Glo
Luminescent Cell Viability Assay (ATP) kit were purchased from Promega Corporation
(Madison, WI). MT-4 cells were purchased from ATCC (USA).

3.2.2 Cell Maintenance

Cells were maintained in 25 cm? tissue culture flasks in a humidified atmosphere containing
5% CO, at a temperature of 37°C. The cells were cultured in RPMI supplemented with 10%
FCS and 0.2% Gentamycin-Streptomycin. Medium was changed every second day.

3.2.3 Trypan Blue Exclusion Assay

Cells were detached from flasks by use of trypsin-EDTA solution, centrifuged at 200 x g for
10 min, and then re-suspended in culture medium. An aliquot (10 pl) of the cell suspension
was mixed with trypan blue (10 ul) in a small tube. An aliquot (10 pl) of the trypan blue-cell
mixture was then applied onto a disposable cell counting chamber slide, which was then
inserted in a countess automated cell counter (Invitrogen, SA) to count the number of viable

cells.
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3.2.4 Cytotoxicity Assay

Cytotoxicity of nanoparticles was studied by measuring the viability of MT-4 cells using the
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTS) tetrazolium assay. MT-
4 cells were grown in RPMI using standard cell culture conditions until 90% confluency.
The cells were harvested via centrifugation at 400 x g for 5 minutes and the resulting pellet
was re-suspended in DMEM. The cells were then seeded in 96 microwell plates at 2.5 x 10°
cells/ml per well and incubated at standard cell culture conditions for 1 hour. Nanoparticle
solutions (1mg/ml) were prepared and diluted in growth media to yield a concentration
gradient. Nanoparticle dilutions (0.78125, 1.5625, 3.125, 6.25, 12.5, 25 and 50 pg/ml) were
then added to the cells and incubated for 96 hours using standard cell culture conditions. The
viability of treated cells was tested using the Cell Titer 96 Aqueous One Solution Cell
Proliferation Assay kit. Briefly, 10pl of an MTS solution was added to the treated cells and
incubated for 2 hrs in standard cell culture conditions. The colorimetric change of the cells
was quantified by reading its absorbance at 480 nm using an absorbance spectrophotometer.

Experiments were repeated in order to validate the results.

3.3 Nanoparticle Bio-functionalization and Imaging
3.3.1 Chemicals and Reagents

Dulbecco's Modified Eagle Medium (DMEM), Foetal calf serum, trypsin/EDTA, PBS,
doxorubicin, bovine serum albumin (BSA), Triton X-100, paraformaldehyde, N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and N-Hydroxysuccinimide (NHS) were
purchased from Sigma, South Africa. Hypoxia inducible factor 1a monoclonal antibody
(HIF-1a), Anti-phospho-Histone H2A.X monoclonal antibody (H2A.X), Goat anti-Rabbit
IgG secondary antibody conjugated to Alexa Fluor 488 (IgG-Phospho) and mitotracker red
dye were purchased from Thermo Fisher Scientific, South Africa. Human embryonic kidney
cells (Hek-293) and HeLa cells were obtained from the American Type Culture Collection
(ATCCOC).
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3.3.2 Bio-conjugation or Probe development

Bioconjugation of antibodies to as-synthesized nanoparticles was carried out using
carbodiimide chemistry which involves the activation of reactive terminal ends by EDC and
NHS. Initially, nanoparticles were treated with EDC and NHS solutions to activate carboxylic
groups on the surface of the nanoparticles before conjugation happened. Briefly,
nanoparticles in solution were centrifuged, and the supernatant was decanted. The pellet was
then suspended in a solution of EDC (100 ml; 20 mg/ml), followed by the addition of an NHS
solution (100 ml; 10 mg/ml). The mixture was centrifuged at10 000 rpm, for 10 minutes. The
supernatant was then discarded and the resulting pellet was re-suspended in a solution
containing 0.1 mg/ml monoclonal antibody. After shaking overnight at 4 °C, the solution was
centrifuged and washed three times with PBS (10 mM, pH 7.4). After washing, the
conjugates were re-suspended in PBS, and stored at 4 °C till use. The conjugates were

characterized using UV-Vis spectroscopy.

3.3.3 Cell Imaging using Probes

Hek-293 and HeLa cells were cultured in T50 flasks using standard cell culturing techniques
till 75 % confluency was achieved. The cells were then harvested, and seeded onto 6 well
plates, and allowed to grow and reach 75 % confluency. Cells were then washed three times
(3x) with PBS, stained with mitotracker red dye, and incubated at 37 °C for 30 minutes. After
incubation, the cells were washed 3x with PBS, fixed with 4 % formaldehyde and incubated
at 37 °C for 15 minutes. After washing, the cells were made permeable by treating with PBS
containing 0.2 % Triton X-100 at 37 °C for 10 minutes. Following washing, the plates were
blocked using PBS containing 1 % BSA, at room temperature for 30 minutes. The cells were
then treated with the probes (antibody conjugates), and allowed to incubate at room
temperature (RT) for 60 minutes. Control wells were treated with non-conjugated primary
antibodies (anti-HIF-1o. and H2A.X). After washing, control cells were treated with
secondary antibody (IgG-Phospho) and allowed to incubate at room temperature for 60
minutes. Cells were washed, and stored in PBS till viewing in a FLOID fluorescence

microscope, using green and white light
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Chapter 4: Results for Characterization of Copper Sulfide Nanoparticles

4.1 Introduction

Copper sulfide (CuySy) is a p-type semiconductor that exists in various crystalline phases
such as covellite (CuS), anilite (Cuy 75S), digenite (CuygS), djurlite (CuygsS), and the copper
rich chalcocite (Cu,S). It is known to exhibit a stoichiometry-dependent band gap that can be
tuned from 1.2 — 1.5 eV [1 - 3]. The most important feature of these semiconductors is based
on the fact that their properties can be tuned or tailored by altering their structure,

morphology, stoichiometric composition and valance state [4].

Copper based nanomaterials have recently gained popularity over other widely used metal
based nanomaterials such as gold, silver and cadmium due to their abundance, low cost and
also their inherent optical and electrical properties compared to their aforementioned
counterparts [5, 6]. As such, copper sulfide nanomaterials have featured in a myriad of
applications which utilize their photocatalytic, photovoltaic, thermoelectric, sensing, ion-

storage, plasmonic, supercapacitor, and superionic abilities [7, 8].

CuxSy nanomaterials have been widely used in energy based applications, and it is until
recently that these nanomaterials are gaining popularity in biological applications. These have
become the nanomaterials of choice in biomedical assays due to their excellent near-infrared
(NIR) optical absorption which emanates from the d-d energy band transition of Cu®* ions ,
high molecular co-efficient, and efficient heat generation capabilities [9, 10]. Recently, Cu,Sy
nanomaterials have gained popularity in biological assays such as sensing, molecular
imaging, photothermal therapy, drug delivery. Moreover, these nanomaterials have now been
applied as multifunctional agents that can assume both the imaging and therapeutic functional

roles simultaneously [11].

In most cases, nanomaterials are synthesized using organometallic route which yields high
quality nanostructures that are insoluble in aqueous media, thereby limiting their use in
biological assays. Usually, nanomaterials synthesized via this route would undergo additional

processing in the form of ligand exchange or encapsulation whereby the non-polar organic
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capping agents used during organometallic synthesis are replaced or modified with polar

inorganic ligands.

Following ligand exchange, the photoluminescence of these nanomaterials drops significantly
[12, 13]. This then prompted the need to synthesize nanomaterials in polar solvents to yield
stable, hydrophilic, and biocompatible QDs that can be used directly in biological assays
without the need for ligand exchange. This method utilizes water soluble thiols as stabilizing
agents or capping ligands for the synthesized nanoparticles [14 - 17]. In this chapter, the
characterization of copper sulfide nanoparticles is reported. The as-synthesized water soluble
nanoparticles can further be used directly in biological applications with no need of rendering

them biocompatible.

4.2 Results and Discussions

Copper sulfide nanoparticles were synthesized using copper chloride as a copper source and
sodium diethyldithiocarbamate (SDEDTC) or thioacetamide (TAA) as sulfur sources. To
control the morphology of the particles and prevent particles from aggregation, four different
capping agents, i.e.; glutathione (GSH), thioglycolic acid (TGA), 18-crown-6 (18C6) and L-
carnosine (L-Carn) were used. Reactions were conducted at 50 and 95 °C, with water acting

as a solvent.

4.2.1 Characterization of copper sulfide nanoparticles synthesized using SDEDTC as a

sulfur source

4.2.1.1 Optical properties

Temperature and pH are some of the crucial parameters that influence the morphology of
nanoparticles. An increase in temperature or pH will have an effect on the size and shape of
nanoparticles, which extremely influences the absorption spectra of a particular nanomaterial.
For instance, high temperatures favour the formation of larger nanoparticles, due to Ostwald

ripening and oriented attachment effects [18, 19].
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Figure 4.1 shows the absorption spectra of CuSy nanoparticles dispersed in water. The
particles were synthesized at 50 (A) and 95 °C (B), with a reaction time of 1 hour (hr). All
absorption spectra of Cu,Sy nanoparticles synthesized at 50 °C depicted sharp maximum
excitonic peaks in the visible region, appearing at 449, 452, 457 and 469 nm for GSH, TGA,
18C6 and L-Carn capped nanoparticles, with band edges recorded around 510 nm (2.43 eV),
512 nm (2.42 eV), 588 nm (2.11 eV) and 562 nm (2.21 eV) respectively. An emergence of
broad bands in the near infrared region (NIR) was also observed around 700 nm for all
spectra. All spectra are blue shifted when compared to that of bulk CuS material which has a
band edge of 1022 nm. The shift to lower wavelength is attributed to quantum confinement of
charge carriers in the nanoparticles [20]. The presence of two different peaks in each
spectrum signifies the presence of both the chalcocite (Cu,S) and covellite (CuS) phases.
Cu,S is known to exhibit an excitonic peak in the visible region (around 450 nm) while CuS

is known to have an absorption band edge in the NIR region (around 700 nm) [21].
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Figure 4.1: Absorption spectra of copper sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 50 (A) and 95 °C (B) using SDEDTC as a sulfur source.

A change in the absorption spectra of CuxSy nanoparticles was observed when synthesis is
conducted at 95 °C (Figure 4.1B). The sharp peaks appearing between 400 and 550 nm in
CuxSy synthesized at 50 °C were not observed at 95 °C. GSH capped nanoparticles depicted
an absorption spectrum typical of covellite CuS, with a sharp decrease from 300 to 550 nm
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and a sharp increase from 600 to 900 nm. However, in the case of Cu,Sy capped with TGA,
18C6 and L-Carn the above was not observed signifying that Cu,Sy was not fully converted

to covellite.

The emission properties of as-synthesized Cu,Sy nanoparticles were investigated using
photoluminescence spectroscopy (PL). The emission properties of semiconductor
nanoparticles are mainly dependent upon their surface states, size distributions and surface
passivation by the capping agent [22]. Figure 4.2 shows the PL spectra of Cu,Sy nanoparticles
capped with either GSH, TGA, 18-crown-6 or L-carnosine, synthesized at 50 (Figure 4.2A)
or 95 °C (Figure 4.2B), using SDEDTC as a sulfur source. All PL spectra of nanoparticles
synthesized both at 50 and 95 °C are red-shifted from their corresponding absorption spectra.
This shift has been reported previously in literature for Cu,Sy nanoparticles [23]. A slight
shift to higher wavelength was observed in the PL spectra of nanoparticles synthesized at 95
°C as compared to those synthesized at 50 °C, i.e.; 590 to 593 nm, 588 to 591 nm, 588 to 596
nm and 590 to 594 nm for GSH, TGA, 18C6 and L-Carn capped CuySy nanoparticles
respectively. All emission spectra have a single smooth peak which signifies that the surfaces
of as-synthesized nanoparticles are well passivated by their respective capping ligands [24].
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Figure 4.2: Emission spectra of copper sulfide nanoparticles capped with GSH, TGA, 18C6
and L-Carn synthesized at 50 (A) and 95 °C (B) using SDEDTC as a sulfur source.
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4.2.1.2 Structural Properties

The structural properties of as-synthesized nanoparticles were investigated using
Transmission Electron Microscopy (TEM) and X-ray Diffraction Spectroscopy (XRD).
Figures 4.3 and 4.4 show TEM images of Cu,Sy nanoparticles synthesized at 50 and 95 °C
respectively. At 50 °C, spherical nanoparticles with average diameters of 2.1 nm, 3.5 nm and
12.5 nm were formed when GSH, TGA and 18-crown-6 were used as capping ligands, while
clusters of near-spherical nanoparticles with an average diameter of 16.8 nm were formed

when L-Carn was used.

100 nm

2 100 nm

Figure 4.3: HR-TEM images of copper sulfide nanoparticles capped with GSH (A), TGA
(B), 18C6 (C) and L-Carn (D) synthesized at 50 °C using SDEDTC as a sulfur source.
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Upon increasing the temperature to 95 °C, a significant change in the morphology of CuxSy
nanoparticles was observed. An increase in size to 16.7 nm was observed when Cu,Sy
nanoparticles were capped with GSH (Figure 4.4A), and also evolved into hexagonal plates.
TGA and L-carnosine capped nanoparticles grew bigger in sizes to 8.3 nm and 34.6 nm
respectively, but their shapes were not affected. 18-crown-6 capped CuySy nanoparticles
formed a mixture of near spherical, hexagonal and triangular plates with an average diameter
of 18.7 nm. The effect of temperature on the formation of nanoparticles was reported
previously by Cheng et al. [25] who observed a change in the morphological features of CuS
nanoparticles capped with polyvinylpyrolidone (PVP) when the reaction temperature was
increased. The increase in the size of nanoparticles at higher synthesis temperatures is

attributed to Ostwald ripening.

100 nm

Figure 4.4: HR-TEM images of copper sulfide nanoparticles capped with GSH (A), TGA
(B), 18C6 (C) and L-Carn (D) synthesized at 95 °C using SDEDTC as a sulfur source.
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The crystallinity and phase structure of as-synthesized CuySy nanoparticles were examined by
the X-ray diffraction technique. Figures 4.5 shows XRD patterns of Cu,Sy nanoparticles
synthesized at 50 °C. The as-synthesized Cu,Sy nanoparticles formed two phases, namely
covellite (CuS) and chalcocite (Cu,S) phases. For the Cu,S phase, diffraction peaks at 20
values of 37.1° and 38.5° correspond to miller indices of (110) and (103) respectively
(JCPDS, card number 4-784). For the CuS phase, the diffraction peaks at 20 values of 32.2°,
34.5° 39.9° and 45.5° correspond to miller indices (101), (102), (104) and (105) respectively
CuS (JCPDS, card number 4-784). Signs of unmatched peaks were observed in all diffraction

patterns of CuySy synthesized at 50 °C irrespective of the capping agent used.
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Figure 4.5: XRD patterns of copper sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 50 °C using SDEDTC as a sulfur source.

No changes were observed in the diffraction patterns of Cu,Sy nanoparticles capped with
TGA (Figure 4.6B), 18C6 (Figure 4.6C) and L-Carn (Figure 4.6D) as compared to those
synthesized at 50 “C. However, only one phase was observed in the case of CuxSy capped
with GSH at 95 °C (Figure 4.6A). This strongly indicates that the formation of Cu,S in either

50 or 95 °C was independent of the capping agent employed during the synthesis reaction.
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The diffraction peaks appearing at 20 values of 34.4°, 37.5°, 38.6°, 45.7°, 56.3°, 56.7° and
58.4° correspond to miller indices of (102), (006), (103), (105), (107), (110) and (112) of
covellite CuS (JCPDS, card number 4-784) [26 - 29]. No diffraction peaks due to impurities
(CuO) were observed. This indicates that pure covellite CuS was formed.

%021

(101
(110)
(103)
(105)
(@) w)

(104)

30 35 40 45 50 55 60 65 70 75 80

2 Theta (degrees)

Figure 4.6: XRD spectra of copper sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 95 °C using SDEDTC as a sulfur source.

4.2.1.3 Infrared Spectra

The interaction between as-synthesized Cu,Sy nanoparticles and their respective capping
ligands was investigated using Fourier Transform Infrared (FT-IR) spectroscopy. Figure 4.7
shows the FT-IR spectra of pristine GSH (A) and GSH capped CuxSy nanoparticles
synthesized at 50 (B) and 95 °C (C). The spectrum of pristine GSH displays absorption bands
at positions 3331 cm™ and 3395 cm™, 2510 cm™ and 1705 cm™ which correspond to N-H, S-
H and C=0 stretching bands respectively. Additional absorption bands appearing at positions
1392 cm™ and 1275 cm™ correspond to the asymmetric COO' stretching vibrations and the O-

H rotational vibrations respectively. These, together with the C=0 band, confirm the presence
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of the carboxylic group of GSH. Furthermore, the appearance of C-N stretching vibrations at
1072 cm™ proves the presence of peptide linkages and amine groups in the amino acid
residues of GSH.

The FT-IR spectra of GSH capped Cu,Sy nanoparticles show some of the characteristic
absorption bands seen in the spectrum of pristine GSH, with the C=0 peak now shifted to a
lower wavenumber. However, the N-H and S-H absorption bands around 3331 cm™ and 3234
cm™, and 2510 cm™ have disappeared, indicating that GSH interacts with the surface of
CuxSy nanoparticles via the N-H and S-H functional groups from its cysteine residue. This is
in agreement with the work reported by Li et al. [30] and Balavandy et al. [31] who

synthesized GSH capped silver nanoparticles using a green method.
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Figure 4.7: FT-IR spectra of pristine GSH (A) and GSH capped copper sulfide nanoparticles
synthesized at 50 (B) and 95 °C (C) using SDEDTC as a sulfur source.

The FT-IR spectra of free TGA (A) and TGA capped Cu,Sy nanoparticles synthesized at 50
(B) and 95 °C (C) are depicted in Figure 4.8. The FT-IR spectra of free TGA (Figure 4.8A)
displays FT-IR absorption bands at positions 2590 cm™, 1700cm™ and 1400 cm™ which
represent the S-H, C=0 and C-H stretching vibrations respectively. These are characteristic
absorption bands for TGA. Similar absorption bands appear in the spectra of TGA capped
CuxSy nanoparticles; however these have shifted to lower wavenumbers. This is due to the
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attraction by the field of solid surfaces. The S-H peak was not observed in the spectra of TGA
capped Cu,Sy nanoparticles. The absence of the S-H stretching mode around 2590 cm™?
signifies that the thiol group of TGA is bound to the surface atoms of Cu,Sy nanoparticles
through the Cu-S bond [32].
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Figure 4.8: FT-IR spectra of pristine TGA (A) and TGA capped copper sulfide nanoparticles
synthesized at 50 (B) and 95 °C (C) using SDEDTC as a sulfur source.

Figure 4.9 shows the FT-IR spectra of pristine 18C6 (A) and 18C6 capped CuxSy
nanoparticles synthesized at 50 (B) and 95 °C (C). The spectrum of pristine 18C6 shows
absorption bands at positions 1467 cm™ and 1353 cm™ and 1140 cm™ which signify the
presence of the C-H bending vibrations and the C-O stretching vibrations of 18C6
respectively. The spectrum of 18-crown-6 capped CuSy nanoparticles show the C-H bending
vibrations appearing at positions 1398 cm™ and 1320 cm™, which are shifted to a lower
wavenumber compared to those of pristine 18C6. However, the C-O stretch has disappeared
signifying that 18C6 interacts with the surface of CuxSy nanoparticles through the lone pairs
of its C-O group. These findings agree well with work done by Al-amery et al. [33] who
synthesized complexes of lanthanide picrates with crown ethers, i.e.; 18-crown-6 and 15-

crown-5.
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Figure 4.9: FT-IR spectra of pristine 18C6 (A) and 18C6 capped copper sulfide nanoparticles
synthesized at 50 (A) and 95 °C (B) using SDEDTC as a sulfur source.

The spectrum of pristine L-Carn (Figure 4.10A) shows FT-IR absorption bands at positions
3237 cm™ and 3049 cm™, 1705 cm™, 1570 cm™ and 1404 cm™ which correspond to N-H,
C=0, C-C and COO  stretching vibrations respectively. Similar absorption bands appear in
the spectra of L-Carn capped CuxSy nanoparticles synthesized at 50 (Figure 4.10B) and 95 °C
(Figure 4.10C), except for the N-H vibration which has disappeared. This signifies that L-
Carn interacts with CuySy nanoparticles via its amine group. Similar observations were made
by Abdelkader et al. [34] when they synthesized L-carnosine-phospholipid complexes for

ocular delivery of L-carnosine.
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Figure 4.10: FT-IR spectra of pristine L-Carn (A) and L-Carn capped copper sulfide
nanoparticles synthesized at 50 (B) and 95 °C (C) using SDEDTC as a sulfur source.
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4.2.2 Characterization of copper sulfide nanoparticles synthesized using TAA as a

sulfur source
4.2.2.1 Optical Properties

In this section copper sulfide nanoparticles were synthesized using thioacetamide as a sulfur
source. All reaction parameters were kept constant and similar to those used in the previous
section, 4.2.1. Figures 4.11A and 4.11B show the UV-vis absorption spectra of GSH, TGA,
18C6 and L-Carn capped CuxSy nanoparticles produced at 50 and 95 °C respectively,
dispersed in water, in the range of 250 to 1000 nm. The absorption spectra of Cu,Sy
nanoparticles synthesized at 50 °C show that the samples absorb in the region of 300 to 500
nm. The spectra further illustrate a rapid drop from 300 to 550 nm, with band edges
appearing at 511 nm (2.43 eV), 509 nm (2.44 eV), 512 nm (2.42 eV) and 531 nm (2.34 eV)
for nanoparticles capped with GSH, TGA, 18C6 and L-Carn respectively. These are blue
shifted from the absorption spectra of bulk CuSy which is 1022 nm.
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Figure 4.11: Absorption spectra of copper sulfide nanoparticles capped with GSH, TGA, 18-

crown-6 and L-carnosine synthesized at 50 (A) and 95 °C (B) using TAA as a sulfur source.
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A shift to higher wavelength was observed for all CuSy spectra after the temperature was
increased to 95 °C, as seen in Figure 4.11B. All blue shifted absorption spectra depict
nanoparticles that absorb strongly in the spectral region with band edges appearing at 542
(2.29 eV), 539 (2.30 eV), 531 nm (2.34 eV) and 571 (2.17 eV) for nanoparticles capped with
GSH, TGA, 18C6 and L-Carn respectively. A broad shoulder in the 800 to 950 nm range that
can be attributed to the d-d transition of Cu (Il) state and is a general characteristic of the

covellite phase was also observed for all the spectra.

The photoluminescence (PL) spectra of the as-synthesized Cu,Sy nanoparticles are shown in
Figure 4.12. For nanoparticles synthesized at 50 °C (Figure 4.12A), the maximum emission
peaks appear at wavelength positioned at 620 nm, 605 nm, 588 nm and 598 nm for GSH,
TGA, 18C6 and L-Carn capped CuxSy nanoparticles respectively. Increasing the reaction
temperature to 95 °C resulted in a minimal shift to higher wavelength of all the PL spectra as
shown in Figure 4.12B. The maximum peaks have shifted from 620 to 623 nm, 605 to 622
nm, 588 to 591 nm and 598 to 605 nm for GSH, TGA, 18C6 and L-Carn capped Cu,Sy
nanoparticles respectively.
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Figure 4.12: Emission spectra of copper sulfide nanoparticles capped with GSH, TGA, 18C6
and L-Carn synthesized at 50 (A) and 95 °C (B) using TAA as a sulfur source.
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4.2.2.2 Structural Properties

TEM images of Cu,Sy nanoparticles capped with GSH, TGA, 18C6 and L-Carn, synthesized
at 50 °C are shown in Figure 4.13. Formation of nanoplates-like nanoparticles with an
average diameter of 12.9 nm were observed when GSH (Figure 4.13A) was used as a capping
agent. In the case of TGA capped CuySy nanoparticles (Figure 4.13B) spherical-like
nanoparticles with an average diameter of 12.4 nm were observed. No aggregation of
nanoparticles was observed when GSH and TGA were used at 50 °C. Employing 18C6
(Figure 4.13C) depicted spherical-like nanoparticles with an average diameter of 9.8 nm,
while a mixture of rod-like and spherical-like nanoparticles were formed when L-Carn

(Figure 4.13D) was used. However, signs of aggregation were observed in both images.

100 nm

Figure 4.13: HR-TEM images of copper sulfide nanoparticles capped with GSH (A), TGA
(B), 18C6 (C) and L-Carn (D) synthesized at 50 °C using TAA as a sulfur source.
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A change in morphology was observed for some nanoparticles when the reaction temperature
was increased to 95 “C. When GSH was used as a capping ligand, well-defined hexagonal-
shaped nanoparticles with an average diameter of 14.5 nm were formed. The same is true for
TGA capped nanoparticles, which have now formed well defined hexagonal plates with an
average diameter of 25.6 nm. No change in terms of shape was observed in the TEM image
of CuxSy capped with 18C6. The particles still remained aggregated. A mixture of spherical
and rod-like nanoparticles were still observed when L-Carn was used as a capping ligand.
The increase in reaction temperature resulted in an increase in the size of nanoparticles as
higher temperatures favour the fusion of smaller particles into bigger ones through the
process of Ostwald ripening. This is in agreement with the red shift observed in the
absorption spectra of nanoparticles from 50 to 95 °C. Temperature is one of the most
important parameters in controlled synthesis of nanomaterials, and the formation of various

shapes and sizes have been achieved previously by altering synthesis temperature.

Figure 4.14: HR-TEM images of copper sulfide nanoparticles capped with GSH (A), TGA
(B), 18C6 (C) and L-Carn (D) synthesized at 95 °C using TAA as a sulfur source.
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Figure 4.15 presents the XRD patterns of CuS nanoparticles capped with GSH (Figure
4.15A), TGA (Figure 4.15B), 18C6 (Figure 4.15C) and L-Carn (Figure 4.15D) when the
reaction temperature was set to 50 °C, with a reaction time of 1hr. The diffraction peaks
appearing at 20 positions of 31.71°, 34.12°, 37.05°, 40.91°, 45.93°, 56.47°, 62.06°, 67.26° and
70.14° correspond to miller indices (100), (102), (103), (104), (105), (110), (108), (202) and
(116) of hexagonal covellite CuS (JCPDS, card number 4-784). No signs of impurities were

observed, signifying the formation of pure CusS.

(105)

2 Theta (degrees)

Figure 4.15: XRD spectra of copper sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 50 °C using TAA as a sulfur source.

Similar XRD patterns were obtained when synthesis was conducted at 95 °C for all CuS
nanoparticles capped with GSH, TGA, 18C6 and L-Carn. No signs of unreacted material
peaks were observed. The peaks in the spectra of nanoparticles synthesized at 50 °C are broad
which signifies the formation of smaller sized nanoparticles whereas peaks in the spectra of
nanoparticles synthesized at 95 °C are narrow signifying the formation of bigger
nanoparticles. This is in agreement with previously reported work which explains that highly

crystalline nanoparticles are formed at higher temperatures [35].
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Figure 4.16: XRD spectra of copper sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 95 °C using TAA as a sulfur source.

4.2.2.3 Infrared Spectra

Figure 4.17 shows the FT-IR spectra of pure GSH (A) and GSH-capped Cu,Sy nanoparticles
synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source. The spectrum of pure GSH
shows FT-IR absorption bands appearing at positions 3331 cm™ and 3395 cm™, 2510 cm™,
1705 cm™, 1392 cm™ and 1275 cm™ which represents the N-H, S-H, C=0, COO" and O-H
stretching bands respectively, which are characteristic to GSH. The spectra of GSH capped
CuxSy nanoparticles showed similar FT-IR absorption bands which have shifted to a lower
wavenumber, but the N-H and S-H absorption bands have disappeared completely. This
signifies that GSH binds to the surface of Cu,Sy nanoparticles via N-H and S-H functional

groups from its cysteine residue, as explained earlier in section 4.2.1.3.
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Figure 4.17: FT-IR spectra of pristine GSH (A) and GSH capped copper sulfide
nanoparticles synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source.

The spectrum of pure TGA (Figure 4.18A) shows characteristic absorption bands at positions
2510 cm™, 1700 cm™ and 1400 cm™ which correspond to S-H, C=0 and C-H stretching
vibrations. FT-IR absorption bands corresponding to the C=0 and C-H stretching vibrations
were also observed in the spectra of TGA capped Cu,Sy nanoparticles at 50 (Figure 4.18B)
and 95 °C (Figure 4.18C), with the exception of the S-H peak. However, the C=0 peak in the
spectra of TGA capped nanoparticles has shifted to a lower wavenumber. The absence of the
S-H peak in the spectra of TGA capped Cu,Sy nanoparticles denotes that TGA interacts with
CuxSy nanoparticles via the S-H functional group.
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Figure 4.18: FT-IR spectra of pristine TGA (A) and TGA capped copper sulfide
nanoparticles synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source.

Figure 4.19 shows the FT-IR spectra of pure 18C6 and 18C6 capped CuySy nanoparticles
synthesized at 50 and 95 °C.
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Figure 4.19: FT-IR spectra of pristine 18C6 (A) and 18C6 capped copper sulfide
nanoparticles synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source.
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From the spectra of pure 18C6, FT-IR absorption bands at positions 1467 cm™ and 1353 cm™
and 1140 cm™ correspond to the C-H bending vibrations and the C-O stretching vibrations
respectively, typical of 18C6. These absorption bands are also observed in the spectra of
18C6 capped Cu,Sy nanoparticles with the exception of the C-O stretching vibration. This
denotes that 18C6 binds to CuxSy nanoparticles via the lone pairs of the C-O group.

Figure 4.20 shows the FT-IR spectra of pure L-Carn and L-Carn capped Cu,Sy nanoparticles
synthesized at 50 and 95 °C. The spectra of pure L-Carn depicts characteristic FT-IR
absorption bands for N-H, C=0, C-C and COO' stretching vibrations appearing at positions
3237 cm™, 1705 cm™, 1570 cm™ and 1404 cm™ respectively. The C=0 and C-C absorption
bands remain visible in the spectra of L-Carn capped CuxSy nanoparticles but the N-H peak

has disappeared which means that L-Carn binds to the nanoparticles via the amine group.
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Figure 4.20: FT-IR spectra of pristine L-Carn (A) and L-Carn capped copper sulfide
nanoparticles synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source.
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4.3 Conclusions

Water soluble quantum dots were synthesized for use as fluorescent probes in disease
imaging. Synthesis was conducted using copper chloride as a copper source and two different
sulfur sources, namely sodium diethyldithiocarbamate and thioacetamide. Four different
capping ligands were used, i.e. glutathione, thioglycolic acid, 18-crown-6 and L-carnosine.
During synthesis, the effect of reaction temperature on the formation of nanoparticles was
investigated. As such, reactions were performed at both lower (50 °C) and higher reaction
temperatures (95 °C).

The UV-vis spectra depicted absorption peaks and band edges which are blue-shifted from
bulk CuS. The PL spectra showed emission peaks which are red-shifted from their
corresponding absorption spectra, due to quantization effects indicating the formation of
nanoparticles. A red shift was observed in the UV spectra of CuS nanoparticles, from 50 to
95 °C, indicating an increase in nanoparticle size. The structural properties were confirmed
by HR-TEM, with the size of nanoparticles increasing with an increase in reaction
temperature, agreeing with findings from the UV spectra. Moreover, a change in the shape
from spheres to hexagonal plates was observed at higher temperatures, when GSH was

employed as a capping ligand.

The phase ID was investigated by XRD, and it was observed that a mixture of phases
(covellite and chalcosite) were formed when SDEDTC is used as a sulfur source, at both
temperatures, except for GSH capped Cu,Sy which formed a single phase when the reaction
temperature was increased to 95 °C. However, when TAA was used as a sulfur source, a pure
phase (covellite) was formed at both reaction temperatures. TAA has proved a suitable sulfur

source that yields good quality Cu,Sy nanoparticles at 95 °C.

The use of various capping ligands and sulfur sources had some influence in nanoparticle
formation, with GSH regarded as a ligand of choice and thioacetamide a more suitable sulfur
source. However, the reaction temperature was seen to be the contributing factor that controls

nanoparticle formation.
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Chapter 5: Results for Characterization of Cobalt Sulfide Nanoparticles

5.1 Introduction

Cobalt sulfide has been found to contain unique catalytic, electric, electrochemical, optical
and magnetic properties. Consequently, cobalt sulfide has been used across a myriad of
applications within the energy sector, and has recently gained interest within the biological
research field. Cobalt sulfide consists of various stoichiometric ratios such as C04S3, C09Sg,
CoS, Co;-xS, C03S4, C0,S3 and CoS; [1 - 4].

These diverse stoichiometric ratios pose a challenge on shape and phase-controlled synthesis.
This due to the fact that the stoichiometric ratio of cobalt sulfide is much more complicated than
that of cobalt oxide because of the coexistences of strong reducing cobalt ions and oxidizable
sulfide ions. Moreover, cobalt ions have been reported to have very strong affinity towards
oxygen, thus making it difficult to eliminate cobalt oxide or cobalt hydroxide impurities from the

reaction products.

It has been reported that the properties of cobalt sulfide nanoparticles are strongly dependent
upon their size, shape, distribution and surface. Moreover, properties, morphology and
stoichiometric composition of cobalt sulfide are greatly influenced by the mechanism used
during synthesis [5 - 8]. Cobalt sulfide nanoparticles with varying morphologies (nanotubes,
nanowires and hollow spheres) have been synthesized successfully using different synthesis
methods. Using a hydrothermal synthesis route, Emadi and colleagues successfully produced
nanocrystalline CosS4 nanoparticles. In their work, they reported the influence of reaction
time, temperature and the concentration of reactants on the shape and size of cobalt sulfide
nanoparticles [9, 10].

In this chapter, the characterization of cobalt sulfide nanoparticles for potential use as
fluorescent probes for disease imaging is reported. The as-synthesized water soluble
nanoparticles can be used directly in biological applications without the need to render them
biocompatible.
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5.2 Results and Discussion

Cobalt sulfide (CoxSy) nanoparticles were synthesized using cobaltous chloride as a metal
source and sodium diethyldithiocarbamate (SDEDTC) or thioacetamide (TAA) as sulfur
sources. Glutathione (GSH), thioglycolic acid (TGA), 18-crown-6 (18C6) and L-carnosine
(L-Carn) were all used as capping ligands during the synthesis process. Reactions were

conducted at different temperatures which are 50 and 95 °C, with water used as a solvent.

5.2.1 Characterization of cobalt sulfide nanoparticles synthesized using SDEDTC as a

sulfur source

5.2.1.1 Optical properties

Controlled synthesis of Co,Sy nanomaterials poses serious challenges since cobalt sulfide can
exist in various phases. A variety of parameters including the concentration of reactants,
capping agents, pH, as well as the reaction temperature, can influence the morphology, phase
and size of as-synthesized nanoparticles [11]. The absorption spectra of CoSy nanoparticles
synthesized at 50 and 95 °C are shown in Figure 5.1. At 50 °C (Figure 5.1A), the spectra
depicted numerous excitonic peaks or broad shoulders, with the first peak considered as the
band-gap of the material [12]. These peaks or shoulders are observed in the wavelength range
between 400 — 700 nm, and have band edges appearing at 584 nm, 599 nm, 592 nm and 597
nm for Co,Sy nanoparticles capped with GSH, TGA, 18C6 and L-Carn respectively. The
spectra are blue shifted with respect to their bulk CoxSy counterpart which appears at 1127.27
nm. The shifting of peaks to lower wavelength or higher energy is due to the quantization of

energy states in nano-sized cobalt sulfide materials [13,14].
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Figure 5.1: Absorption spectra of cobalt sulfide nanoparticles capped with GSH, TGA, 18C6
and L-Carn synthesized at 50 “C (A) and 95 °C (B) using SDEDTC as a sulfur source.

At 95 °C (Figure 5.1B), similar profiles are seen in the absorption spectra of as-synthesized
CoxSy nanoparticles. However, the band edges at 95 ‘C have shifted slightly to higher
wavelength positions i.e.; from 584 to 591 nm, 599 to 606 nm, 592 to 600 nm and 597 to 619
nm for Co,Sy nanoparticles capped with GSH, TGA, 18C6 and L-Carn respectively. This is

due to particle size increase.

The emission properties of as-synthesized Co,Sy nanoparticles were investigated using
photoluminescence spectroscopy. Figure 5.2 shows the emission spectra of GSH, TGA, 18C6
and L-Carn capped Co,Sy nanoparticles synthesized at 50 (Figure 5.2A) and 95 °C (Figure
5.2B) for 1 hr. All spectra of Co,Sy nanoparticles synthesized at 50 °C display single
emission peaks appearing at wavelength positions of 711 nm, 700 nm, 704 nm and 697 nm
for CoSy nanoparticles capped with GSH, TGA, 18C6 and L-Carn respectively. The
recorded emission spectra are red shifted from their corresponding absorption spectra, as
shown in Figure 5.1 [15]. When the reaction temperature was increased to 95 °C (Figure
5.2B), a shift to higher wavelength was observed in all PL spectra. The maximum peaks have
shifted from 711 to 735 nm, 700 to 757 nm, 704 to 744 nm and 697 to 748 nm for GSH,
TGA, 18C6 and L-Carn capped CoSy nanoparticles respectively.
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Figure 5.2: Emission spectra of cobalt sulfide nanoparticles capped with GSH, TGA, 18C6
and L-Carn synthesized at 50 °C (A) and 95 °C (B) using SDEDTC as a sulfur source.

5.2.1.2 Structural Properties

Figure 5.3 shows TEM micrographs of Co,Sy nanoparticles synthesized at 50 °C, with a
reaction time of 1 hr. Near-spherical particles with average diameters of 3.2, 18.6 and 33.5
nm were obtained when GSH (Figure 5.3A), TGA (Figure 5.3B) and L-Carn (Figure 5.3D)
were used as capping ligands while 18C6 (Figure 5.3C) capped Co,Sy yielded bigger particles
that have aggregated together, with the measured ones depicting an average diameter of 395.8
nm.
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Figure 5.3: HR-TEM images of cobalt sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 50 °C using SDEDTC as a sulfur source.

Upon reaction temperature increase to 95 “C (Figure 5.4), an increase in nanoparticle size was
observed, with most particles maintaining a similar shape. The average diameters of Co,Sy
nanoparticles capped with GSH (Figure 5.4A), TGA (Figure 5.4B), 18C6 (Figure 5.4C) and
L-Carn (Figure 5.4D) were measured to be 12.2, 45.4, 404.7 and 38.6 nm respectively. The
increase in synthesis temperature resulted in an increase in nanoparticle size, a phenomenon
that has been reported previously [16]. This is in agreement with the observation made
earlier, where there was a slight red shift in the absorption spectra of nanoparticles from 50 to
95 °C.
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Figure 5.4: HR-TEM images of cobalt sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 95 °C using SDEDTC as a sulfur source.

The XRD patterns of as-synthesized Co,Sy nanoparticles capped with GSH, TGA, 18C6 and
L-Carn, synthesized at 50 °C with a reaction time of 1hr are shown in Figure 5.5. The XRD
patterns exhibited peaks at 28 positions of 26.5°, 32.9° and 41.9° corresponding to (220),
(222) and (311) of face-centred cubic Co3S4 (JCPDS, card number 4-784). In the same XRD
patterns, the presence of peaks at 20 positions of 27.8° and 32.2°, corresponding to (111) and
(200) respectively of cubic CoS,, were also noticed. This is an evidence that two phases were
formed, namely Co3S4 and CoS;. Signs of unmatched peaks were observed in the diffraction
patterns of Co,Sy nanoparticles synthesized at 50 °C, irrespective of the capping agent used,

signifying the presence of impurities.
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Figure 5.5: XRD spectra of cobalt sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 50 °C using SDEDTC as a sulfur source.

Similar phases were formed when nanoparticles were synthesized at 95 °C, as seen in Figure
5.6 A to D. The formation of multiple phases of cobalt sulfide within a sample has been
reported previously in literature, with authors reporting the difficulty of obtaining a pure

phase of cobalt sulfide due to its complex stoichiometry [17].
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Figure 5.6: XRD spectra of cobalt sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 95 °C using SDEDTC as a sulfur source.

5.2.1.3 Infrared Spectra

Figure 5.7 shows the FT-IR spectra of pristine GSH (A) and GSH capped Co,Sy nanoparticles
synthesized at 50 (B) and 95 °C (C). The characteristic spectrum of pristine GSH was
reported in section 4.2.1.3. Table 5.1 summarizes the FT-IR spectra of pristine GSH and GSH
capped Co,Sy nanoparticles. The spectra of GSH capped Co,Sy nanoparticles shows similar
absorption bands as that of pristine GSH, with the exception of N-H and S-H stretches around
3331 cm™ and 3234 cm™, and 2510 cm™ that have disappeared. This indicates that GSH
interacts with the surface of Co,Sy nanoparticles via the N-H and S-H functional groups from

its cysteine residue, as reported previously [18].
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Figure 5.7: FT-IR spectra of pristine GSH (A) and GSH capped cobalt sulfide nanoparticles
synthesized at 50 (B) and 95 °C (C) using SDEDTC as a sulfur source.

Table 5.1: FT-IR data of cobalt sulfide nanoparticles capped with GSH synthesized using
SDEDTC as a sulfur source.

Compound (N-H) (S-H) (C=0) (CO0O) (O-H) (C-N)
GSH 3331:3395 2510cm™*  1705cm?  1392cm’ 1392cm? 1072 cm
Cm—l 1 1
C0,S,-GSH 50 — — 1482 cm™®  1373cm” 1273cm? 1069 cm’
1 1
Co,S, -GSH 95 — — 1482 cm™  1373cm™ 1274cm™ 1068 cm’
1 1

Figure 5.8 shows the FT-IR spectra of pristine TGA (A) and TGA capped Co,Sy
nanoparticles synthesized at 50 (B) and 95 °C (C). Table 5.2 summarizes the FT-IR spectra of
pristine TGA and as-synthesized TGA capped CoxSy nanoparticles. From this, it is clear that
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TGA interacts with Co,Sy nanoparticles via its thiol group, which forms a covalent bond with
Co atoms on the surface of as-synthesized CoxSy nanoparticles. Similar results were obtained
by Santos et al. [19] when they synthesized water soluble CdSe nanoparticles using TGA as a
capping ligand. The same was reported by Vikraman et al. when they synthesized CdS
nanoparticles capped with TGA for use as fluorescent probes for the detection of dopamine
[20]. A shift to a lower wavenumber was observed in the peak corresponding to the C=0

stretch when TGA is bound to nanoparticles.
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Figure 5.8: FT-IR spectra of pristine TGA (A) and TGA capped CoSy nanoparticles
synthesized at 50 (B) and 95 °C (C) using SDEDTC as a sulfur source.

Table 5.2: FT-IR data of cobalt sulfide nanoparticles capped with TGA synthesized using
SDEDTC as a sulfur source.

Compound (S-H) (C=0) (C-H) (O-H)

TGA 2563cm™  1700cm™®  1410cm™ 3300 - 2900 cm™
CoS,-TGA50  — 1485cm™ 1429 cm™ —
CoS,-TGA9  — 1479 cm™ 1426 cm™ —
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Figure 5.9 shows the FT-IR spectra of pristine 18C6 (A) and 18C6 capped CoxSy
nanoparticles synthesized at 50 (B) and 95 °C (C). Table 5.3 summarizes the FT-IR spectra of
pristine 18C6 and 18C6 capped CoxSy nanoparticles synthesized at 50 and 95 °C. 18C6 is
bound to the surface of CoSy nanoparticles via the lone pairs of its C-O group, as the peak

for this functional group is absent in the spectra of 18C6 capped CoxSy nanoparticles.
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Figure 5.9: FT-IR spectra of pristine 18C6 (A) and 18C6 capped CoSy nanoparticles
synthesized at 50 (A) and 95 °C (B).

Table 5.3: FT-IR data of cobalt sulfide nanoparticles capped with 18C6 synthesized using
SDEDTC as a sulfur source.

Compound (C-H) (C-H) (C-0)

18C6 1502 cm™ 1363 cm™ 1135cm™
Co,S,-18C650 1500 cm™ 1352 cm™ —

Co,S,-18C695 1502 cm™ 1354 cm™ —
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Figure 5.10 shows the FT-IR spectra of pristine L-Carn (A) and L-Carn capped CoxSy
nanoparticles synthesized at 50 (B) and 95 °C (C). Table 5.4 summarizes the FT-IR spectra of
pristine L-Carn and L-Carn capped Co,Sy nanoparticles synthesized at 50 and 95 °C. A shift
to lower wavenumber was observed for C=0O, C-C and COOQO" absorption bands after
introducing L-Carn to CoxSy nanoparticles at 50 and 95 °C. The absence of the N-H peak in
the spectra of Co,Sy capped with L-Carn synthesized either at 50 (Fig 5.11B) or 95 °C (Figure
5.10 C) signifies the interaction of L-Carn with the surface of Co,Sy through the N-H group.
The N-H group in pristine L-Carn was observed at 3237 cm™ and 3049 cm™. Similar results
were reported by Branham et al. [21] when they synthesized ruthenium (Il) peptide

complexes using L-carnosine.
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Figure 5.10: FT-IR spectra of pristine L-Carn (A) and L-Carn capped Co4Sy nanoparticles
synthesized at 50 (B) and 95 °C (C) using SDEDTC as a sulfur source.
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Table 5.4: FT-IR data of cobalt sulfide nanoparticles capped with L-Carn synthesized using
SDEDTC as a sulfur source.

Compound (N-H) (C=0) (C-C) (CO0O)

L-Carn 3237;3049 cm™ 1705 cm™ 1570 cm™ 1404 cm™
CoS-L-Carn 50 — 1569 cm™ 1507 cm™ 1382 cm™
CoS- L-Carn 95 — 1564 cm™ 1503 cm™ 1373 cm™

5.2.2 Characterization of cobalt sulfide nanoparticles synthesized using TAA as a

sulfur source

In this section, Co,Sy nanoparticles were synthesized using thioacetamide as a sulfur source.

All other reaction parameters were kept constant and similar to those used in section 5.2.1.

5.2.2.1 Optical properties

All absorption spectra of Co,Sy nanoparticles capped with GSH, TGA, 18C6 and L-Carn
synthesized at 50 (Figure 5.11A) and 95 °C (Figure 5.11B) are blue shifted with respect to
their bulk counterpart. The appearance of three peaks were observed when GSH and TGA
were employed as capping agents, irrespective of the synthesis temperature, while only a
single peak was observed in the case of Co,Sy nanoparticles capped with 18C6 or L-Carn.
However, the first peak appearing at higher energy was considered as the band gap as
explained before in section 5.2.1.1. The band edge of Co,Sy nanoparticles capped with GSH,
TGA, 18C6 and L-Carn at 50 “C were estimated to be 283 nm (4.38 eV), 287 nm (4.32 eV),
263 nm (4.71 eV) and 295 nm (4.20 eV) respectively.
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Figure 5.11: Absorption spectra of cobalt sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 50 (A) and 95 °C (B) using TAA as a sulfur source.

When synthesis was conducted at 95 °C, an increase of the band edges to higher wavelength
was observed with Co,Sy nanoparticles capped by GSH, TGA, 18C6 and L-Carn moving to
298 nm (4.16 eV), 293 nm (4.23 eV), 289 nm (4.29 eV) and 299 nm (4.15 eV) respectively.
This is still attributed to the temperature effect that influences the size of the nanoparticles as

it is increased.

Figure 5.12 shows the photoluminescence spectra of CoxSy nanoparticles capped with GSH,
TGA, 18C6 and L-Carn synthesized at 50 (Figure 5.12A) and 95 °C (Figure 5.12B) using
TAA as a sulfur source. The spectra of CoSy nanoparticles synthesized at 50 °C depict single
emission peaks appearing at wavelength positions of 713 nm, 711 nm, 715 nm and 705 nm
for GSH, TGA, 18C6 and L-Carn capped nanoparticles respectively. These peaks are red
shifted to their respective absorption spectra (Figure 5.11A), a phenomenon attributable to the
formation of nano-sized materials [22]. A shift to higher wavelength was observed in the
emission spectra of Co,Sy nanoparticles when synthesis is conducted at 95 °C. The maximum
peaks have shifted from 713 to 757 nm, 711 to 748 nm, 715 to 760 nm and 705 to 740 nm for
CoxSy nanoparticles capped with GSH, TGA, 18C6 and L-Carn respectively.
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Figure 5.12: Photoluminescence spectra of cobalt sulfide nanoparticles capped with GSH,
TGA, 18C6 and L-Carn synthesized at 50 (A) and 95 °C (B) using TAA as a sulfur source.

5.2.2.2 Structural Properties

Figure 5.13 shows TEM images of Co,Sy nanoparticles capped with GSH, TGA, 18-crown-6
and L-carnosine synthesized at 50 °C with a reaction time of 1hr. Capping Co,Sy
nanoparticles with GSH (Figure 5.13A), TGA (Figure 5.13B) and 18-crown-6 (Figure 5.13C)
yielded near-spherical nanoparticles with average diameters of 1.8, 8.8 and 24.7 nm
respectively. However, signs of particles fusing together forming a chain-like morphology
were clearly observed for TGA and 18-crown-6 capped nanoparticles. Employing L-Carn as
a capping agent (Figure 5.13D) yielded the formation of nanoplates with an average diameter

of 18.9 nm. Signs of aggregation were also observed as seen in the TEM image.
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Figure 5.13: HR-TEM images of cobalt sulfide nanoparticles capped with GSH (A), TGA
(B), 18C6 (C) and L-Carn (D) synthesized at 50 “C using TAA as a sulfur source.

Conducting reactions at 95 °C influenced the sizes of the particles, whereas the shape was
maintained. Average diameters of 43.7 nm, 34.5 nm, 37.8 nm and 24.6 nm were measured
when Co,Sy nanoparticles are capped with GSH (Figure 5.14A), TGA (Figure 5.14B), 18C6
(Figure 5.14C) and L-Carn (Figure 5.14D) respectively. Increasing the reaction temperature
resulted in the formation of bigger sized nanoparticles. Increasing the reaction temperature
also affected the homogeneity of the nanoparticles sizes as was observed with GSH capped
CoxSy nanoparticles in Figure 5.14A. Temperature has been reported as one of the parameters
that contribute to nanoparticle growth; hence the nanoparticles grew bigger in size when the

synthesis temperature was increased [23].
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Figure 5.14: HR-TEM images of cobalt sulfide nanoparticles capped with GSH (A), TGA
(B), 18C6 (C) and L-Carn (D) synthesized at 95 °C using TAA as a sulfur source.

Figures 5.15 and 5.16 show XRD patterns of Co,Sy nanoparticles capped with GSH, TGA,
18C6 and L-Carn, synthesized at 50 and 95 °C respectively, with a reaction time of 1hr, using
thioacetamide as a sulfur source. The XRD patterns obtained both at 50 and 95 °C did not
show obvious peaks, signifying the synthesis of amorphous cobalt sulfide nanoparticles.
Increasing the synthesis temperature to 95 °C did not improve or change the phase of as-
synthesized Co,Sy nanoparticles. Similar results were obtained by Tao et al. [22] when they
synthesized cobalt sulfide nanoparticles using a chemical precipitation method, for use in

electrochemical supercapacitors.
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Figure 5.15: XRD spectra of cobalt sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 50 °C using TAA as a sulfur source.
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Figure 5.16: XRD spectra of cobalt sulfide nanoparticles capped with GSH (A), TGA (B),
18C6 (C) and L-Carn (D) synthesized at 95 °C using TAA as a sulfur source.
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5.2.2.3 Infrared Spectra

Figure 5.17 shows the FT-IR spectra of pristine GSH (A) and GSH capped CoxSy
nanoparticles synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source. The FT-IR
spectrum of pristine GSH contains various infrared (IR) absorption bands that are
characteristic to this ligand, as described in section 4.2.1.3. The FT-IR data is summarised in
Table 5.5. When compared to the spectra of GSH capped Co,Sy nanoparticles, the N-H and
S-H stretches around 3331 cm™ and 3234 cm™, and 2510 cm™ have disappeared. This shows
that GSH binds to Co,Sy nanoparticles via its N-H and S-H functional groups.
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Figure 5.17: FT-IR spectra of pristine GSH (A) and GSH capped CoSy nanoparticles
synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source.
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Table 5.5: FT-IR data of cobalt sulfide nanoparticles capped with GSH synthesized using

TAA as a sulfur source.

Compound (N-H) (S-H) (C=0)  (COO) (O-H) (C-N)

GSH 3336; 3244 cm™ 2524 cm™ 1705cm™ 1391cm™  1271cm™ 1072 cm™
Co,S,-GSH 50 — — 1485cm™ 1386cm™  1265cm™ 1076 cm™
Co,S,-GSH 95 — — 1490 cm™ 1374cm™  1265cm™ 1080 cm™

The FT-IR spectra of pristine TGA (A) and TGA capped Co,Sy nanoparticles synthesized at
50 (B) and 95 °C (C) using TAA as a sulfur source are shown in Figure 5.18. Table 5.6
summarizes the FT-IR spectra of pristine TGA and TGA capped CoxSy nanoparticles
synthesized at 50 and 95 °C. As shown in the table, all spectra have similar absorption bands
with the exception of the S-H peak which disappeared when TGA is used as a capping ligand
for Co,Sy nanoparticles. The absence of the S-H peak is an indication that TGA is bound to

the surface of CoxSy nanoparticles via its thiol group.
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Figure 5.18: FT-IR spectra of pristine TGA (A) and TGA capped CoxSy nanoparticles
synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source.
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Table 5.6: FT-IR data of cobalt sulfide nanoparticles capped with TGA synthesized using

TAA as a sulfur source.

Compound (S-H) (C=0) (C-H) (O-H)

TGA 2564cm™  1702cm™ 1410 cm* 3300 - 2900 cm™
Co,S,-TGA 50 — 1589 cm™ 1453 cm™ —
Co,S,-TGA 95 — 1603cm™ 1436 cm™ —

Figure 5.19 shows the FT-IR spectra of pristine 18-crown-6 (A) and 18-crown-6 capped
CoxSy nanoparticles synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source. Table
5.7 summarizes the FT-IR spectra of pristine 18C6 and 18C6 capped Co,Sy nanoparticles
synthesized at 50 and 95 °C. From this data, the C-O peak disappears when 18C6 has been
used to cap CoSy nanoparticles. This indicates that 18C6 binds to the surface of Co,Sy

nanoparticles via the lone pairs of the C-O functional group.
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Figure 5.19: FT-IR spectra of pristine 18C6 (A) and 18C6 capped Co,Sy nanoparticles
synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source.
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Table 5.7: FT-IR data of cobalt sulfide nanoparticles capped with 18C6 synthesized using

TAA as a sulfur source.

Compound (C-H) (C-H) (C-0)
18C6 1492 cm™ 1380 cm™ 1146 cm™
C0,S,-18C6 50 1386 cm™ 1468 cm™ —
C0,S,-18C6 95 1376 cm™ 1464 cm™ —

Figure 5.20 shows the FT-IR spectra of pristine L-carnosine (A) and L-carnosine capped
CoxSy nanoparticles synthesized at 50 (B) and 95 °C (C) using TAA as a sulfur source. Table
5.8 summarizes the FT-IR spectra of pristine L-Carn and as-synthesized L-Carn capped
CoxSy nanoparticles. There is a change in the spectra of L-Carn when it is bound to Co,Sy
nanoparticles as indicated by the absence of the N-H peak. This signifies that L-Carn

interacts with Co,Sy nanoparticles via its amine groups.
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Figure 5.20: FT-IR spectra of pristine L-Carn (A) and L-Carn capped CoxSy nanoparticles
synthesized at 50 (B) and 95 °C (C) using SDEDTC as a sulfur source.
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Table 5.8: FT-IR data of cobalt sulfide nanoparticles capped with L-Carn synthesized using

TAA as a sulfur source.

Compound (N-H) (C=0) (C-C) (COO0)

L-Carn 3230; 3047 cm™  1641cm® 1561 cm™ 1400 cm™
Co,S,-L-Carn 50 — 1527 cm™ 1487 cm™ 1389 cm™
Co,S,- L-Carn 95 — 1517cm™ 1507 cm™ 1389 cm™

5.3 Conclusions

Cobalt sulfide nanoparticles were successfully synthesized using cobaltous chloride as a
copper source and two different sulfur sources, namely sodium diethyldithiocarbamate and
thioacetamide. Four different capping ligands were employed, namely glutathione,
thioglycolic acid, 18-crown-6 and L-carnosine. The effect of synthesis temperature on the
formation of nanoparticles was investigated by conducting synthesis at two different
temperatures, namely 50 and 95 °C.

The optical properties of as-synthesized nanoparticles were confirmed by UV-vis and PL.
The absorption spectra displayed blue shifted excitonic peaks for all nanoparticles whereas
the emission spectra showed emission peaks that red shifted to their respective absorption
peaks. This is due to quantization effects which indicate the formation of Co,Sy nanoparticles.
The structural properties of as-synthesized nanoparticles were investigated using TEM and
XRD. TEM revealed the formation of near-spherical and spherical shaped nanoparticles with
varying diameters. Smaller sized nanoparticles were formed when synthesis was conducted at
50, and an increase in nanoparticle size was observed when the synthesis temperature was
raised to 95 °C. Two phases were formed, as confirmed by XRD, when SDEDTC was used as
a sulfur source. Both synthesis temperatures, 50 and 95 °C, resulted in the presence of mixed
phases, viz face-centred cubic CosS; and cubic CoS,. However, amorphous Co,Sy

nanoparticles were formed when TAA was used as a sulfur source.
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The synthesis temperature was the contributing factor which influenced nanoparticle growth
through the Ostwald ripening process, but did not influence the shape of nanoparticles. This
was also evident in the absorption and emission spectra of as-synthesized nanoparticles which
showed a shift to a higher wavelength (red shift) when the synthesis temperature was
increased from 50 to 95 °C. The formation of different phases within one sample, as

confirmed by XRD, limits the use of these nanoparticles in future applications.
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Chapter 6: Toxicity Assessment of as-synthesized Copper and Cobalt

Sulfide Nanoparticles

6.1 Introduction

Nanomaterials have been shown to possess unique properties that are useful in unlocking
important biological insights and thereby improve key processes in clinical diagnostics and
therapeutic applications. However, the use of nanomaterials in such areas has been restricted
by their potential toxic effects which have become a major concern recently [1].
Nanomaterials need to be biocompatible before they can be used in biological applications.
Biocompatibility of nanomaterials determines their suitability for use in such biological
assays, as they can be detrimental to biological form [2].

This involves both the solubility of these nanomaterials in aqueous or biological media and
their toxicity at cellular level (cytotoxicity). Since the emergence of nanomaterials as highly
efficient tools for biological analysis, nanoparticle toxicity has been a topic of interest
sparked with numerous debates that have led to the establishment of a new platform termed

“Nanotoxicology” [3, 4].

Nanoparticle toxicity is entirely dependent on the physicochemical properties of these
nanomaterials together with environmental factors, and as individual types of nanoparticles
contain their own unique properties, biocompatibility or toxicity is expected to vary amongst
different types of nanomaterials [5]. These properties include the size, charge, concentration,

outer coating bioactivity, and oxidative, photolytic, and mechanical stability [6 - 10].

Nanoparticle toxicity has been investigated in numerous in vitro and in vivo assays which
monitor cell growth, cell viability and DNA damage in response to treatment with
nanoparticles. It has been reported that nanomaterials induce cytotoxicity by compromising
the integrity of the plasma membrane, mitochondrion and nucleus. This therefore initiates the
process of apoptosis which further results in cell death [11 - 13]. Nanoparticles become toxic
by releasing free ions into surrounding media when the layer of the capping ligand is
fragmented. For example, in the case of cadmium based nanomaterials, cytotoxicity is

correlated with the release of free Cd®* ions due to the weakening of the quantum dot lattice
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or upon degradation, due to photosensitization [14]. This results in the disturbance of the
oxidative balance of the cell, which further leads to the production of reactive oxygen species
(ROS) such as superoxide (O), hydroxyl radicals (HO), peroxide radicals (ROO) and
hydrogen peroxide (H,0,). [15 — 17]. Therefore, it has been reported that toxicity can be
circumvented through the use of an appropriate capping ligand, which will bind strongly to
the surface of nanoparticles for an extended period of time and will not disintegrate. The
capping ligand will thus form a protective layer around the nanoparticles which will limit the
access of light and oxygen to the core surface and hence prevent oxidation [18].

In this chapter the cytotoxicity profiles of various copper sulfide and cobalt sulfide
nanoparticles synthesized in Chapters 4 and 5 are reported. The cytotoxicity of as-synthesized
nanoparticles was tested in vitro using MT-4 cells cultured in DMEM media, using protocol
outlined in Chapter 3.

6.2 Results and Discussion
6.2.1 Toxicity studies of Copper sulfide nanoparticles

6.2.1.1 Cytotoxicity of CuySy nanoparticles synthesized using SDEDTC as a sulfur

source

Cytotoxicity and biocompatibility of nanomaterials is of utmost importance, especially if
nanomaterials are to be used in biological applications. Although these nanomaterials have
shown great potential for use in biological applications, their cytotoxicity may restrict their
use. The MTS assay was used to evaluate the cytotoxicity of as synthesized CuySy
nanoparticles in vitro using MT-4 mammalian cells. Toxicity was evaluated by determining
the viability of MT-4 cells treated with various concentrations of Cu,Sy nanoparticles. Figures
6.1 and 6.2 show the cytotoxicity profiles of Cu,Sy nanoparticles synthesized at 50 and 95 °C

respectively, using SDEDTC as a sulfur source.

As shown in Figure 6.1, Cu,Sy nanoparticles synthesized at 50 °C inhibit cell proliferation in
a dose dependant manner. At lower nanoparticle concentrations (below 3pg/ml), Cu,Sy

nanoparticles did not show signs of toxicity as the cell viability remained comparable to that
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of control cells (0 pg/ml). However, when the concentration of nanoparticles was increased
(beyond 3pg/ml), a significant drop in cell viability was observed signifying an increase in
cell death due to the presence of nanoparticles. However, cells continued to grow when
treated with GSH capped nanoparticles. A similar trend was reported by Ding et al. [19]
where they tested the cytotoxicity of PEGylated Cu,Sy nanoparticles for use in imaging of
tumour cells. They observed that CuySy nanoparticles were not toxic at concentrations below
3 pg/ml and only induced cell death when the concentration of nanoparticles was increased to
5 mg/l and higher, but cell viability was still maintained above 40%.
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Figure 6.1: The cytotoxicity profiles of copper sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 50 “C using SDEDTC as a sulfur source. The values are
represented as the mean * standard deviation, n = 3. Error bars indicate the standard

deviation.

Similar results were obtained with Cu,Sy nanoparticles synthesized at 95 °C, as shown in
Figure 6.2. A decrease in cell viability was observed in a concentration dependant manner.
Cell viability was maintained above 85% at low nanoparticle concentrations, and decline in
cell viability was observed when nanoparticle concentration exceeded 6 pg/ml. However, this
was not the case with GSH capped CuxSy nanoparticles which maintained high cell viability

even at high nanoparticle concentrations.
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Figure 6.2: The cytotoxicity profiles of copper sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 95 °C using SDEDTC as a sulfur source. The values are
represented as the mean * standard deviation, n = 3. Error bars indicate the standard

deviation.

6.2.1.2 Cytotoxicity of Cu,Sy nanoparticles synthesized using TAA as a sulfur source

The toxicity of CuxSy nanoparticles synthesized using TAA as a sulfur source was
investigated. Figures 6.3 and 6.4 show the cytotoxicity studies of CuSy nanoparticles

synthesized at 50 and 95 °C respectively, using TAA as a sulfur source.

CuxSy nanoparticles synthesized at both 50 and 95 °C show moderate toxicity and have
maintained high cell viabilities even at high nanoparticle concentrations. GSH and TGA
capped Cu,Sy nanoparticles showed very little signs of toxicity at 50 °C whereas 18C6 and L-
Carn capped Cu,Sy nanoparticles were able to reduce cell viability to below 40 % at
concentrations exceeding 12.5 pg/ml. This decline might be due to the presence of small
spherical and rod-like nanoparticles in 18C6 and L-Carn capped CuxSy, which are known to
induce cell death. However, for nanoparticles synthesized at 95 °C GSH and TGA capped
CuxSy nanoparticles showed a higher decline in cell viability.
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CuxSy nanoparticles synthesized using TAA as a sulfur source were less toxic when compared
to Cu,Sy nanoparticles synthesized using SDEDTC. This might be due to the size difference
in the nanoparticles, as seen in chapter 4. Nanoparticles synthesized using SDEDTC are
smaller in size compared to those synthesized using TAA, and are thus much more toxic
since they are able to cross the nuclear membrane and cause damage to the nuclear material
of the cells. This is in agreement with the findings made by Sahu et al. who reported that
nano-sized ZnO materials exhibited a higher toxicity profile compared to micron sized ZnO
materials when tested on THP-1 cells [20].
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Figure 6.3: The cytotoxicity profiles of copper sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 50 °C using TAA as a sulfur source. The values are
represented as the mean + standard deviation, n = 3. Error bars indicate the standard
deviation.
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Figure 6.4: The cytotoxicity profiles of copper sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 95 °C using TAA as a sulfur source. The values are
represented as the mean + standard deviation, n = 3. Error bars indicate the standard

deviation.

6.2.2 Toxicity Studies of Cobalt Sulfide Nanoparticles

6.2.2.1 Cytotoxicity of CoxSy nanoparticles synthesized using SDEDTC as a sulfur

source

The toxicity of as-synthesized cobalt sulfide nanoparticles was investigated using the MTS
assay as explained in chapter 3. Figures 6.5 and 6.6 show the cytotoxicity of Co,Sy
nanoparticles synthesized at 50 and 95 °C respectively tested using MT-4 cells. Co,Sy
nanoparticles synthesized at both 50 and 95 °C show very little signs of toxicity as the cell
viability of treated MT-4 cells remained high and almost equivalent to that of untreated cells.
A negligible drop in cell viability was observed as the concentration of Co,Sy nanoparticles is
increased, but cell viability is still maintained above 75% even at the highest concentration,
which is 50 pg/ml. Cobalt and cobalt containing nanomaterials such as cobalt nanoparticles
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or cobalt oxide nanoparticles are known to be toxic, but this can be circumvented by the use
of biocompatible capping ligands that encapsulate cobalt containing nanomaterials and

prevent the exposure of cobalt to surrounding media thereby improving their toxicity [21].
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Figure 6.5: The cytotoxicity profiles of cobalt sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 50 °C using SDEDTC as a sulfur source. The values are
represented as the mean * standard deviation, n = 3. Error bars indicate the standard

deviation.
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Figure 6.6: The cytotoxicity profiles of cobalt sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 95 °C using SDEDTC as a sulfur source. The values are
represented as the mean + standard deviation, n = 3. Error bars indicate the standard

deviation.

6.2.2.2 Cytotoxicity of CoxSy nanoparticles synthesized using TAA as a sulfur source

The cytotoxic effects of Co,Sy nanoparticles synthesized using TAA as a sulfur source were
also investigated. Figures 6.7 and 6.8 show cytotoxic profiles of CoxSy nanoparticles
synthesized at 50 and 95 °C respectively, using TAA as a sulfur source. Nanoparticles
synthesized at 50 °C (Figure 6.7) display little signs of toxicity across the entire concentration
range, with cell viability maintained above 80% even at the highest concentration. However,
18C6 capped Co,Sy nanoparticles showed increased cytotoxicity at 50 pg/ml, and reduced
cell viability to below 20%.

The same was observed with nanoparticles synthesized at 95 °C (Figure 6.8). These
nanoparticles show no signs of toxicity towards MT-4 cells, as the viability of cells treated
with nanoparticles is comparable to that of untreated cells (0 pg/ml). The viability of treated
cells decreases slightly in a dose dependant manner, but still remains above 70% even at the
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highest concentration. However, TGA, 18C6 and L-Carn capped Co,Sy nanoparticles were

toxic at 50 pg/ml, and the viability of MT-4 cells dropped to below 25%.
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Figure 6.7: The cytotoxicity profiles of cobalt sulfide nanoparticles capped with GSH, TGA,

18C6 and L-Carn synthesized at 50 °C using TAA as a sulfur source. The values are

represented as the mean + standard deviation, n = 3. Error bars indicate the standard

deviation.
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Figure 6.8: The cytotoxicity profiles of cobalt sulfide nanoparticles capped with GSH, TGA,
18C6 and L-Carn synthesized at 95 °C using TAA as a sulfur source. The values are
represented as the mean * standard deviation, n = 3. Error bars indicate the standard

deviation.

6.3 Conclusion

The cytotoxic profiles of as-synthesized nanoparticles were investigated in order to screen
nanoparticles better suited for use as fluorophores to synthesize fluorescent probes for
imaging of cellular material in vitro. Cu,Sy nanoparticles exhibited a moderate, concentration
dependant toxicity, which increased with an increase in nanoparticle concentration. For
nanoparticles synthesized using SDEDTC as a sulfur source, a significant decline in cell
viability was seen when nanoparticle concentration exceeded 3.125 pg/ml, except for GSH
capped Cu,Sy nanoparticles which did not show signs of toxicity. Cu.Sy nanoparticles
synthesized using TAA as a sulfur source showed a similar trend. However, these were seen
to be less toxic compared to nanoparticles synthesized using SDEDTC, due to size
differences.
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CoxSy nanoparticles also showed a dose dependant toxicity profile, with cell viability
decreasing slightly with an increase in nanoparticle concentration. Almost all CoySy
nanoparticles tested showed very little signs of toxicity. This could be attributed to the
capping ligands completely encapsulating the nanoparticles and also to their bigger sizes. The
use of biocompatible capping ligands protects the nanoparticles and prevents cobalt ions from
leaching out. Nanoparticle toxicity is usually due to improper passivation of the nanoparticles
by the capping ligands which results in the leaching of the core material from the
nanoparticles into the cells. The accumulation of cobalt or copper ions disrupts the oxidative
balance of the cells, which further leads to the production of reactive oxygen species such as
superoxides (O,) and hydroxyl radicals (HO ) [22]. Nanoparticles that are bigger in size have

a low uptake efficiency as the cells struggle to internalise materials that exceed 25 nm in size.

Overall, as-synthesized Cu,Sy and Co,Sy nanoparticles are suitable for use in biological
applications in vitro, however Cu,Sy nanoparticles synthesized using SDEDTC should be
used at moderate concentrations. The use of biocompatible capping ligands played a major
role in reducing nanoparticle toxicity. Further studies are required to investigate the
interaction of nanoparticles with cellular material to learn the mechanism of toxicity. For
example, a method that tracks the uptake of nanomaterials into cells during toxicity testing
should be followed to ensure that nanomaterials are not declared as non-toxic whereas they

were not internalised by the cells due to aggregation.
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Chapter 7: In vitro Imaging of cellular material using Copper Sulfide

Nanoparticles

7.1 Introduction

Biological imaging has advanced significantly in the past years and has given researchers a
detailed understanding of biological processes that occur at both molecular and cellular level.
Nanomaterials have been the major player in this field, due to their small size and their ability
to bind to specific targets when functionalised with biomolecules [1]. Quantum dots
(particularly metal sulfides) are amongst the most popular nanoparticle systems to be used in
such assays to enhance the performance of conventional imaging techniques. In bio-imaging
applications, metal sulfides have been used as fluorophores (replacing organic dyes) in the

development of fluorescent probes for imaging various cellular processes, in vitro [2, 3].

The use of nanomaterials as fluorophores over organic dyes was motivated by several
limitations found in these dyes, which impact negatively on the sensitivity of biological
assays in which they are used. Apart from suffering from fast photobleaching, organic dyes
have a narrow excitation spectrum which can only be excited by a light of a specific
wavelength, and this differs between different organic dyes. Also, organic dyes have broad
emission spectra which in-turn limits the number of fluorescent probes that can be used to

target different molecules as the spectra of different dyes might overlap [4]

The use of metal sulfides as fluorophores has grown immensely in recent years, owing to
their inherent optical properties which make them suitable candidates over conventional
organic dyes and other conventional fluorophores. The properties of metal sulfides include
the quantum confinement motivated emission colour tunability by size, high photostability
and brightness, wide absorption spectra which allows for excitation at a wide range of
wavelengths, narrow emission spectra, and increased fluorescence lifetimes [5]. The narrow

emission band caters for the excitation of multiple probes with a single light source [6].
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The use of nanomaterials as fluorescent probes was first demonstrated by Chan and Nie [7].
They developed an immunoassay that utilised a quantum dot-1gG probe to target a polyclonal
anti-lIgG antibody, which was then visualised using fluorescence microscopy. Since this
discovery, there has been a rise in the development of immunoassays that employ quantum
dots as fluorescent reporters or probes for disease detection and imaging. Li et al [8] reported
the use of cadmium sulfide nanoparticles as fluorescent probes in the development of an
assay for the detection of ciprofloxacin, which improved the detection limit and achieved
sensitivities in the microgram level. Cui and co-workers [9] used CdTe quantum dots as a
fluorescent and electrochemical label in an immunosensor that detected target proteins at
sensitivities as low as 0.005ng/ml. Following that, Xo and co-workers [10] demonstrated an
in-vitro assay for dual imaging of two cancer biomarkers simultaneously in cancer cell lines

using a peptide and an aptamer conjugated separately to quantum dots.

In this chapter we report on the use of copper sulfide nanoparticles as fluorophores in the
design of fluorescent probes, for subsequent use in the imaging of mammalian cells in vitro.
Copper sulfide nanoparticles synthesized in chapter 4 were functionalized with antibodies
that bind to certain proteins in mammalian cells. Monoclonal antibodies that bind the hypoxia
inducible factor (HIF-1o) and phospho-histone (Phospho-Histone H2A.X) proteins were
chosen, as these proteins are produced in abundance when cells undergo apoptosis, a process
by which cells undergo programmed cell death. Cobalt sulfides were excluded from this
assay since pure phases were not successfully synthesized in chapter 5. The as-synthesized
cobalt sulfides were bigger in size and contained mixed phases, which might pose challenges

in biological imaging.

7.2 Results and Discussion

Glutathione capped copper sulfide nanoparticles, synthesized at 50°C using SDEDTC as a
sulfur source, were used to demonstrate “proof of concept” of the bio-imaging abilities of as-
synthesized nanoparticles. These nanoparticles were chosen because of their small size,
spherical shape and low toxicity. Spherical nanoparticles, with smaller sizes, are known to
penetrate cells more efficiently than other nanoparticles with different shapes [11]. Bigger
nanoparticles cannot be internalised by cells efficiently, as they are unable to pass through

membranes unaided. Antibodies against the hypoxia inducible factor (HIF-1a) and phospho-
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histone (Phospho-Histone H2A.X) proteins were conjugated to as-synthesized CuS
nanoparticles and used to image Hek-293 and HelLa cells expressing the aforementioned

proteins.

7.2.1 Development of Fluorescent Probes

Glutathione binds to the surface of CuS nanoparticles via its thiol group and therefore leaves
the carboxylic group available for conjugation with biomolecules. EDC and sulfo-NHS were
employed to activate this carboxylic end, making it ready for binding of the monoclonal
antibodies through the formation of an amide bond. EDC and sulfo-NHS act as cross-linkers
that attach the carboxyl end of GSH to the amine group of the antibodies. The conjugation
reaction was confirmed using UV-vis spectroscopy. Figure 7.1 shows the absorption spectra
of bare and conjugated CuS nanoparticles. A shift to a higher wavelength was observed in the
spectra of conjugated CuS nanoparticles (CuS-Mab 1 and CuS-Mab 2), signifying the
attachment of antibodies to the surface of the nanoparticles. A similar shift was observed by
Nghiem and colleagues [12] when they conjugated BSA to gold nanoparticles. They
explained that the shift was due to changes in the dielectric properties on the surface of gold
nanoparticles owing to the presence of BSA.

06 T T T T 0'25

—— Bare CuS > —— Bare CuS
—— CuS-MAb 1 7\ —— CuS-MAb 2

OD (a.u.)

0.0 T T T T 0.00 T T T T
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Figure 7.1: Absorption spectra of bare (A) and antibody conjugated (B) copper sulfide

nanoparticles.
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7.2.2 Treatment of Cells to Induce Apoptosis

Mammalian cells (Hek-293 and Hela) were treated separately with solutions of doxorubicin
and CoCl, for 3 and 24 hrs respectively, to stimulate apoptosis. Apoptosis is the process by
which cells undergo programmed cell death, and is preceded by various biochemical and
morphological changes within the cells [14]. CoCl; induces apoptosis by simulating hypoxia,
which results in the expression of hypoxia inducible factor (HIF-1a). Doxorubicin induces
apoptosis via phosphorylation of histone transcriptional factor known as Phospho-Histone
H2A.X within the cells [15].

Figures 7.2 and 7.3 show the morphology of Hek-293 and HelLa cells before and after
treatment with CoCl, and doxorubicin. Untreated cultures (Figure 7.2A and Figure 7.3A)
show healthy cells with typical Hek-293 and HeLa cell morphology, while cells from cultures
treated with CoCl; (Figure 7.2B and 7.3B) and doxorubicin (Figure 7.2C and 7.3C) display
various changes in morphology. The cells appear round and the nuclei have grown bigger.
These features are typical of cells undergoing apoptosis, which is often triggered by exposure
of cells to a stressful condition [16]. The treatment of cells with CoCl, and doxorubicin has
successfully activated the apoptotic pathway resulting in the expression of HIF-1a and the
phosphorylation of H2A. X [17 - 19].

Figure 7.2: Morphology of Hek-293 cells before (A) and after treatment with CoCl, (B) and
Doxorubicin (C) to induce hypoxia.
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Figure 7.3: Morphology of HeLa cells before (A) and after treatment with CoCl, (B) and

Doxorubicin (C) to induce hypoxia.

7.2.3 Imaging of Hek-293 and HeL a cells using Fluorescent Probes

After treatment, Hek-293 and HelLa cells were stained with the fluorescent probes (CuS
nanoparticles conjugated with HIF-1a. and H2A.X MADbs) for imaging purposes. PBS and
non-conjugated CuS nanoparticles were used as controls. Figures 7.4 and 7.5 show Hek-293
cells treated with CoCl, and doxorubicin respectively, after staining with PBS buffer (A, B),
bare nanoparticles (C, D) and fluorescent probes (E, F). The cells were viewed under white
and green light in a Floid cell imaging station (Invitrogen). In both figures, Hek-293 cells
stained with PBS only (A, B) are not visible when viewed using green light signifying their
lack of fluorescence due to the absence of nanoparticles, and can only be viewed under white
light. When the cells were stained with bare CuS nanoparticles (C, D), fluorescence was
observed under green light. CuS nanoparticles were successfully internalised and distributed
inside the cells and have allowed fluorescence imaging of these cells. However, when cells
were stained with fluorescent probes (E, F), little signs of fluorescence were observed. The
fluorescence intensity decreased drastically when compared to that of bare CuS nanoparticles
(C, D). Also, the site at which the probes localize cannot be deduced due to the low
fluorescence signal. The probes were expected to localize in the nucleus as the targeted
proteins (HIF-1a and phospho-histone) are known to accumulate in the nucleus during
apoptosis [20 - 23].
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Figure 7.4: Fluorescence imaging of CoCl, treated Hek-293 cells stained with the CuS-HIF-
la probe. Images A and B shows control cells (without probe) viewed under white and green
light respectively. Images C and D shows cells stained with bare nanoparticles viewed under
white and green light respectively. E and F shows cells stained with the fluorescent probe

viewed under white and green light respectively.
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Figure 7.5: Fluorescence imaging of doxorubicin treated Hek-293 cells stained with the CuS-
H2A.X probe. Images A and B shows control cells (without probe) viewed under white and
green light respectively. Images C and D shows cells stained with bare nanoparticles viewed
under white and green light respectively. E and F shows cells stained with the fluorescent

probe viewed under white and green light respectively.
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A different cell line, HeLa cells, was used to further test the fluorescent probes. Figures 7.6
and 7.7 show HelLa cells stained with PBS buffer (A, B), bare nanoparticles (C, D) and
fluorescent probes (E, F). Before staining, cells were treated with CoCl, and doxorubicin
respectively. As seen previously, no fluorescence signal was observed when cells were
stained with PBS (A, B) due to the absence of a fluorophore. As such, these cells could only
be viewed using white light. When bare CuS nanoparticles (C, D) were used to stain the cells,
there was an increase in the fluorescence signal and cells were visible under green light. Bare
CusS nanoparticles were not limited or localized to a specific area within the cells, since they
are not attached to a targeting biomolecule. When the cells were stained with fluorescent
probes, the fluorescence signal was reduced drastically, as observed previously with Hek-293

cells.

The low fluorescence intensity can be attributed to loss of fluorescence ability or quenching
of the nanoparticles during the conjugation process. Foubert et al. reported that when the
EDC/NHS coupling mechanism is used to attach biomolecules to nanoparticles, the quantum
yield of the resulting bioconjugate is compromised due to the low pH used during this
reaction [25]. Banerjee et al. also reported that this coupling method suffers from low
conjugation efficiencies to the hydrolysis of NHS esters [26]. Alternatively, the weak
fluorescence signal could be due to a low uptake of the probes by the cells. This is a result of
nanoparticle aggregation after the probe has been introduced into the growth media, which
results in the formation of bigger nanostructures which are not internalised by cells due to

their bigger size as a result of aggregation.
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Figure 7.6: Fluorescence imaging of CoCl, treated HeLa cells stained with the CuS-HIF-1a
probe. Images A and B shows control cells (without probe) viewed under white and green
light respectively. Images C and D shows cells stained with bare nanoparticles viewed under
white and green light respectively. E and F shows cells stained with the fluorescent probe

viewed under white and green light respectively.
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Figure 7.7: Fluorescence imaging of doxorubicin treated HeLa cells stained with the CuS-
H2A.X probe. Images A and B shows control cells (without probe) viewed under white and
green light respectively. Images C and D shows cells stained with bare nanoparticles viewed
under white and green light respectively. E and F shows cells stained with the fluorescent

probe viewed under white and green light respectively.
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7.3 Conclusion

Organic dyes and other organic fluorophores have been used to image cellular processes in
vivo and in vitro. Due to several limitations encountered with the use of these aforementioned
compounds, the search for alternative fluorophores continues. Organic fluorophores have
been reported to have broad emission spectra and are susceptible to photobleaching.
Fluorescent semiconducting nanomaterials, due to their excellent optical properties, have

been seen as suitable replacements for these fluorophores [27].

In this study, fluorescent probes were successfully synthesized by conjugating monoclonal
antibodies to copper sulfide nanoparticles using the EDC/NHS coupling mechanism. These
monoclonal antibodies target the HIF-1a and phosphohistone H2A.X proteins which are
produced by cells when they undergo apoptosis. Hek-293 and HeLa cells were treated with
CoCl, and doxorubicin to induce apoptosis. The as-synthesized CuS nanoparticles proved
their ability to act as fluorophores to develop fluorescent probes for imaging as these were
able to fluoresce within cells, but could not accumulate at a specific site as they were not
functionalised with a targeting biomolecule. However, the probes showed little efficiency as
the fluorescent signal decreased when CuS nanoparticles were conjugated to monoclonal
antibodies. An alternative mechanism for attaching biomolecules to as-synthesized
nanoparticles needs to be explored, that will not compromise the quantum vyield of the

resulting fluorescent probe.

Lastly, copper and cobalt sulfide nanoparticles have been reported to have magnetic
properties. Therefore, the magnetic properties of copper and cobalt sulfide nanoparticles
synthesized in this study can be investigated and perhaps these nanoparticles can be used in

magnetic resonance imaging.
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Chapter 8: General Conclusions and Recommendations

8.1 Conclusions

Semiconductor metal chalcogenides have been used across a number of disciplines due to
their inherent properties. Typically, these nanomaterials are used in energy based
applications, and it is until recently that they have attracted interest from biological
applications. Generally, semiconductor nanomaterials are synthesized using an
organometallic route which produces high quality nanostructures that are highly cytotoxic
and insoluble in biological media. This limits the use of these nanomaterials in biological
applications. Additional processing is therefore required to make these nanomaterials
biocompatible. Unfortunately, some of the most important properties of these nanoparticles
are negatively affected during this process [18,19]. This then prompted the synthesis of QDs
in polar solvents which produce stable, hydrophilic, and biocompatible QDs that can be used

directly in biological assays without the need for ligand exchange [20-22].

This work was based on the synthesis of water soluble nanoparticles (CuySy and Co,Sy) that
can be used directly in biological applications, for imaging purposes. Nanoparticles were
successfully synthesized using copper and cobalt chloride as metal sources with sodium
diethyldithiocarbamate and thioacetamide employed as sulfur sources. These were capped
with four different ligands such as glutathione, thioglycolic acid, 18-crown-6 and L-
carnosine, with water used as a solvent. Synthesis was conducted at two different

temperatures, namely 50 and 95 °C.

In chapter 4, CuSy nanoparticles were successfully synthesized using an aqueous synthesis
route. From optical studies, large blue shifts in the band gap of nanoparticles were observed
compared to the bulk form, due to quantum confinement effects. Moreover, the PLs were red
shifted from their corresponding absorption spectra a phenomenon that has been reported
previously. Morphological studies revealed the formation of small spherical nanoparticles at
lower synthesis temperatures, whereas bigger nanoparticles were formed when the synthesis
temperature was increased to 95 °C, a phenomenon attributable to Ostwald ripening. Of
particular interest was the synthesis of GSH capped CuxSy, which resulted in the formation of
small spherical nanoparticles (3 nm) at lower temperatures which, when synthesis was

conducted at higher temperatures, evolved into hexagonal plates (15 nm). Structural
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characterization revealed that Cu,Sy formed multiple crystal phases, namely covellite and
chalcosite phases, when SDEDTC is used at both reaction temperatures. However, when
TAA was used as a sulfur source, a single phase (covellite) was formed at both low and high

reaction temperatures.

In chapter 5, as-synthesized Co,Sy nanoparticles exhibited absorption peaks and band edges
that are blue shifted from their bulk form and PL peaks which are red shifted from their
respective absorption spectra due to quantization effects. Small spherical nanoparticles were
formed at lower temperatures, and big irregular particles were formed at higher temperatures.
Multiple stochiometries were formed at both low and high temperatures, proving the

difficulty of forming a single phase of CoxSy nanoparticles.

During nanoparticle synthesis, temperature was seen to be the contributing factor which
influenced the properties of as-synthesized nanoparticles, compared to the use of various
capping ligands and sulfur sources. However, temperature is known to influence the size of
nanoparticles, but not the phase or morphology, since temperature influences the growth

stage rather than the nucleation stage, and therefore has no effect on initial characteristics.

From the cytotoxicity studies, Cu,Sy revealed a concentration dependant decrease in the
viability of MT-4 cells. All Cu,Sy nanoparticles were toxic at high concentrations. However,
CuxSy nanoparticles were non-toxic at concentrations below 3 pg/ml, with GSH capped Cu,Sy
nanoparticles showing little signs of toxicity even at the highest concentration (50 pg/ml),
hence these were chosen as nanoparticles of choice for imaging applications. Co,Sy
nanoparticles showed little signs of toxicity, with cell viability maintained above 75% even at
the highest concentration tested. However, given the bigger size of as-synthesized CoxSy
nanoparticles and also their clumping arrangement, it might be difficult for cells to internalise
these nanoparticles. This can result in a small amount of nanoparticles entering the cells;

hence cell viability was not adversely affected.

In chapter 7, CuxSy nanoparticles were functionalised via conjugation with monoclonal
antibodies against the hypoxia inducible factor and phospho-histone proteins. These proteins
are produced by cells when they undergo apoptosis in response to stressful conditions. GSH
capped CuxSy nanoparticles were chosen as fluorophores because of their small size and
spherical shape, which makes it easier for these nanoparticles to be internalized as they can
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penetrate the cell membrane with ease. The success of the conjugation reaction was
confirmed using Uv-vis spectroscopy which showed a red shift in the absorption spectra of

nanoparticles after conjugation.

The probes were used to image apoptotic Hek-293 and HeLa cells. The fluorescence intensity
of the probes was low when compared to that of bare nanoparticles. Bare nanoparticles were
clearly visible within the cells when illuminated with green light. This proved the ability of
nanoparticles in acting as fluorophores in the design of fluorescent probes. However,
alternative methods of conjugating biomolecules to the nanoparticles for probe development

should be explored.

In conclusion, water soluble copper and cobalt sulfide nanoparticles were successfully
synthesized using an aqueous synthesis route, with water used as a solvent. These
nanoparticles were found to be stable in biological media and not toxic in vitro when used
within moderate concentrations. Copper sulfide nanoparticles synthesized at 50 °C using

SDEDTC as a sulfur source were seen to have great potential for imaging applications.

8.2 Recommendations and Future Work

Recommendations for future work involves the formulation of a nanoparticle synthesis
method that can tailor the synthesis of water soluble CuS and CoS nanoparticles with
specified shapes, narrow size distributions and defined stoichiometry. This is important for
nanoparticles that are intended for use in biological applications. This can be achieved by
exploring the use of various capping ligands and also altering reaction parameters such as pH,
temperature and concentration of reactants. A lot is yet to be achieved with respect to
cytotoxicity testing of nanomaterials. A cytotoxicity testing method that can track or trace the
localization of nanoparticles within cells should be formulated as the mechanism by which
these nanoparticles induce damage to cells is not clearly defined. Moreover, most
nanoparticles are classified as non-toxic, whereas these nanomaterials are not internalised by
cells due to clumping and aggregation which produces big lumps of nanoparticles that cannot
be taken up by cells, resulting in incorrect results. Further optimisation of the imaging
applications will be undertaken. Parameters such as the method of conjugation, PL spectra of

fluorescent probe following conjugation, the concentration of the fluorescent probe used to
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stain the cells and also the duration of the staining step will be optimised further to improve

assay sensitivity.
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