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ABSTRACT

The synthesis of water soluble CdTe, CdTe/CdSe and CdTe/CdSe/ZnSe
nanoparticles (NPs) and their optical, cytotoxicity as well as imaging properties are
presented. The synthesis was carried out under ambient conditions in the absence of
an inert environment and involved the use of potassium tellurite (K,TeO3) and sodium
selenosulphate (Na,SeSO,) as a stable tellurium and selenium precursor
respectively, while mercaptopropanoic acid (MPA) was used as capping agents. In
this method, the CdTe NPs were prepared by the addition of tellurium source solution
to MPA-cadmium complex solution at different pH while keeping other parameters
constant. The formation of the shell (CdSe) and multi shell (CdSe/ZnSe) were
achieved by adding desired precursors to the growing CdTe core NPs at one hour
interval. The temporal evolution of the optical properties and stability of the growing
nanocrystals was monitored in detail by varying the refluxing time, pH and storing the
NPs under ambient condition for several days. The as-prepared NPs were
characterised using UV-Vis absorption and photoluminescence (PL) spectroscopy,
transmission electron microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM). The formation of the shells was indicated by an immediate
change in the colour of the reaction solutions after the addition of the desired
precursor and the shift in the absorption wavelength towards red-region. The optical
analyses showed an enhancement in the fluorescent intensity after the addition of the
shell solution accompanied by red-shifting of the absorption and emission maximum.
The stability study revealed an increase in the emission intensity as the ageing days
increased. The stability study of the NPs in air at room temperature show highly

improved stability of the core-shell NPs than the core. The TEM analysis showed that



the materials are small, monodispersed, spherical and highly crystalline. The
cytotoxicity of the NPs was investigated on LM 8 and KM-Luc/ GFP cell line using an
MTT protocol at different concentrations. The cell viability show significant
improvement after the shell formation with CdTe/CdSe/ZnSe core multi shell NPs
having the highest cell viability at higher concentration (60 pg/mL). Furthermore a
decrease in cytotoxicity is revealed with increase in reaction time, thus NPs prepared
at longer (7 h) reaction time showed lower cytotoxicity compared with those prepared
at shorter (0.5 h) reaction time. The confocal laser microscope image of the cells
after the addition of the as-synthesised NPs confirmed the transfection of the NPs by
KM-Luc/GFP cell line, indicating that the NPs have been endocytosis. This study
demonstrates the great potential of the as-synthesised core-multi shell nanopatrticles
for biological and any applications that require efficiency, high fluorescence intensity

and stability.
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CHAPTER ONE

INTRODUCTION



1.1 BACKGROUND

Nanotechnology is the application of science to control matter at level of atoms,
molecules and supramolecular structures. Since nanotechnology is still embryotic
there doesn’t seems to be enough definition that everybody agrees on. It has been
understood that nanotechnology deals with matter on a very small nanometer scale.
It's hard to imagine how small a nanometer is but it is one billionth of a meter, for
example on a comparative scale, if a marble were a nanometer, then one meter
would be the size of the Earth. In other words, nanotechnology is a field that focuses
on the development of synthetic methods, surface analytical tools for building
structures and materials, understanding the change in chemical and physical
properties due to miniaturization, and the use of such properties in the development
of novel and functional materials and devices (Allhoff et al., 2010; Prasad, 2008;
Kahn, 2006) . Although modern nanoscience and nanotechnology are quite new,
nanoscale materials were used for centuries but something as small as an atom is
impossible to see with the naked eye. In fact, nanoparticles have been in existence
way back as 1831, when Michael Faraday investigated the rubby red colloids of gold
and publicized that the colour was due to the small size of the metal particles. Since
then gold and silver nanoparticles (NPs) have found their way as colorants into
glasses that were used for windows in churches for over 100 years (Faraday, 1831,
Jain et al., 2009). For centuries, scientists have been studying and working with
nanoparticles, however, the effectiveness of their work has been hampered by their
inability to see the structure of these materials. Thus, the use of this term,

“nanotechnology” has been growing since development of high resolution



microscopes to designing new materials such as electronics in computer
components, in biotechnology for diagnostics tools and new drug delivery systems
(Binnig and Rohrer, 1986). Nanotechnology doesn’t have single focus like other
science disciplines such as medicine that pertains to health care only, astronomy lost
in the stars, zoology focusing on animals and others. Nanotechnology is a diverse
field which involves physics, chemistry, microbiology, biochemistry, engineering even
molecular biology. It holds promises for studying the detailed operation of individual
atoms, cells and neurons, which could help to re-engineer living systems and in
electronics for development of electronic devices ( Dowling, 2004; Rajiv, 2010). The
incorporation of ancient wisdom and present understanding of nanoscience can
impart more light on future developments. Due to the divers architecture of
nanoparticles they are of great scientific interest and many fields of endeavour
contribute to nanoscience, including molecular physics, materials science, chemistry,
biology, computer science, electrical engineering, and mechanical engineering
(Gillich et al., 2013 Jain et al 2009). Nanoscience offers an exciting possibility to
study the state of matter. It acts as an intermediate between bulk materials and
isolated atoms or molecular structures, as well as the effect of spatial confinement
on electron behaviour. It also provides an opportunity to explore the problems related
to surface or interface because of their interfacial nature. It involves the ability to see
and to control individual atoms and molecules. Everything on earth is made up of
atoms, the food we eat, the clothes we wear, the buildings and houses we live in and
our own bodies too. These nanomaterial’'s are often referred to in literature as
semiconductor nanoparticles, nanocrystals, quantum dots (QDs), nanoclusters, and
typically have at least one dimension in the range of 1-100 nm (Jain et al., 2009).

They exhibit both physical and chemical properties within an intermediate state of



matter, between molecular and bulk. Their unique properties are attributed to two
main factors; the large surface-to-volume ratio of atoms and their reduced
dimensions in relation to the excitonic radius of the bulk material (Pitkethly , 2004,

Gonsalves, et al, 2000, Bangal, et al., 2005)

Due to these unique properties, they show different properties from bulk material
such as large surface area, higher strength and lighter weight, heat resistant,
chemical resistant and increased control of light spectrum once they reach the nano
scale. Today scientists and engineers are discovering a wide variety of ways to
deliberately construct nanoparticles (NPs) and take advantage of their enhanced
properties. The ultimate scientific and technological impact of these nanoparticles
(NPs) mainly depends on their novel electronic, optical, catalytic, physical and
chemical properties. Hence, studies concerning quantum and electronic confinement
observed in these materials are of exceptional importance in order to understand the

science around nanomaterials.

1.2 Properties of semiconductor nanoparticles

Properties of nanopatrticles arise from the interaction between the electrons, holes
and their local environment. These particles are highly affected by sizes which
decreased in respect to their bulk material and the process is referred to in literature
as quantum confinement (Chan et al., 2002). The optical as well as electronic

properties are linked together by the following equation:



E = band gap energy difference, h = Planck’s constant, ¢ = the speed of light,

v = the frequency of the incident light, and A = the wavelength of incident light.

The energy difference of the band gap is inversely proportional to the wave length of

incident light thus nanoparticles absorb in the shorter wavelength than bulk material.

When a photon is absorbed, the excitation energy exceeds the band gap. During this
process electrons are promoted from the valence band to the conduction band and
the first lowest excited energy state is shown by the quantum confinement peak.
Quantum confinement doesn’t only affect the absorption but affect the emission
properties of these materials resulting in the material that behaves differently from
the bulk material (Chan et al., 1998 and Mattoussi et al., 2000). The reduction in the
size of the nanoparticle in relation to the absorption wavelength makes NPs behave
differently from their parental material and show discrete energy levels usually
accompanied by fluorescence emission (Dabbousi et al., 1997). The fluorescence
properties can be characterised using many parameters such as emission colour
and stability, colour purity, fluorescence brightness etc. (Lim et al., 2003). In
photoluminescence two types of emissions are considered which are band gap and

deep trap emissions.

Band gap emission is fairly narrow and very close to the absorption and is
characterized by a continuous surface, with most surface atoms exhibiting the

coordination and oxidation state of the bulk. On the other hand, deep trap PL is



broad and is substantially red-shifted from the absorption. It has been associated
with non- radiative recombination of localized surface trapped charge carriers

(Jaiswal et al., 2003 and Ballou et al., 2004).

The emission spectra of the QDs can be tuned across wide range from green to red
by changing the size while their surface properties remain identical (Cutler et al
2013; Kobashayi et al 2007; Zrazhevskiy and Gao et al., 2013). Their excitation
spectra is very broad while their emission spectra is fairly narrow in contrast with
organic fluorophores. In addition, they are resistant to photo oxidation and metabolic
degradation. The inorganic nature of the nanoparticles make them resistant to
metabolic degradation as they have shown to remain fluorescent and retained their
emission in live cells and organisms for several weeks. Therefore they stand as
excellent material for biological applications over organic dyes. The changes in
optical properties governed by the reduction of particle size inspired the researchers
to develop advanced synthetic routes for nanoparticles of different semiconductor

materials.

Figure 1.1 Images indicating increase in particles size of NPs as fluorescence shift

from green to red region.



1.3 Synthesis of semiconductor nanoparticles

1.3.1 Synthesis of core nanoparticles

Nanoparticles are being viewed as fundamental building blocks of nanotechnology.
They are the starting point for preparing many nanostructured materials and devices.
Their synthesis is an important component of rapidly growing research efforts in
nanoscale science and engineering. The nanoparticles of a wide range of materials
can be prepared by a number of methods which involves both chemical and physical
approaches. These approaches depends on either chemical reactivity or physical
impact in order to adjust nanostructure building blocks and can be categorise as

either ‘bottom-up’ or ‘top-down’ approach.

The bottom-up approach refers to the build-up of a material atom-by-atom, molecule
by-molecule or cluster by cluster (Wong et al., 2009 Wu et al., 1993). Top-down
approach involves starting with a bulk material and designing or crushing it down to
desire shape (Koch et al., 1989). Top down technigue is similar to the approach used
by the semiconductor industry in forming devices, utilizing pattern formation (such as
electron beam lithography) (Koch, 2003). Both approaches play very important roles
in industry and most likely in nanotechnology as well. There are advantages and
disadvantages in both approaches. The main challenge for ‘top-down’ approach is
the creation of increasingly small structure with sufficient accuracy whereas in
bottom-up approach, the main challenge is to make structure large enough and of
sufficient quality to be useful as materials (Seeman and Belcher, 2002). Bottom-up
approach promises a better chance to obtain nanostructures with less defects and

more homogeneous chemical composition. On the hand, top-down approach most



likely introduces internal stress, in addition to surface defects. The different methods

for the synthesis of nanoparticles will be discussed under these categories.

The chemical approach depends on the pyrolysis of precursors by rapid nucleation
followed by controlled steady growth. Using the chemical approach, different high-
guality semiconductor nanocrystals with desired particle sizes over the largest
possible range, narrow size distributions, good crystallinity, controllable surface

functionalization, high luminescent quantum yields can be obtained on a gram scale.

The colloidal method is the first reported for the synthesis of such small materials
under chemical approach. La Mer, et al., 1940, proved that by controlling the
nucleation and the growth, highly monodispersed nanomaterial can be synthesised.
This takes place through Ostwald ripening, where small crystals which are less
stable dissolve and then re-crystallise to form more stable large crystals (La Mer et
al., 1940). This reaction involves separation of the nucleation and the growth process
which can be achieved by correct choice of reaction conditions such as solvent,
temperature and pH as well as passivating agent. Henglein made a significant
contribution in this field of studies by altering the nucleation kinetics, thereby
controlling the size of CdS (Henglein et al., 1989). Methanolic solution without
organic ligands as stabilizer has also been report for the synthesis of CdS and ZnS
NPs. Colloidal synthesis is said to be successful for the synthesis of nanosized
semiconductor, but certain important semiconductors such as CdSe, GaAs, InAs,

cannot be easily synthesised by this route.

Organometallic route was employed to overcome problems associated with the

synthesis of nanopatrticles via the colloidal route. Organometallic route uses volatile



metal organic compounds. Murray in 1993 reported the first significant development
using single and dual source organometallic precursors. This hot injection method
make use of amphiphilic co-ordinating solvent that produced fine cadmium base
NPs. Dimethyl cadmium was chosen as the cadmium source and trioctylphosphine
selenide (TOPSe) as selenium source due to ease of preparation and good stability
in an airless technique. This significant contribution on accessibility of NPs with
narrow size distribution and increased quantum vyield was of great importance.
However the toxicity of the precursors and high cost of the method were undesirable

(Murray et al., 1993).

Based on this method, developments have accrued to improve the method as well
as optical properties of the final product, such as particle size, solubility, quantum
yield and many more. In 1998, Peng et al., used this method to study the kinetics of
the nanocrystals growth and, demonstrated how the nanocrystals size can be
focused’ through the addition of a monomer reagent during the course of the
reaction. The strategy was designed to overcome Ostwald ripening or 'defocusing’ of
the size distribution (Peng et al., 1998). Although these modifications have led to
synthesis of high quality NPs and understanding of its optical and structural
properties, however these reactions involves the use of expensive compounds which
are air and moisture sensitive. In addition, the whole process involves harsh
conditions such as hot injection of precursors which are toxic, volatile with low boiling
points material and explosive at elevated temperature. Thus, the standard airless

technique is vital.

Peng et al., in 2001 reported the use of CdO as a cadmium precursor for the
synthesis of CdSe NPS using a greener method in mild and simple condition (Peng

et al., 2001). Peng and co-worker proved that the synthesis of NPs is not that difficult



by using different cadmium precursors and series of solvents which includes TOPO,
amine and fatty acids for the synthesis of CdSe NPs. Cadmium acetate and fatty
acids were found to be more versatile as precursor and solvent respectively. The
use of the phosphine based solvent and solubility of the precursors were the draw
backs of this synthesis (Peng et al., 2002). Bullen and Mulvaney (2004) reported the
effect of oleic acid concentration on the growth of CdSe NPs with octadecene as the
co-ordinating solvent in place of TOPO (Bullen and Mulvaney, 2004). The oleic acid
and paraffin which are both natural products were also used for the synthesis of PbS
NPs by Chen group in 2005. The oleic acid—capped PbS NPs produced were highly
dispersible in a lot of organic solvent (Chen et al., 2005). Deng et al., 2005, follow
the suit by using oleic acid and paraffin as both co-ordinating solvent and capping
agent and put forward the first mechanism for the synthesis of CdSe NPs while
Sapra in 2006 proposed the use of olive oil as co-ordinating solvent for the
synthesis of CdSe NPs (Deng et al., 2005; Sapra et al., 2006). Extensive study
based on these modifications has been reported to improve the method as well as
the optical properties of the as-synthesised NPs. Wang and colleagues (2008)
reported the synthesis of CdSe NPs using N, N-dimethyl-oleoyl amide as solvent and
obtained particles with zinc blended structure while Manna et al., 2009 uses
ethylenediamine as a solvent and CdCl, as cadmium precursor for the synthesis of
CdSe NPs (Wang et al., 2008; Manna et al., 2009). Microwave assisted synthesis of
cadmium based NPs with oleic acid as a capping agent was reported by Ayele group
(Ayele et al., 2011). Akthtar (2012) used olive oil and oleic acid as capping agent for
the synthesis of PbS NPs while octadecene was used as the stabilizing agent
(Akthtar et al.,, 2012). Although this was said to be a productive method, the

hydrophobicity of these materials hinders them for some biological applications.
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Recently, Mansur et al., 2015 reported the synthesis of carboxymethylchitosan and
chitosan passivated ZnS NPs. These ZnS-Nano conjugates were cytocompatible
with intense fluorescence activity and were effective for specific targeting thus; they
may be used in numerous applications in diagnosis and nanomedicine (Mansur et
al., 2015). Disadvantages associated with organically synthesised NPs such as
insolubility in water and toxicity of the material can be overcome by synthesis of
hydrophilic nanoparticles either by ligand exchange or direct synthesis but these

materials tends to be unstable.

1.3.2 Core/Shell Nanopatrticles

Another major concern associated with the biological application of quantum dots is
the instability of the nanoparticles in biological fluids. This is the main source of the
inherent cytotoxicity of quantum dots. The cytotoxicity has been attributed to the
release of highly toxic metal ions and reactive oxygen in solution because the as-
synthesised quantum dots sometimes does not possess distinct thick shell which has
been found to reduce the toxic character. Hence they contaminate the intracellular
compartment of cells (Biju et al., 2010a; Jiang et al., 2006; Cho et al., 2007; Green et
al., 2007). This poses a huge drawback to their biological applications therefore, the
search for QDs with high photo stability and biocompatibility is inevitable. Organically
passivated core semiconductor nanoparticles tend to have relatively low quantum
efficiencies. The low quantum efficiency is due to surface defects and dangling
bonds situated on the nanoparticle surface which can lead to non-radiative electron-
hole recombination. One method to overcome the challenges associated with

passivated core semiconductor nanoparticles is to grow another material with a
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wider band-gap on the surface of the core particle to produce a “core-shell”
nanoparticle. Core-shell particles separate any carriers confined in the core from
surface states that would otherwise act as non-radiative recombination centres. They
are nanostructures composed of at least two materials in an onion-like structure
where by a material with lower band gap is covered by a material with a wider band

gap. The core-shell nanopatrticles can be categorised as either type | or type II.

In type | core/shell NPs, the electron and the hole are confined in the core. This is
due to the fact that, the conduction band of the shell is of higher energy than the core
and the valence band is of lower energy than that of the core. Thus the charge
carrier is localised in the core resulting in the material with narrow excitation

wavelength and low excitation life time.
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Figure 1.2 band gap of type | core-shell (CdSe/CdS) nanoparticles showing the

electron localisation.

Type Il have many novel properties that are different from type | such as broad
excitation and high excitation life time because the charge carrier is localised in

separate material. This is due to the fact that, the valence and conduction bands in

12



the core are either lower or higher than the shell therefore one carrier is confined in

the core while the other is confined in the shell.
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Figure 1.3 band gaps of type Il core-shell (CdSe / ZnTe) nanoparticles showing

the electron localisation.

This type of materials does not only effectively reduce surface defects and non-
radioactive decay, but the emission wavelengths of NPs could also be tuned by their
sizes and compositions (Kim et al., 2003; Xie et al., 2005; Chen et al., 2004; Seo et
al., 2007). Advantages of type Il is that the effective band gap is controlled both by
the core and the shell and thus the emission can be controlled by varying the two
variables i.e the size of the core and the thickness of the shell. The refinement of the
core-shell nanoparticles over several years has made type Il core-shell NPs more
significant than type-lI core/shell NPs. Type-ll core/shell NPs have many novel
properties such as the red-shift of the emission and a longer decay lifetime due to
the formation of an indirect excitation while still maintaining their small particle size
(Nemchinov et al., 2008; Liu et al., 2006; Wang et al., 2011; Biju et al., 2010a). Such
emission is not possible with type | without drastic change in their particle size. Thus

far, many type Il core/shell NPs have been reported, including ZnTe/CdSe,
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ZnTe/CdS, CdSe/ZnTe and ZnSe/CdS and most of these NPs are prepared through

organometallic routes.

Though the method of synthesis via organometallic route and surface modification is
very efficient, it is tedious and time-consuming. In addition, the optical properties of
the parent NPs are often sacrificed when they are transferred into aqueous phase
resulting in material with lower optical properties. These further processing often lead
to the increment of NPs size and difficulty in functionalizing their surface with
biomolecules when their size is about 100 nm (Medintz et al., 2011). The oxide shell
on bare core provide inert protective surface barrier and protect semiconductor cores
from photo oxidation when exposed to air (Lin et al., 2006; Simone et al., 2013).
Core shell NPs coated by an oxide shell are very interesting especially for biological
and industrial applications (Xu et al., 2010; Choe et al., 2015; Wang et al., 2015).
Oxides like SiO, FeO, and ZnO have been used to protect cadmium base core NPs
(Liu et al., 2013, Xu et al., 2010). Among these, zinc oxide is one of the important
shell-forming materials because of its wider band gap; it is known to be nontoxic, bio-
safe, and biocompatible. Rakgalakane et al., prepared CdSe/ZnO core/shell based
on the modification of Oluwafemi et al., method for the preparation of the hexagonal
CdSe NPs core. The core was produced using cadmium chloride and NaHSe as
cadmium and selenium precursor respectively. The study showed that mixture of
spherical and star core/shell NPs were produced as the concentration of the ZnO
increases (Oluwafemi et al., 2009, Rakgalakane and Moloto, 2011). The use of
passivating agent has also been used to increase the stability and decrease the
toxicity of the cadmium based core/shell nanoparticles. Oluwafemi et al., (2014)
reported the synthesis of high fluorescence glutathione capped CdTe/CdS using,

glutathione as the stabilizing agent as well as sulphur precursor source (Oluwafemi
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et al., 2014). Zare et al., also reported the synthesis of CdTe/CdS NCs using photo
induced colloidal synthesis of the shell at room temperature. The S species resulted
from photo induction of the thiosulphate ion (S,0s%) and a substantial increase in
guantum yield of up to 64% was obtained in water (Zare et al., 2015). Recently
modification of Oluwafemi et al., method has been reported for the synthesis of
CdTe/CdSe NPs by replacing the CdS with CdSe a wider band gap material
(Oluwafemi et al., 2014, Ncapayi et al., 2015). Although toxicity of nanoparticles
seems to be a barrier for biological application current researches are focusing on
how to address this problem and further decrease the toxicity of the NPs. Microwave
synthesis of near infrared (NIR) glutathione capped CdTe/CdSe NPs with the cell
viability of about 90 % after 12 hours which was further decrease by functionalization
of the material with arginine-glycine-aspartic acid has been reported by Chen et al
(2015). Short reaction time with the aid of microwave, good capping abilities of
glutathione and wider band gap of CdSe compared to CdS make the method more
environmentally friendly (Chen et al., 2015). The increase demands on NPs for
biological applications made aqueous synthesis of NIR type-ll core/shell NPs an

area of interest.

1.4  Surface Passivation

Surfaces play an increasing role in determining quantum dots structural and optical
properties as particle size become reduced. For example, due to an increasing
surface to volume ratio with diminishing particle size, surface trap states exert an
enhanced influence over photoluminescence properties, including emission

efficiency, spectral shape and position. Furthermore, it is often through their surfaces

15



that semiconductor nanocrystals interact with “their world,” as soluble species in an
organic solution, reactants in common organic reactions, polymerization centres,
biological tags, electron-hole donors/acceptors, and so on. Controlling inorganic and
organic surface chemistry plays a major role in controlling the physical and chemical
properties of quantum dots. Over coating highly monodispersed CdSe with epitaxial
layers of ZnS has become a routine and typically provides almost an order-of-
magnitude enhancement in PL efficiency compared to the exclusively organic
capped starting nanocrystals (Dabbousi et al., 1997; El-Khair et al., 2001, Luan et
al., 2008, Mathew et al., 2015). The enhanced quantum efficiencies result from
enhanced coordination of surface unsaturated, or dangling bonds, as well as from
improved confinement of electrons and holes of the core. The latter effect occurs
when the band gap of the shell material is larger than that of the core material, as is
the case for CdSe/ZnSe and CdSe/CdS core shell particles. The passivation of the
NIR core-shell and core multi-shell with hydrophilic or polymeric agents seem to be a
right direction to overcome the issue of toxicity especially as the biological promising
fluorophores. However, there is still on-going work in tuning the NPs composition as

well as understanding their behaviour.

1.5 Application of Semiconductor nanoparticles

The unique properties of NPs have led to material which are potentially useful in
many areas, these includes but not limited to catalysis, optical recording material,

solar cells, sensors , lasers and bio-labelling and bio-imaging .

16



1.5.1 Electronics

Exceptional optical properties make NPs attractive components for integration into
electronic devices. A significant advantage of NPs over traditional optoelectronic
material is that they exist in solid state which makes them to be more compact,
easily cooled and allow direct charge injection. In addition, NPs can interconvert light
and electricity in a tunable manner depending on the size of the crystal. This act as
improvement over silicon based which require modification of their chemical
composition to alter the optical properties. All these have led to imperative
applications of quantum dots in lasers. The advantage of QDs laser is that they
possess fewer energy states than bulk material. This tends to reduce the spread of
electrons thus making it easier to create lasing. Advantages of using NPs as starting
material in electronics have led to development of numerous types of quantum dots
such as ZnSe blue diode lasers materials (Wang et al., 2014). Saunders and Turner
reported that CdSe blended polymer facilitates charge separation and the generation
of photocurrents under visible light irradiation while Alivisatos and co-workers have
revealed that combination of CdSe nanorods and poly (3-hexylthiophene), create
charge transfer junctions with high interfacial (Saunders and Turner, 2008; Alivisatos
et al., 1999). These researchers succeeded in optimizing the overlap between the
cell absorption and solar spectrum and revealed that by improving the polymer-
semiconductor interface, it should be possible to increase the carrier mobilities and

hence the overall photo conversion efficiency of NPs.

1.5.2 Biotechnology
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Nanoparticles also find application in medicine such as bio-attachment due to their
several advantages over organic dyes. Nanoparticles exist in the same size as
proteins and therefore do not suffer any steric hindrance problem; this makes them
useful for medical application such as diagnosis. In cancer treatment, they are used
to encapsulate dyes that destroys cancer cells as these dyes tends to roam around
the body affecting skin and the eyes (Gao et al., 2003; Bagalkot 2007; Cho et al.,
2007). NPs also exhibit broad absorption, high fluorescence and long term stability
over traditional fluorophores which make them useful for bio-imaging. Many studies
have been done to prove bio-imaging capabilities of quantum dots. Silica-coated
CdSe QDs as labelling and imaging agents for cancer cellular imaging and cell
tracking applications for the study of cancer and other diseases have been recently
reported by Vibin (Vibin et al., 2014). The ability of QDs for cancer imaging has also
been investigated on perfluorocarbon/quantum dots (PFC/QDs) nanoemulsions
conjugated with antibodies and has been proven to have greater capacity as an
efficient nanoprobe for targeting breast cancer cells (Bae et al., 2014 and Gorelikov
et al., 2011). Recently, Herman just demonstrated the use of small chitosan-antibody
stabilized conjugates ZnS nanocrystals as cancer biomarker for non-Hodgkin
lymphoma (Mansur et al.,, 2015). Metal nanoparticles like gold and silver have
antibacterial activities thus, they can kill bacteria in water and therefore they are

used for purification purposes (Medintz et al., 2008; Zhou et al., 2012).
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1.6 Aim and objectives

1.6.1 Aim

The aim of this project is to provide a green, facile, cost effective and
environmentally benign route for the direct synthesis of biocompatible

CdTe/CdSe/ZnSe core-shell NIR emitting QDs and their application for biolabelling.

1.6.2 Objectives

Direct synthesis of type Il CdTe/CdSe core-shell QDs via a stable, facile and

environmentally benign aqueous solution method.

Direct synthesis of type Il CdTe/CdSe/ZnSe core-multi shell QDs via a stable,

facile and environmentally benign aqueous solution method.

Detailed investigation of the pH and reaction time effects on the size, optical and

structural properties of the as-synthesised QDs.

Functionalisation of the as-synthesised type Il QDs with amino —acid

Optical and structural characterisation of the as-synthesised nanomaterials.

Biological analyses of the as-synthesised nanomaterials.
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2.1 SYNTHESIS OF CdTe NANOPARTICLES

Cadmium telluride (CdTe) is a black zinc blend crystalline compound with a
molecular weight of 240 g/mole and melting point of 1040°C. It is a binary compound
made of cadmium and tellurium with a band gap of 1.44 eV corresponding to the
wavelength of 860 nm. It does not occur naturally and mainly used as a

semiconductor material.

Figure 2.1 Images of the bulk CdTe indicated by grey ring and the 3d network

structure.

Bulk CdTe is transparent in the infrared region with a fluorescence peak at a
wavelength of 790 nm but once it is reduced to nanoparticles (CdTe NPs) it
fluoresces in the visible to infra-red region. CdTe have low solubility in water at low
temperature and unstable in air at high temperature. It produces toxic telluride gas
and cadmium salt when etched with strong acid (Handbook of chemistry, 1979).
Cadmium telluride nanoparticles are among the II-IV semiconductor materials that

have been widely studied due to its properties such as high fluorescence quantum
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yields, short radiative lifetimes, low thresholds for optical gain and linearly polarized
emission. Because of its size dependent properties it has been useful in wide area of
applications such as light-emitting diodes, photovoltaic and biological and chemical
sensor (Moskowitz et al.,, 1990; Fonthalan et al., 2000, Zhang et al., 2003;

Mohammed 2013).

Several methods have been reported for the synthesis of CdTe NPs and these can
be broadly categorised as organic approach, two phase approach and agueous
approach. Organic approach involves synthesis in organic solvents, this make the
material soluble only in organic solvent and therefore undesirable for biological
applications. The two phase approach involves the synthesis of the nanocrystals in
either organic or aqueous phase followed by surface modification to render them
hydrophobic or hydrophilic (Bai et al., 2010). This approach solves some problems
associated with the synthesis of hydrophilic nanomaterials, however it is tedious,
time consuming and the resultant nanocrystals are usually of low quality compared
to the parent nanocrystals before surface modification. For example, the resultant
nanocrystals after surface modification are usually associated with lower
fluorescence intensity and quantum yield. On the other hand, the agqueous phase
approach is simple, cost effective, it uses mild reaction conditions and less toxic
material however, it also has its own disadvantages such as instability of the material
towards oxidation. These synthetic approaches for CdTe NPs have been extensively
studied in order to understand the dynamics of the synthetic route as well as

fundamental properties of CdTe NPs.
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2.1.1 Organic Synthesis

This usually involves the synthesis of CdTe NPs in the presence of organic co-
ordinating solvent at high temperatures. The first successful synthetic approach for
CdTe QDs was an through organometallic route developed by Murray et al., in 1993.
This is indeed the most popular route for semiconductor nanoparticles. It is a hot
injection technique that involves the use of metal-alkyl precursors (dimethyl
cadmium), trioctylphosphine teluride (TOPTe), trioctylphosphine (TOP) and
trioctylphosphine oxide (TOPO) as co-ordinating solvent at a temperature of 300 °C.
Through this route high quality TOPO-capped CdTe and CdSe NPs were obtained
(Murray et al., 1993). Although the kinetics of this route produces the fundamental
concept for the synthesis of cadmium based NPs, the toxicity and the high cost of
the precursors is indeed undesirable. In addition, the method requires harsh
conditions, standard airless techniques and it uses material with low boiling points
that are explosive at high temperatures. It is therefore detrimental to health of living

organisms and environment.

As a modification to Murray’s method, Peng and Alivisatos make use of a mixture of
trioctylphosphine oxide (TOPO) and hexylphosphonic acid (HPA) as co-ordinating
solvent, TOPTe as tellurium precursor and dimethyl cadmium as cadmium precursor
to synthesise CdTe NPs (Peng and Alivisatos, 2000). Talapin et al., (2001) also
reported the mixing of tri-n-octylphosphine with dodecyl amine (DDA) to obtain high
luminescent CdTe nanoparticles (Talapin et al., 2001). As the interest in the use of
CdTe for different applications increased, more investigations were carried out to
optimise the reaction conditions and improve the properties of the as —synthesised
CdTe NPs. Peng and Peng reported the synthesis of CdTe NPs using CdO or Cd-

fatty acid as precursors to replace the toxic dimethyl cadmium. The so called ‘green
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route’ proved to be reproducible involving mild and simple reaction conditions, and
could have potential for scale up and industrial applications. However, this process
still involves the presence of additional stabilisers such as hexylphosphonic acid
(HPA) which increases cost of production and the initial temperature of the reaction
is still very high (Peng and Peng, 2001). Modifications of this route resulted in CdTe
NPs with anisotropic shapes such as rods and tetrapod’s (Dunge et al., 2002 and
Sheih et al., 2005). Dagtepe et al., also observed the formation of small magic-sized
CdTe quantum dots (QDs) in the presence of Hexadecylamine (HDA) and TOPO as
the coordinating solvent mixture at 240 °C while CdO was used as the cadmium-
precursor (Dagtepe et al., 2007). Highly luminescent CdTe nanocrystals have been
synthesized using cluster compound and elemental tellurium with dodecylamine as
capping agent at 147 °C (Chin et al., 2008). This is a safer, reproducible route for the
formation of rod-shaped and branched particles with PL QY as high as 37 % which
increases to 52 % by addition of CdS shell. Mntungwa et al., also reported the
synthesis of HDA- capped CdTe using Oluwafemi et al., adopted method. By varying
the cadmium precursor and reaction time, spherical nanomaterials were obtained
except for cadmium carbonate that produced nanorods. (Mntungwa et al., 2011;
Oluwafemi et al.,2008). McElroy et al., reported the synthesis of CdTe QDs using a
mixture of oleic acid and octadecene as the solvent for cadmium precursor while
TOP was used to form TOP-Te solution at high temperature of 190°C using a
previously reported method by Wang and co-workers in 2009 (McElroy et al., 2014,

Wang et al., 2009).
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2.1.2 Two phase approach

This is the approach design to solve problems associated with both organic and
aqueous synthesis. The CdTe NPs can be synthesised in either organic or aqueous
phase and undergo surface modification to render them hydrophilic or hydrophobic in
order to suite the desired application The transfer of hydrophobic to hydrophilic can
occur easily, while the transfer of nanoparticles from the hydrophilic to hydrophobic
is often more difficult (Kanaras et al., 2002; Algar & Krull 2007; Ananthakumar et al.,
2013). This is due to the fact that ligands used in organic phase are mostly very
poorly soluble in water while those used in agueous phase are often readily soluble
in organic solvents (Simard et al., 2000). In organic phase synthesis, this strategy
involves substitution of a hydrophobic ligand with hydrophilic functional ligands. The
ligands have anchoring groups at one end for binding to the nanocrystals via
coordination onto the inorganic surface and hydrophilic functions at the other end
that promote attraction to aqueous solutions (Pan et al., 2001; Pradhan et al., 2007).
Substitution of organic capping with polar surface layers renders CdTe water soluble
and bio compatible for several biological applications. The use of thiol ligands to
render hydrophobic QDs water soluble is simple to implement, and it has been
widely proven by literature. However, the long term use of the resulting QDs is
strongly dependent on the affinity of the anchoring groups on the nanocrystals
surfaces (Yang et al., 2012). Furthermore, the ligand exchange results in the
sacrifice of the parental properties such as increase in particle size, decrease
fluorescence intensity and stability of the nanoparticles. Due to the limitation
associated with surface modification of organically capped CdTe, aqueous synthesis
of QDs has been an alternative way to tackle problem associated with phase transfer

(Wang et al., 2007; Aldana et al., 2001and Zhang et al., 2011). Ananthakumar and
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co-workers reported the synthesis of organically CdTe QDs for photovoltaic
applications via ligand exchange of agueous soluble CdTe QDs. The CdTe QDs
were previously synthesised in aqueous phase using thioglycolic acid as a capping
agent followed by ligand exchange with 1-dodecathione as the capping agent to
make material organically soluble. Organically capped CdTe QDs were then blended
with P3sHT polymers for use as an active layer in hybrid solar cell structures

(Ananthakumar et al., 2013).

2.1.3 Aqueous synthesis

Water soluble NPs have been used in many biological applications such as in-vivo
and in-vitro imaging, DNA hybridization and photodynamic therapy. Aqueous
synthesis of CdTe NPs widens the application of CdTe NPs to other areas that were
not possible with organically synthesised CdTe NPs. In this route, CdTe QDs are
synthesis directly in water thus, the material are hydrophilic and therefore can be
applied in any field of biology and biomedicine without any further alterations (Jin et
al 2011; Jong et al., 2008). Aqueous synthesis of CdTe NPs is always associated
with use of inert atmosphere to avoid oxidation of precursors and stabilising agents
used during the synthesis. It also prevents the as-synthesised CdTe NPs from photo
oxidation which usually lower the optical properties of the material compared to the
ones synthesised via organic approach and increases its cytotoxicity (Chan et al.,

2002; Kim et al., 2004; Li et al., 2011)

The early approach for the aqueous phase synthesis of CdTe QDs involves the use
of stabilising agents, CdCl, as cadmium precursors and NaHTe as tellurium

precursor under argon flow. Rogach et al., reported the first synthesis of high quality
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CdTe NPs using thioglycerol and mercaptoethanol as surface stabilizing agent for
the synthesis of stable fluorescence CdTe NPs (Rogach et al.,, 1996). This was a
breakthrough in obtaining CdTe nanoparticles with stable fluorescence for a longer
time. The co-ordination of cadmium ion and thiols by Cd-SR prevented
uncontrollable growth of the nuclei however the fluorescence quantum yield was less
than 3 %. After this report, the use of thiols became active in the field as they tend to
stick firmly to the surface of the NPs. In 2000, the same group reported the use of
mercaptoalcohols, mercaptoacids, and dithiols. The PL quantum yield increased to
18 % after 14 days of controlled heat treatment in an acidic condition (Andrey and
Rogach, 2000). The enhancement of the fluorescence intensity is associated with
formation of cadmium-thiols complex on the surface of the CdTe NPs when the pH of
the solution is in the acidic range. The use of thiols has been extensively studied for
the synthesis of CdTe NPs. Dodecanethiol was used to substitute MPA through
phase transfer by Gaponik to obtain PL quantum yield of 40-50 % (Gaponik et al.,
2002). Liu et al in (2006) reported the synthesis of MPA-capped CdTe NPs under air
and nitrogen. Their results showed that NPs synthesised in air are more vulnerable
to oxidation and this resulted in the release of cadmium ions (Liu et al., 2006). This is
in line with Zhang et al.,; earlier report that singlet oxygen is responsible for photo
bleaching of thiol capped CdTe QDs in leaving cells. Water soluble CdTe QDs has
also been reported through hydrothermal and microwave irradiation method resulting
in material with reduced surface defect and increased quantum vyield (Zhang et al.,
2006; Zhang et al., 2003; Li et al., 2005; Qian et al., 2006; He et al., 2006; He et al.,
2007; Li and Murase 2005). The use of inert atmosphere to avoid oxidation of
tellurium precursors and high pressure in case of microwave made the synthesis not

desirable for industrial scale due to high cost associated with these syntheses. In
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trying to improve the reaction conditions for the synthesis as well as the optical
properties of CdTe NPs there is still a lot of on-going research based on thiols
stabilised CdTe NPs. It has been reported that the emission intensity can be
enhanced by regulating the amount of surfactant used as they tend to create some
surface defects when used in larger quantities. Thus, for hydrothermal synthesis, the
formation of Cd-SH complex depends on the amount of thiol (Gao et al., 2005;
Shavel et al., 2006; Murase et al., 2007). After these reports, the enhancement of the
CdTe NPs florescence intensity has been intensively studied. Murase et al., 2007
investigated the effect of Cd?** to TGA ratio. In this study five mole ratio ranging from
1.25 to 2.40 were used. Their analyses revealed that the TGA decompose to S-H
and the use of different mole ratio of TGA resulted in CdTe NPs with different
composition. Murase et.al., further highlighted that about half of the tellurium site on
the surface were replaced by sulphur from TGA which started decomposing from the
early stage of the synthesis and increased with increase in storage time (Murase et
al.,, 2007). Mercaptosuccinic acid (MSA) capped CdTe NPs have also been
synthesised at lower temperatures (35 °C) in the presence of yeast solution by Bao
et al. The protein capped CdTe NPs emitting at wavelength of 556 nm with PL QY of
33 % was achieved by one step synthesis after incubation for several days. The
protein used in this synthesis made the as-synthesised CdTe NPs biocompatible and
for bio-labelling applications (Bao et al., 2010). Apart from MPA, MSA and TGA,
glutathione as mercapto acid derivative has also been reported as effective thiol for
CdTe NPs (Bu et al., 2013). This produces NPs with higher fluorescence intensity
than other thiols. The higher luminescence intensity has been attributed to its
decomposition to produce sulphur that replace Te on the surface which act as

passivating agent and reduces the dangling bonds/ vacancies(Xue et al., 2011; Zeng
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et al., 2007. Bu et al., (2013) reported the synthesis of CdTe NPs with QYs as high
as 57 % by using N-acetyl-L-cysteine as capping agent under hydrothermal
synthesis in an autoclave. The reaction temperature was varied from 120 °C to 200
°C and the pH from 5 to 11. The highest QYs of 57 % was obtained at 200 °C and pH
5 (Bu et al., 2013). Similar synthesis was reported by Yang et al., for the detection of
mercury in aqueous solution (Yang et al., 2014). Recently, Oluwafemi et al., also
reported the synthesis of glutathione capped CdTe/CdS NPs with glutathione acting
as both stabilizing agent and sulphur source. The formation of the CdS shell on
CdTe core was facilitated by the decomposition of the gluthathione (Oluwafemi et al.,
2014). In another development, Masoud et al reported the synthesis of CdTe NPs
via a sonochemical method based on the reaction between cadmium acetate (Cd
(OAC) ,), TeCl,, and potassium borohydride (KBH,4) in water, in the presence of
various capping agents. The effects of several parameters such as capping agents,
ultrasonic power, reducing agent, reaction time, and cadmium precursors were
investigated. It was found that morphology, particle size, and phase of the products
could be greatly affected by these parameters (Masoud et al., 2015). The use of
Mercaptosuccinic acid as stabilizing agent had also been reported for synthesising
high fluorescence CdTe NPs using hydrazine as the growth promoter in the absence
of an inert atmosphere. By varying hydrazine concentration, the results showed that
red emitting CdTe NPs with QYs as high as 50 % within short period of time can be

obtained at lower hydrazine concentrations (Tan et al., 2015).
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2.2 Synthesis of core-shell nanoparticles

Core/shell nanoparticles are quantum dots that contain at least two semiconductor
materials such as CdTe/CdSe, CdSe/ZnS, etc. Epitaxial growth of a semiconductor
material (shell) on another (core) enhances the possibility of tuning the basic optical
properties of the core nanocrystals such as their fluorescence wavelength, quantum
yield, and lifetime. In core/shell nanocrystals, the shell provides a physical barrier
between the optically active core and the surrounding medium, thus, the
nanocrystals are less sensitive to the environmental changes and photo-oxidation.
The shell further provides an efficient passivation of the surface trap states, giving
rise to a strongly enhanced fluorescence quantum yield which is the fundamental
prerequisite for the use of nanocrystals in applications such as biological labelling
and light-emitting devices (Seo et al 2007; Kim et al., 2003; Xie et al., 2005; Chen et
al.,, 2004). Core-shell nanoparticles overcome major concern associated with the
biological application of nanoparticles i.e. their instability in biological fluid. This is
also the main source of the inherent cytotoxicity of quantum dots. Cytotoxicity has
been attributed to the release of highly toxic cadmium ions and reactive oxygen in
solution. This is because the as-synthesised QDs materials sometimes do not
possess distinct thick shell which has been found to reduce the toxic character.
Hence they contaminate the intracellular compartment of cells which is a huge
drawback for their biological applications (Biju et al., 2010; Jiang et al., 2006; Cho

et., al 2007; Green et al., 2007 and Liu et al., 2014).

Core-shell NPs can be broadly classified into type | and type Il. In Type | core-shell

NPs the band gap of the shell material is larger than that of the core and both
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electrons and holes are confined in the core. The shell is used to passivate the
surface of the core, as it physically separates the core from its surroundings,
decreasing the dangling bonds and therefore improves its optical properties. The
formation of the shell is usually indicated by a small red shift in the emission position.
In type 1l core shell NPs, either the valence-band edge or the conduction band edge
of the shell material is located in the band gap of the core. Type-ll NPs are aimed
particularly for infra-red region emission. The interest of these systems is the
possibility to manipulate the shell thickness and thereby tune the emission colour
towards spectral ranges, which are difficult to obtain with other materials. There are
a lot of issues to be considered before the designing of type-ll QDs. Thus far, many
type-1l systems have been reported, including ZnTe/CdTe (CdSe, CdS), CdSe/ZnTe
and ZnSe/CdS and CdTe/CdSe (Chen et al., 2004; Liu et al., 2006; Green et al.,
2007, Wang et al.,, 2011). McElroy et al., (2014) in 2014 conducted a study on
CdTe/CdSe and CdSe/CdTe QDs for the fabrication of quantum dot sensitised solar
cells. Additional layer of CdS was also introduced to reduce the overlap acting as the
potential surface barrier (McElroy et al., 2014). Their results showed that the wave
function overlap is less in CdTe core quantum dots than those with CdSe core.
Similar observation has been reported by Tyrell et al (Tyrell et al., 2012). These
syntheses are based on an organometallic route which is undesirable for biological
applications. Therefore, the search for hydrothermal QDs with high photo stability
and biocompatibility is inevitable. The NIR-emitting CdTe/CdSe QDs have been
synthesised by Xia and Zhu, (2008) in aqueous solution for ultrasensitive Cu®*
sensing (Xia and Zhu, 2008). Yan and his co-workers also reported the successive
ion-layer adsorption and reaction (SILAR) for synthesizing water-soluble L-cysteine-

capped CdTe/CdSe QDs with NIR fluorescence for bio imaging applications.
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Although these methods are feasible, they are time-consuming and result in material
with lower PL QYs than those synthesize in organic phase. Therefore, it is desirable
to develop a facile method for the preparation of high quality type-Il core/shell NIR
emitting QDs in aqueous solution. In another development, Zhang et al., (2010)
reported the synthesis of L-cysteine capped CdTe/CdS NPs and conjugate them with
rabbit antibody for direct immuno-labelling and imaging of HeLa cells (Zhang et al.,
2010). CdTe/CdS NPs with amino acid and carboxylic acid functional groups
surfaces have been prepared by Shan et al., using L-cysteine as the capping agent.
The nanowire L-cysteine capped CdTe/CdS NPs were of low quantum yield due to
nature of the material as well as the capping agent (Shan et al., 2014). Oluwafemi et
al., (2014) reported the synthesis of glutathione capped CdTe/CdS NPs with
improved stability and high quantum vyield (Oluwafemi et al.,, 2014). As an
improvement to Oluwafemi et al., (2014), Ncapayi et al., (2015) reported the
synthesis of MPA capped CdTe/CdSe NPs with reduced cytotoxicity (Oluwafemi et
al., 2014; Ncapayi et al., 2015). The improved cell viability is attributed to the use of
CdSe NPs, a wider band gap material compared to CdS. In a latest development,
Chen et al., reported the synthesis of biocompatibility CdTe/CdSe NPs. The
prepared GSH-CdTe/CdSe QDs demonstrated good water-solubility and
dispensability, low cytotoxicity and strong NIR fluorescence, making them suitable
for use as NIR imaging agent for molecular imaging in future studies (Chen et al,

2015).
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2.3 Functionalization.

Inorganic colloidal nanoparticles are very small objects with inorganic cores that are
dispersed in solvents. Depending on the material they possess a number of different
properties such as high electron density and strong optical properties. Prerequisite
for every possible application is the proper surface functionalization of nanoparticles,
which determines their interaction with the environment. These interactions
ultimately affect the colloidal stability of the particles, and may lead to a controlled
assembly or delivery of nanoparticles to a target. Surface modification and
functionalization of inorganic colloidal nanoparticles with a special focus on
semiconductor nanoparticles, such as CdTe are of great importance. However,
strategies used are often of general nature and apply in the same way to all types of
nanoparticles. The functionalisation of nanoparticles with amino acid has been
reported to further reduce toxicity. Generally, amino acids exist as zwitterions
(internal salts) and exhibit spectra characteristics of both the carboxylate and primary
amine salt. These two functional groups could make QDs responsive to bio-
conjugation establishing the possibility of using them as fluorescent biomarkers
(David et al., 2011; Ethirajan, 2011 and Firczuk, 2011). Studies have shown that
functionalisation of QDs surface using amino acid molecules reduce their toxicity
significantly and enhance their water dispersibility without affecting their quantum
yield (QY) and particle size. However, these reports are based on the ligand
exchange of organically soluble QDs (Zhang et al., 2011). Therefore, the
functionalisation of aqueous synthesised QDs with amino acid as a highly
luminescent probe for imaging and drug delivery is an area that needs to be
adequately explored. Due to the enormous advantages of QDs over organic

fluorophores, conjugation of antibodies to functionalised QDs for real time lymphatic
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imaging and trafficking in replace of the organic fluorophores is an area that needs to
be explored to improve the efficiency of this new technology (Chen et al., 2015). Shi
et al.,, (2014) reported the functionalisation of MPA capped CdTe NPs with
dopamine. The dopamine capped-CdTe NPs showed a slight blue shift in both
absorption and emission position. The positively charged dopamine capped-CdTe
NPs were successfully used as fluorescence probe for the detection of L-histidine in
human serum (Shi et al., 2014). Cyclodextrin is another material that is ideal for
functionalisation of NPs. Cyclodextrins (CD) have attracted great interest in
molecular chemistry due to the nature of their surface. The fact that cyclodextrin has
a hydrophobic inner surface and hydrophilic outer surface makes them appropriate
for improving biocompatibility, stability and solubility of QDs. Cyclodextrins have
been used for functionalisation NPs such as CdSe/ZnS, CdSe/CdS, CdTe N (Ai et
al., 2012, Palaniappan et al., 2012 and Chen et al., 2012). Ai et al., (2012) and
Chen et al., (2012) in 2012 reported the functionalisation of CdTe QDs with beta-
Cyclodextrin. Ai and co-workers used the [-cyclodextrin functionalised CdTe QDs to
construct sensitive biosensors for Amantadine (Ai et al., 2012). Recently Yang and
his colleagues used cyclodextrin functionalised CdTe QDs for detection of
benzo[a]pyrene (BaP). They highlighted that functionalisation of the MPA capped
CdTe QDs with cyclodextrin does not only improves the efficiency and intensity but

also exhibit selective response when used for detection of BaP.

2.4 Cytotoxicity and Cell Labelling

The applications of QDs in cell imaging require the assessment of cytotoxicity and

their penetration through the membranes. Mostly the cytotoxicity assessment and
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cell imaging potential of QDs is carried on animal cells (Bar-llan et al., 2009; Hsieh et
al., 2006; Yu et al., 2014). The toxicity of the quantum dots in cells is associated
with the instability of the NPs in biological fluids acting as the main source of the
cytotoxicity inherent against cells. Thus, toxicity of QDs is mainly associated with
their physicochemical properties (Hoshino et al., 2004; Kirchner et al., 2005). The
diversity of nanoparticles as well as their capping materials made it is very difficult to
elucidate all the toxicity mechanisms. The factors such as particle size, dosage,
capping material often have different response on the toxicity of quantum dots
(Lovric et al., 2009; Su et al.,2009) . Several studies have shown that the cytotoxic of
the quantum dots depends both on Cd?" ions and the surface chemistry of the QDs
(Su et al., 2009; Chen et al., 2012; Bradburne et al., 2013). In a recent development
Xu and co-workers investigated the effect of capping material on the toxicity CdTe
NPs. In this study, three thiols were used MPA, GSH, and Cys and it was found that
the toxicity of MPA-CdTe QDs was more than that of GSH-CdTe QDs and Cys-CdTe
QDs on the GST protein growth at higher concentration of 50 nM (Xu et al., 2015).
This poses a huge drawback to their biological applications therefore, the search for
QDs with high photostability and biocompatibility is inevitable. Su et al in his
sequentially cytotoxicity studies of water-dispersed CdTe QDs, CdTe/CdS core—shell
QDs, and CdTe/CdS/ZnS core—shell-shell QDs and found that CdTe and CdTe/CdS
are highly toxic which they associate with the leaching of cadmium ions to the
surface while CdTe/CdS/ZnS QDs were non-toxic even at very high concentration
thus due to ZnS shell which effectively passivate and protects the release of
cadmium ions. Thus cytotoxicity can be modulated by production of multi-shell
nanoparticles (Su et al., 2009). Green et al., also reported that QDs with distinct

thick shell posses reduced toxic character than bare core by reducing the level of
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cadmium leached into the biological system (Green et al, 2007; Zhao et al, 2010).
Chen et al results for biocompatible NIR GSH capped-CdTe/CdSe QDs showed low
cytotoxicity against three normal cell lines (Chen et al., 2015). Thus addition of shell
and the use of polymeric capping agent make the QDs stable in biological fluid and

therefore suitable for long term labelling studies.
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CHAPTER 3

EXPERIMENTAL
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3.1 Material

Cadmium acetate, potassium tellurite, 3-mercaptopropanoic acid, sodium
borohydride, sodium hydroxide, zinc chloride, selenium powder, dimethyl sulphoxide,
N, N’-Dicyclohexylcarbodiimide DCC, and L-arginine were purchased from Sigma

Aldrich. All the chemicals were of analytical grade and used as purchased.

3.2 Method
3.2.1 Synthesis of CdTe core NPs

In a typical synthesis, 0.051 g (0.2 mmole) of dihydrated cadmium acetate was
dissolved in 50 mL of HPLC water in a 100 mL three necked flask. 17 pL (0.2
mmole) of 3-mercaptopropanoic acid was added under stirring. The pH of the
solution was adjusted from 3.67 to 9 using 1 M NaOH. The reaction mixture was
stirred for 5 mins. In another flask, solution of potassium tellurite was prepared by
dissolving 0.0103g (0.04 mmole) of K,O3Te in 50 mL of HPLC water. This solution
was added to the above cadmium solution and allowed to react for 5 mins under
continuous stirring followed by addition of 0.08 g NaBH4 (2 mmole). The molar ratio
of Cd/Te/MPA/NaBH, was fixed at 1:0.2:1:10. The solution was allowed to react for
5 mins and refluxed (in an oil bath at 98 °C) for seven hours. Aliquots were taken at
different intervals to monitor the growth and luminescence of the as-synthesised

CdTe QDs. The CdTe NPs were also synthesised at pH 11 and pH 12.
3.2.2 Synthesis of CdTe/CdSe core-shell NPs

The synthesis of the CdTe/CdSe core shell nanoparticles require a freshly prepared

sodium selenosulphate as the selenium source, which was obtained by the reduction
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of selenium using sodium sulphite. In a typical reaction, 0.5 g (4 mmole) of sodium
sulphite and 0.1574g (0.2 mmole) selenium powder were dissolved in 50 mL of
deionised water in a 100 mL three necked flask and refluxed at 70 °C for 6 h. In
another flask, 0.051g (0.2 mmole) of dihydrated cadmium acetate was dissolved in
50 mL of deionised water in a 100 mL three necked flask. 17pL (0.2 mmole) of 3-
mercaptopropanoic acid was added under stirring followed by the adjustment of the
pH to 12 using 1 M NaOH. The reaction mixture was stirred for 5 mins to produce
solution A. In another beaker, solution of potassium tellurite was prepared by
dissolving 0.0103 g (0.04 mmole) of K,TeO3 in 50 mL HPLC water. This solution was
added to solution A and allowed to react for 5 mins under continuous stirring
followed by the addition of 0.08g NaBH,; (2 mmole). The molar ratio of
Cd/Te/MPA/NaBH, was fixed at 1:0.2:1:10. The entire solution was allowed to stir
for another 5 mins and refluxed at 98 °C for 1 h. After an hour of refluxing, 0.5 mL
(0.04 mmole) of freshly prepared Na,SeSO3; was swiftly injected into the solution.
The Cd: Te:Se molar ratio was 1:0.2:0.2. The solution was then refluxed for 7 h to
produce highly fluorescent CdTe/CdSe NPs. Aliquots were taken at different
refluxing intervals to monitor the growth and optical properties of the as-synthesised
CdTe/CdSe NPs. The same experiment was repeated for the synthesis at pH 11 and

12.

3.2.3. Synthesis of CdTe/CdSe/ZnSe core multi-shell

In a typical reaction, 0.051g (0.2 mmole) of dihydrated cadmium acetate was
dissolved in 50 mL of distilled water in a 100 mL three necked flask. 17 puL (0.2

mmole) of 3-mercaptopropanoic acid was added to this solution under continuous
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stirring. The pH of the solution was adjusted to the desired pH using 1 M NaOH,
followed by stirring for 5 mins. 50 ml (0.0008 M) of potassium tellurite solution
prepared as reported in section 3.3.1 was added to the above cadmium solution. The
mixture was allowed to react for 5 mins under continuous stirring followed by addition
of 0.08 g NaBH,4. The molar ratio of Cd/Te/MPA/NaBH,4 was fixed at 1:0.2:1:10. After
another 5 mins of reaction, the solution was refluxed at 98 °C for one hour. After an
hour under refluxing, 0.5 mL (0.02 mmole) of Na,SeSO3; was swiftly injected using a
graduated pipette. Aliquots were taking at different intervals to monitor the growth
and luminescence of the CdTe/CdSe core —shell. In a different reaction vessel, MPA
—Zn precursor was prepared by dissolving the 0.04 mmole of zinc acetate in 50 mL
of water followed by addition of 17 pL of MPA and the pH was adjusted to 9 using 1
M NaOH. The MPA-Zn solution was added to CdTe/CdSe solution after an hour
under vigorous stirring and refluxed for 7 hours at 98 °C to produce
CdTe/CdSe/ZnSe NPs. Aliquots were taken at different intervals to monitor the
growth of NPs. The same experiment was reported for the synthesis at pH 11 and

12.

3.2.4 Optical and structural characterization.

The absorption spectra of as-synthesised CdTe, CdTe/CdSe, and CdTe/CdSe/ZnSe
nanoparticles were taken wusing a Perkin Elmer Lambda 25 UV-Vis
spectrophotometer and the emission spectra were recorded on a LS 45 Perkin-Elmer
spectrophotometer with a Xenon lamp at room temperature using water as a solvent
in a 10 mm path length quartz cuvette. Fluorescence analyses were carried out at

excitation wavelength of 400-450 nm. In preparation for the analyses 50 pL of the
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sample was diluted with 2950 puL of HPLC water (ratio 1:59) due to the high
fluorescence intensity of the undiluted sample. The surface chemistry of all the as-
synthesised nanoparticles was investigated using Lambda one FT-IR Perkin Elmer
spectrometer with an ATR sample holder. Measurements were performed by placing
the sample on a glassy part of the sample holder. The transmission electron
microscopy (TEM) and high resolution TEM were used to obtain the shape and the
size of the as-synthesised NPs using a JEM-2100 JEOL electron microscope. The
samples were prepared by placing a drop of a dilute solution of sample on a copper
grid and allowed to dry completely at room temperature before being loaded into the

microscope.

3.2.5 Cell viability study
3.2.5.1 Cell culture

The Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10 % fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA), 1 % L-glutamine-penicillin-streptomycin (Sigma-Aldrich) and
geneticin (0.5 mg/mL, G418 sulfate, Sigma-Aldrich) was prepared and then warmed

to 37 °C using warming stones in preparation for the cell culture .

The cells were removed from the liquid nitrogen (-20 °C), and there after defrosted
using the water bath at 37 °C. The defrosted cells solution (1.5mL) was added in 3.5
mL of DMEM in a 10 mL centrifuge tube. The cell was concentrated by centrifuge at
1360 rpm for 5 min followed by decantation of the supernant. The adhesive cells

were removed from the centrifuge tube by tapping and addition of 10 mL of the
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medium. The cell solution was transferred to 10 mm cultural dish with the aid of
serological pipette. The cultural dish was examined through the microscope to
check the cell confluence and thereafter incubated at a 5 % carbon water jacketed
incubator for 24 h. After 24 h, the cultural dish was removed from the incubator and
was observed under the microscope to check if the cells are adhesive. The old
medium was removed and the cell was washed with 10 mL PBS. After decantation,

10 mL of the new medium was added and cell was incubated for 48 h.

3.2.5.2 MTT Assay Protocol

The colorimetric MTT (3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium Bromide)
assay is based on the ability of the mitochondrial succinate-tetrazolium reductase
system to convert the yellow dye (MTT) to a blue formazan product. KM-Luc/GFP
cells were suspended at a concentration of 1.0 x 10° cells/mL in Dulbecco’s modified
Eagle medium (DMD). Subsequently, 100 nL of the cell solution was added in each
well of a 98-well plate (BD Biosciences) and incubated at 37 in a water jacket
incubator (5 % carbon dioxide and 95 % air mixture). 24 h later, 20 pL of QDs were
added to each well, while 20 niL of phosphate-buffered saline (PBS) was added as
the control group. Then, samples were incubated at 37 @. 24 hours later, cell
viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay. MTT (5 mg/mL) solutions were added to each well and
samples were incubated at 37 @ . After 1 hour incubation, the supernatant medium
was gently aspirated and 100 uL of DMSO was added to lyse the cells and dissolve
the MTT solution to give deep-blue formazan in preparation for absorbance

measurements. The plates were gently shaken to complete the dissolution of any
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formazan crystals immediately. The absorbance reading was carried out using an
automated plate reader (Sunrise Rainbow Thermo; Wako Pure Chemical Industries,
Ltd., Osaka, Japan) at 590 nm. The absorbance values were converted to cell

viability using control.

3.2.6 Fluorescence Imaging

The transfection was performed according to manufacturer's instructions using
lipofectamine which is a cationic liposome as a transfecting agent. The cells were
plated in a 12 well plate at a density of 2.5 x 10° cells/mL. The medium was changed

every day, until 85 % cell confluence was achieved.

The QD-lipofectamine complex was prepared at room temperature 30 mins before
being administered to the KM-Luc/ GFP cells. Briefly, different concentration of
guantum dots were prepared by dilution using medium as a solvent, followed by
addition of 3.5 uL of liposome to form 100 pL complex solution. The complex
solution was incubated at room temperature for 30 mins and later administered to
the cell. The well plates were then incubated for 6 h to render cells adhesive, after 6
h the old medium was replaced by a new medium. The transfected cells were then
incubated for 18 h to make 24 h of incubation period. The transfected cells were
viewed under the confocal fluorescence microscope with an argon laser excited at

the wavelength of 580 nm.
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CHAPTER FOUR

RESULTS AND DISCUSSION
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4.1 Optical analysis

4.1.1 CdTe Nanopatrticles.

The synthesis involves the use of low cost, environmental benign reagents and was
carried out in agueous medium using cadmium acetate and potassium telluride as
cadmium and tellurium precursors respectively while mercaptopropanoic acid was
used as the capping agent. After the addition of NaBH,, the solution turned yellow
and the colour become intense as the temperature of the reaction approached 90 °C
indicating the formation of CdTe NPs. The reaction progress as well as increase in
particle size was shown by the change in the colour of the reaction solution from
yellow to orange and finally to red with bright fluorescence under the UV light. Figure
4.1 shows the absorption and emission spectra of as-synthesised CdTe NPs at pH 9.
The absorption maxima ranges from 494 nm to 556 nm as the reaction time
increased from 0.25 h to 7 h (Fig. 4.1 A) indicating increase in particle size. The
absorption spectra showed sharp excitonic peaks with sharp absorption band edge
indicative of monodispersed particles with narrow size distribution. The decrease in
the sharpness of the excitonic peak as the reaction progressed is attributed to
increase in particle size distribution. The diameter of the as-synthesised CdTe NPs
as calculated using Yu et al., method varies between 2.3 nm and 3.1 nm as the
reaction time increases from 0.25 h to 7 h (Yu et al., 2003). Figure 4.1B is typical
evolution of the photoluminescence spectra of the as-synthesised MPA-capped
CdTe NPs as a function of time at an excitation wavelength of 400 nm. The sample

used for the analyses was diluted at ratio 1:60 sample: distilled water (50 pL of a
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sample into 2950 L of water) due to their high fluorescence intensity. Similar to the
absorption spectra, the emission spectrum is red shifted from 521 nm to 565 nm as
the reaction progressed from 0.25 h to 7 h All the emission maxima for the as-
synthesised CdTe NPs are blue shifted with respect to the corresponding band gap
exhibiting band edge luminescence with a stoke shift of less than 22 nm. The as-
synthesised NPs emit from green (at the beginning of the reaction) to orange region
(toward the end of the reaction) as indicated by a bright fluorescence under the UV
light. The overlaid emission spectra show broad emission spectra at the beginning of
the reaction (0.25 h) attributed to broad size distribution or defocusing of the spectra.
However, as the reaction progressed, focusing of the spectra occurred (0.5-7 h)
(Donega et al., 2003; Ncapayi et al., 2015). The broadness of the emission peak at
the beginning of the reaction might be due to fast nucleation resulting in material with
different particle size. This later undergoes Ostwald ripening process to form uniform
bigger particles. The broadness can also be attributed to the presence of the
unreacted monomers at the beginning of the reaction which act as the surface
defects and results in luminescence quenching (Mntungwa et al., 2011). The high
fluorescence intensity of about 89 arbitrary unit (a.u) was obtained at 0.25 h and
increased as the reaction continued, reaching a maximum of 502 a.u at 1.5 h . After
1.5 h the emission intensity decreased to 471 a.u at 7 h reaction time. This might be
attributed to the insufficient passivation due to the formation of bigger particle size as
the reaction progressed. The full width at half maximum (FWHM) of all the as-
synthesised CdTe NPs at pH 9 were below 60 nm throughout the reaction. This
indicates that the as-synthesised CdTe NPs are of good optical characteristics,

desirable dispersibility and uniformity (Yang et al., 2007).
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Figure 4.1: (A) absorption and (B) emission spectra of as-synthesised CdTe NPs at

pH 9 at different reaction times.
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Table 1: optical properties of MPA capped CdTe NPs at pH 9

Reaction Absorption Emission Emission FWHM Particle Stoke

time (h) Maximum Maximum intensity (nm) Size Shift
(nm) (nm) (a.u) (nm) (nm)

0.25 495 517 89 40 2.29 22

0.5 509 520 184 41 2.44 11

1 513 527 134 42 2.48 14

15 521 542 502 46 2.57 21

2 530 545 500 50 2.70 15

3 540 546 509 54 2.85 6

5 551 554 476 56 3.06 3

7 556 559 471 56 3.10 3

Figure 4.2 A shows the absorption spectra of the as-synthesised MPA-capped CdTe

NPs at pH 11. The CdTe NPs shows absorption maximum peak ranging from 503

nm to 548 nm as the reaction time increased from 15 mins to 7 h. The absorption

spectra showed sharp absorption band edge indicating monodispersed particles.

The absorption band edge varies between 565 nm and 620 nm. The average particle

size diameter as calculated using Yu et al., equation was found to vary between 2.4

nm and 3.15 nm. The absorption spectrum indicates that the growth of nanoparticles

at this pH is very slow with a shift of 43 nm in the absorbance maximum position as

the reaction progressed from 0.25 h to 7 h. The emission maxima for all the as-

synthesised CdTe NPs from 0.25 h to 7 h at pH 11 as indicated in Figure 4.2B are
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red shifted with respect to their corresponding excitonic peak and exhibit band edge
luminescence for excitation at 400 nm. All the particles emit from green to orange
region under the UV light with emission position ranging from 528 to 568 nm within
7 h. The sharp narrow emission width accompanied by high fluorescence intensities
indicates the growth of NPs with few electronic defects. The increase in the
fluorescence intensity as the reaction time increased from 1 h to 5 h might be due to
depletion of the precursors (unreacted Cd?* ion) which usually act as surface defect
and then lower the luminescence intensity. As the reaction time increased the
amount of the unreacted Cd?" ion present in the solution decreased hence, increase
in the surface passivation and subsequent increased in the luminescence intensity.
The decrease in the emission intensity without any significant changed in the
emission position after 5 h could be attributed to the presence of excess CdS layer
(capping agent) on the surface of the CdTe NPs. The excess CdS layer could act as
a new source of non-radiative recombination site and thus, cause decrease in
luminescence intensity. Similar observation had been reported by Oluwafemi et al.,

(2014); therefore, the optimum reaction time under this reaction condition is 5.
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Figure 4.2 A) absorption and B) emission spectra of MPA capped CdTe NPs at pH

11

Table 2 : optical properties of MPA capped CdTe NPs at pH 11.

Reaction Absorption Emission Emission FWHM Particle Stoke

time (h) maximum maximum intensity (nm) Size shift
(nm) (nm) (a.u) (nm) (nm)

0.25 502 529 98 37 2.40 27

0.5 510 534 134 35 2.45 24

1 512 539 198 41 2.49 27

15 526 548 190 46 2.64 22

2 536 552 203 50 2.79 16

3 540 559 207 58 2.85 19

5 544 565 171 58 2.93 21

7 545 568 171 58 2.95 23
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The absorption and emission spectra of CdTe NPs at pH 12 are shown in Fig 4.3 A
and B. Due to high fluorescence intensity of CdTe NPs synthesised at pH 12 and the
limitations of the PL spectrometer, the sample was diluted to ratio 1:375 (Sample to
water) which is six time more than sample used at pH 9 and 11. The absorption
spectra (Fig 4.3A) show sharp absorption peak at the beginning of the reaction (0.25
- 0.5 h). As the reaction time increased the absorption shoulder becomes broad (1.0
h) which may be attributed to the production of particles with different sizes (broad
size distribution). At 1.25 h the absorption shoulder is very sharp and this continues
for the rest of the reaction as indicative of monodispersed particles with narrow or
focussed size distribution. The absorption band gap at different reaction time is blue
shifted in relation to the excitonic radius of the bulk CdTe due to quantum
confinement. The excitonic peak varies from 497 (0.25 h) to 547 nm (7 h). This red-
shift in the excitonic peak as the reaction time increased corresponds to increase in
particle size. The absorption band edge varies between 553 nm (0.25 h) and 617 nm
(7 h) with particle size between 2.3 nm to 2.9 nm. The corresponding
photoluminescence spectra (Fig 4.3B) exhibit defects free band-edge luminescence
at the excitation wavelength of 400 nm. In a similar pattern with the absorption
spectra, the emission maxima are red shifted as the reaction time increased. The PL
spectra are narrow and symmetrical indicating focussed size distribution. The narrow
band width and small stoke shift (27 to 16 nm) of the CdTe NPs indicate that the
emission is dominated by band edge luminescence without any significant trap state
emission. The high fluorescence intensity as the reaction time increase is attributed
to decrease in the amount of unreacted Cd** and Te? ions present in the solution

which usually act as surface defects and quench the fluorescence.
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Figure 4.3 (A) Absorption spectra and (B) Emission spectra (A400 nm) of MPA

capped CdTe NPs at pH 12.
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Table 3 :

optical properties of MPA capped CdTe NPs at pH 12

Reaction Absorption Emission Emission FWHM Particle Stoke

time (h) Maximum Maximum intensity (nm) Size shift
(nm) (nm) (a.u) (nm) (nm)

0.25 497 529 38 38 2.3 32

0.5 503 530 152 44 2.4 27

1 509 539 164 42 2.4 30

15 515 540 256 44 2.5 25
528 541 265 49 2.7 13
536 548 282 52 2.8 12
540 552 291 52 2.9 12
547 558 293 52 3.0 11

4.1.1.1 pH effect

Studies have shown that the pH value influences the optical properties of NPs
(Rogach et al., 2000; Bu et al., 2013). Figure 4.4 reveal the effect of pH on the
optical properties of as-synthesised CdTe NPs at different pH. At all the pH, the
absorption and emission maxima increased as the reaction time increased. In
addition, the optical spectra indicate that the growth of the nanoparticles
decreases as the pH increased. The lowest growth rate was obtained at pH 12.
During the entire reaction time, the increase in the absorption maximum position
as the reaction time increased from 0.15 h to 7h are 63, 49 and 43 at pH 9,11 and
12 respectively. The higher growth rate at pH 9 is attributed to the slower

decomposition of MPA. At pH 9, the release of sulphide ion needed for the
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formation of CdS layer (capping agent) on the surface of NPs was very slow. This
caused Ostwald ripening process/ aggregation of the as-synthesised NPs due to
delayed passivation of the NPs surface which resulted in particle size increased
and hence, increased in the absorption maximum position. The slower growth at
pH 12 is responsible for the narrow size distribution, high intensity, (Fig 4.4C) and
narrow FWHM (Fig 4.4D) obtained at this pH compared to the results from other
pH. The higher pH 12 has higher intensity than the lower pH which is in line with
Donega et al., that slower particle growth usually leads to decrease in surface
roughness and defect and thereby increasing the luminescence intensity (Donega

et al., 2003)
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Figure 4.4: Effect of pH on (A) Absorption maximum and (B) Emission maximum (A
400 nm) (C) normalised emission intensity and (D) FWHM of MPA capped CdTe NPs

at different reaction time.

4.1.2 CdTe/CdSe Nanoparticles

The as-synthesised CdTe/CdSe NPs were formed by the addition of the selenium
precursor to the CdTe NPs solution after 1 h. The formation of the CdSe shell was
instantaneous by immediate change in the colour of the solution from yellow to
orange after the addition of sodium selenosulphate. This also gave bright orange
fluorescence under the UV light which is different from that of the original CdTe NPs
(yellow) under the UV light. Figure 4.5 (A) and (B) present the absorption and
fluorescence spectra of the as-synthesised CdTe/CdSe NPs at pH 9 at different

reaction time. The absorption spectra (Fig.4.5 A) revealed a red shift in absorption
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maxima from 471 nm to 570 nm as reaction time increased from 0.25 h to 7 h
indicating increase in particle size and quantum confinement effect. A significant shift
of about 21 nm towards red-region was observed in the absorption spectra
immediately after the addition of the selenium precursor indicating the formation of
CdSe shell on top of the core. The sharp absorption maxima as well as the band
edges might be attributed to narrow or focused size distribution due to effective
passivation of the CdTe surface by the inorganic CdSe shell. The NPs exhibit orange
to red fluorescence under the UV light. The PL spectra in Fig 4.5 B shows increase
in emission maxima from 519 nm at 0.25 h to 592 nm at 7 h and exhibit band edge
luminescence throughout the reaction. The emission spectra are narrow and become
broader with prolonged heating with a full width at half maximum ranging from 40 nm
(0.25 h) to 60 nm (7 h). The broadness of the emission spectra at prolonged reaction
might be due to larger size distribution. The significant red shift in the absorption
position accompanied by the increase in fluorescence intensity thus confirmed the
formation of CdTe/CdSe NPs. The fluorescence intensity of the as-synthesised
CdTe/CdSe NPs increase from 135 a.u (0.25 h) to 349 a.u within 2 h reaction time
after 60 times dilution. The emission intensity starts to decrease after 2 h and reach
143 a.u at 7 h. The decrease in intensity after 2 h might be attributed to the formation
of bigger particles and the formation of excess CdSe shell as the reaction time
increased. As the number of CdSe layer on the CdTe core increased, these defects
may become a new source of non- radiative recombination sites causing a decrease

in PL intensity (Lim et al., 2015).
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Figure 4.5: (A) Absorption and (B) emission spectra of as-synthesised CdTe/CdSe
NPs at pH 9 as function of time.
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Table 4: optical properties of MPA capped CdTe/CdSe NPs at pH 12

Reactio Absorption Emissio Emission FWHM Particle Stoke
n time Max (nm) n Max intensity(a.u) (nm) Size(hm shift
(h) (nm) ) (nm)
0.25 495 520 135 40 2.1 45
0.5 498 524 168 36 2.1 44
1 502 529 217 42 2.3 37
1.5 514 539 346 50 2.5 25
2 518 545 349 53 2.5 23
2.5 527 562 260 53 2.7 35
3 540 576 250 54 2.9 36
5 543 575 217 60 2.9 32
7 570 593 143 60 3.5 23

Figure 4.6 (A) and (B) shows the absorption and emission spectra of the as-
synthesised CdTe/CdSe NPs at pH 12 respectively. The absorption as well as the
emission maxima positions is blue shifted in relation to the bulk band gap of the core
indicating quantum confinement. The absorption spectra (Fig. 4.6 A) show sharp
excitonic peak indicating materials with focussed size distribution. The absorption
maxima are red shifted as the reaction time increased indicating increase in particle
size. A significant shift of about 36 nm was observed in the absorption spectrum
after the addition of selenium precursor signifying the formation of the shell on the

surface of the CdTe NPs core. The emission spectra (Fig. 4.6 B) followed the same
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trend like the absorption spectra as the reaction time increased with significant red
shift in the emission maximum position after the addition of selenium precursor. This
is also accompanied by substantial enhancement of the fluorescence intensity. This
enhancement has been attributed to the passivation of the surface vacancies of the
core by the shell. The emission spectra show that sample produced 1.5 h after the
addition of selenium produced the highest fluorescence intensity. The slight
decrease in emission intensity after 1.5 h has been attributed to the insufficient
passivation due to the increase in particle size of the material as the reaction
progresses. The as-synthesised CdTe/CdSe NPs emit in the broad spectrum range
from yellow to red region and exhibit band edge luminescence for excitation at 400
nm with a stoke shift ranging between 19 - 32 nm as indicated in table 4.The similar
stoke shift for the rest of the reaction time after 3 h indicate constant growth rate.
The full width at half maximum (FWHM) for all the as-synthesised CdTe/CdSe NPs

was less than 50 nm indicating material with good  optical

properties.
1 —0.25 hrs 250 ———
—. rs
0,9 A ——0.5 hrs B — osmre
1.0 hrs 1.0 hrs
- —
A 0.8 1.25 hrs
’ 2 , 1.25 hrs
C\U —2 hrs 00
ab) 0,7 —3 hrs S
8 —5 hrs (9]
0,6 —
(4+] ' —7 hrs ]
o = 150
o 0,5 ()
wn e
= 0,4 | 2
< Z 0]
0,3
0,2
50 |
0,1
o
350 550 o
Wavelength / nm 470 520 570 620 670

Wavelength / nm
Figure 4.6 Absorption spectra (A), emission spectra (B) for the as-synthesised

CdTe/CdSe NPs at pH 12 as a function of time.
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Table 4: optical properties of MPA capped CdTe/CdSe NPs at pH 12

Reactio Absorption Emission Emission Particle Stoke
i : ) : : FWHM : )

n time Maximum Maximum intensity (nm) Size shift

(h) (hm) (nm) (a.u) (nm) (hm)
0.25 491 522 69 31 2.3 31
0.5 497 529 111 35 2.3 31
1 509 536 142 40 2.4 27
15 578 576 202 41 2.9 31
2 579 578 190 41 3.1 26
2.5 579 590 151 42 3.5 21
3 584 593 135 42 3.6 19
5 588 597 127 43 3.8 19
7 592 601 127 47 3.9 19

4.1.2.1 Effect of pH

The effect of pH in the optical properties of CdTe/CdSe is indicated in Fig 4.7 by the

graphical representation of (A) absorption maxima, (B) Emission position, (C)

Emission intensity and (D) FWHM of as-synthesised NPs at pH 9 and 12. The

absorption and emission position indicate uniform growth at the beginning of the

reaction (0.25-1h) for both pH 9 and 12. However after the formation of CdSe shell a

significant redshift at pH 12 is observed. This resulted in pH 12 emitting at higher

wavelength than pH 9. The increase in absorption emission maximum wavelength

after the formation of CdSe shell was accompanied by enhancement of the
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fluorescence intensity for both pH 9 and pH 12, with pH 12 having the highest
fluorescence intensity. The fluorescence intensity decreased at 1.5 h and for the rest
of the reaction. This might be attributed to the increase in particle size resulting in
improper passivation of the CdTe/CdSe NPs surface by MPA. It can be observed
from Fig. 4.7 (D) that all the NPs have narrow size distribution with FWHM ranging
from 35 to 60 for pH 9 and 31 to 45 for pH 12 nm. This narrow size distribution was
accompanied with high photoluminescence intensity for all the materials at different
pH respectively. This ultimately verifies that the material obtained through this route

is highly monodispersed with similar size distribution with pH 12 having the best

results.
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Figure 4.7 Effect of pH on (A) Absorption maximum and (B) Emission maximum (A
400 nm) (C) normalised emission intensity and (D) FWHM of MPA capped CdTe NPs
at different reaction time.
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4.1.3 CdTe/CdSe/ZnSe Nanoparticles

The CdTe/CdSe/ZnSe core multi shell NPs were synthesised using ZnSe as the
second shell in order to further reduce the toxicity of the NPs and obtain near
infrared emitting NPs. The absorption and emission spectra of CdTe/CdSe/ZnSe
core multi shell NPs at pH 9 is shown in Fig 4.8 A and B. In a similar trend with CdTe
NPs and CdTe/CdSe NPs synthesis, the absorption maxima are red shifted with
prolonged heating. The absorption spectra (Fig. 4.8 A) show three stages of growth
indicating the formation of three layers: CdTe, CdTe/CdSe and CdTe/CdSe/ZnSe
NPs. The absorption spectra show absorption band edge at 538 to 548 nm (0- 1h)
for the CdTe NPs core, 598 to 603 nm (0.25-1 h) after the addition of the CdSe
shell) for CdTe/CdSe NPs and 614 to 661 nm (0.25-5h) after the addition of ZnSe
shell for CdTe/CdSe/ZnSe NPs. The significant red shift of 50 and 11 nm after the
addition of selenium and zinc precursor to the CdTe NPs solution and CdTe/ CdSe
NPs solution respectively after 1 h reaction time confirm the formation of both
CdTe/CdSe and CdTe/CdSe/ZnSe. This is different from the shift of about 2-5 nm
observed when the CdTe NPs solution was allowed to go completion (7 h) without
the addition of the inorganic shell. Similar shift (2-5 nm) was also observed when the
CdTe/CdSe NPs solution was allowed to go to completion. The emission spectra in
Fig 4.8 B exhibit band edge luminescence at excitation wavelength of 400 nm. The
narrow emission spectrum as shown in figure 4.8 B is indicative of particles with
focussed size distribution owing to proper passivation of the surface vacancies by

the shell.
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Figure 4.8 A) Absorption and B) Emission spectra of as-synthesised MPA capped

CdTe/CdSe/ZnSe NPS at pH 9 as a function of time.

Table 5: optical properties of MPA capped CdTe/CdSe/ZnSe NPs at pH 9

Reactio Absorption Emission Emission FWHM Particle Stoke
n time Maximum Maximum intensity (nm) Size shift
(h) (nm) (nm) (a.u) (nm) (nm)
0.25 490 521 90 41 2.2 31
0.5 498 526 204 38 2.3 28

1 501 533 211 26 2.4 32
15 538 557 233 29 2.8 19

2 548 568 244 40 3.0 20
2.5 562 574 190 22 3.3 12

3 564 582 168 28 3.4 18

5 571 590 167 29 3.5 19

7 589 609 194 30 4.1 20
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Figure 4.9 A show the absorption spectra of as-synthesised MPA capped
CdTe/CdSe/ZnSe NPs at pH 11. The absorption maximum ranges from 503 nm to
595 nm as the reaction time increased from 0.25 h to 7 h with an absorption band
edge between 565 nm and 650 nm. The absorption spectra showed sharp
absorption band edge indicating the presence of monodispersed particle size. The
average patrticle size diameter as calculated using Yu et al., varies between 2.22 nm
to 4.4 nm. The absorption spectra showed a very slow growth as the reaction time
progress with a red shift of 43 nm from 0.25 hours to 7 hours. The emission maxima
for all the as-synthesised CdTe/CdSe/ZnSe NPs from 0.25 h to 7 h at pH 11 as
indicated in Fig. 4.9 B are red shifted with respect to their corresponding exitonic
peak and exhibit band edge luminescence for excitation at 400 nm. All the particles
emit from green to red region under the UV light with emission position ranging from
522 to 602 nm within 7 hours. The sharp narrow emission width accompanied by
high fluorescence intensities indicates the growth of NPs with few electronic defects.
The fluorescence intensity ranges between 250 a.u at 15 min increased to 408 a.u at
1.5 h and thereafter decrease again, with 7 h having the fluorescence intensity of
293 a.u. The increase in the fluorescence intensity as the reaction time increase to
1.5 h is due to the proper passivation of the CdTe core by the CdSe and the
decrease after 1.50 h might be attributed to increase in particle size as ZnSe shell

grow on the CdTe/CdSe core-shell NPs .
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Figure 4.9: A) Absorption and B) Emission spectra of as-synthesised MPA capped
CdTe/CdSe/ZznSe NPS at pH 11 with respect to reaction time.

Table 6: optical properties of MPA capped CdTe/CdSe/ZnSe NPs at pH 11.

Reaction Absorption Emission Emission FWHM Particle Stoke

time (h) Maximum Maximum intensity (nm) Size shift
(nm) (nm) (a.u) (nm) (nm)

0.25 499 522 250 43 2.3 23

0.5 520 529 348 46 2.56 9

1 530 536 382 51 2.7 6

15 540 555 408 55 2.9 15

2 549 558 398 56 3 9

25 572 581 372 60 3.6 9

3 579 587 335 64 3.8 8

5 580 597 317 70 3.8 17

7 595 602 293 71 4.3 7
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The typical absorption and PL spectra of MPA -capped CdTe/CdSe/ZnSe NPs at pH
12 is represented in Fig 4.10 A and B. The absorption spectra (Fig. 4.9A) indicate
particles with decreased in energy level (eV) as the reaction time increased from
0.25 h to 7 h. The absorption maxima for the as-synthesised MPA capped
CdTe/CdSe/ZnSe NPs ranges from 484 nm to 597 nm within 7 h reaction time.
Figure 4.10 (A) shows sharp excitonic peak indicating particles with focussed size
distribution throughout the reaction time. This is attributed to the passivation of the
surface by MPA at the beginning of the reaction and by the CdSe and ZnSe shell
formation as the reaction progressed. This passivation also prevents aggregation
from taking place. The photoluminescence spectra presented in Fig. 4.10 indicate
band edge luminescence with emission maxima ranging from 513 nm (0.25 h) to 618
nm (7 h). Similar observation from green to red region has been previously reported
by Li et al (2013) for the synthesis of CdTe/CdS/ZnS NPs. The emission spectra for
one pot synthesis of MPA capped CdTe/CdSe/ZnSe NPs without any purification
reveal narrow emission peaks with FWHM ranging from 35 nm (0.25 h) to 47 nm (7
h) indicating NPs with good optical properties. The as-synthesised CdTe/CdSe/ZnSe
NPs emit in the green to red region under the UV light. The lower fluorescence
intensity at the beginning of the reaction might be due to high concentration of
unreacted precursors that can act as surface defects. The increase in the
luminescent intensity after the addition of the selenium sources and zinc source is
attributed to the depletion of monomer concentration and proper passivation of the
core by the shell formation. The decrease in the emission intensity at the latter stage
(at 7 h) might be attributed to the increase in particle size and formation of excess

shell layer on the surface of the NPs which can also act as surface defect.
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Figure 4.10: A) Absorption and B) Emission spectra of as-synthesised MPA capped
CdTe/CdSe/ZnSe NPS at pH 12 as a function time.

Table 7: optical properties of MPA capped CdTe/CdSe/ZnS NPs at pH 12

Reaction | Absorption Emission Emission FWHM | Particle | Stoke

time (h) Maximum Maximum intensity (nm) Size shift
(nm) (nm) (a.u) (nm) (nm)

0.25 492 511 109 40 2.3 19

0.5 499 522 114 35 2.34 23

1 504 526 176 35 2.4 22

15 545 569 410 45 2.9 24

2 560 572 607 43 3.3 12

2.5 570 577 626 44 3.5 7

3 573 580 245 47 3.6 7

5 581 595 485 47 4.8 14

7 606 620 144 47 4.8
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4.1.3.1 pH effect

Figure 4.11 reveals the pH effect on absorption maxima, emission maxima, emission
intensity and FWHM. All the as-synthesised CdTe/CdSe/ZnSe NPs at different pH
show red shift with prolong reaction time indicating increase in particles size. The
absorption positions as indicated in Fig. 4.11(A) reveals an increase of 20 nm, 30 nm
and 41 nm for pH 9, pH 11 and pH 12 respectively after the addition of the selenium
source indicating the shell formation. The particles synthesised at pH 12 showed the
greatest increase in particle size after the addition of the shell on the core. The
emission position (Fig 4.11B) for CdTe/CdSe/ZnSe NPs follows the same trend as
the absorption position confirming that the largest growth occurred at pH 12. The
significant shift in the emission position for CdTe/CdSe/ZnSe is accompanied by a
huge increase in the fluorescence intensity (Fig. 4.11C) than that of CdTe NPs
immediately after addition of the shell. Thus, addition of the shell enhanced effective
passivation of the surface vacancies on the CdTe core. The emission position (Fig
4.11 B) follow the same trend as absorption position with NPs at pH 12 emitting at
longer wavelength than those at pH 9 and 11. The full width at half maximum
(FWHM) of the as-synthesised CdTe/CdSe/ZnSe NPs as shown in Fig. 4.11 D are
63 nm (pH 9), 71 nm (pH 11) and 48 nm (pH12) for the highest reaction time of 7 h.
Thus, CdTe/CdSe/ZnSe NPs with high fluorescence intensity, narrow emission width

and larger particles can be obtained at pH 12 than those at lower pH.
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Figure 4.11: Effect of pH on (A) Absorption and (B) Emission (A 400 nm) position (C)
emission intensity and (D) FWHM of MPA capped CdTe/CdSe/ZnSe NPs as a

function of time.

4.1.4 STABILITY TEST

The stability of highly fluorescence MPA capped CdTe synthesised at pH 12 was
evaluated by monitoring the emission property. Table 9 shows the emission
property for the as-synthesised CdTe NPs at pH 12 after storage in ambient
condition for 32 days. The emission position of the as-synthesised CdTe NPs in Fig.
4.12 A indicate no significant change in the emission maxima position for the as-

synthesised CdTe NPs up to 4 days and showed slight decrease after 4 days. The
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slight decrease in emission position of the as-synthesised CdTe NPs after 4 days as
indicated in Fig 4.12 (B-D) was accompanied by an increase in the emission intensity
at 0.25 h reaction time which decreases after 0.5 h and increase again at 2 hours
and for the rest of the reaction. The decreased in the emission intensity may be
attributed to the leaking of cadmium ions that act as surface defects due to instability
of as-synthesised CdTe NPs in solution. The full width at half maxima showed no
significant change as the material ages from 0 to 32 days indicating focussed size

distribution.
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Figure 4.12: stability test of the as-synthesised CdTe NPs at pH 12 after 4 day (A),

8 days (B),16 days(C) and 32 days (D)
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Table 8: The stability results of as-synthesised CdTe NPs at pH 12

Reaction | PL intensity at PL 4 days | PL 8 days PL 16 days PL 32 days
time /h

Amax/ | Intensi | FWHM/ | Amax/ | Intensit | Amax/ | Intensity | Amax/ Intensity/ | FWHM/ | Amax/ | Intensi | FWHM/

nm ty/ a.u nm nm yla.u nm /au nm au nm nm ty/a.u | nm
0.25 524 | 38 32 522 |79 521 | 103 522 152 35 522 | 152 | 35
0.5 530 | 152 |45 533 | 152 | 518 |22 524 8 41 524 | 8 41
1 536 | 164 |40 530 | 65 521 | 26 528 11 39 528 |10.7 | 39
2 541 | 256 |45 539 | 189 |537 | 234 538 313 46 538 | 312 | 46
3 547 | 282 |48 549 | 282 | 544 | 262 544 299 50 544 | 297 | 50
5 550 | 291 |49 549 | 201 | 547 | 252 547 281 53 547 | 281 |53
7 552 | 293 |61 554 | 204 |551 | 258 552 279 54 553 | 278 | 54

The emission spectra’s at Fig. 4.13 outline the stability test result for the as-
synthesised CdTe/CdSe NPs at pH 12 after 4 day (A), 8 days (B),16 days(C) and
32 days (D). These results in Table (10) are summarised by (E) emission position,
(F) FWHM (G) emission intensities for the aging period. The emission maxima
position, full width at half maxima and emission intensity were used to measure the
stability of the as-synthesised CdTe/CdSe NPs. The emission maximum peak
positions remain the same with increase in emission intensity for all the NPs during
the aging period. This indicates that the synthesized materials are highly stable
against oxidation. This stability (Fig. 4.13 E) with increase in emission intensity has
been attributed to the effective passivation of the surface defects by the CdSe shell.

The emission intensity of the material increased with increase in storage time (Fig.
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4.13 E) for all the aging period. This is a better result when compared with the core
CdTe NPs in which the emission intensity decreases with aging time. The increase in
intensity with ageing period has been attributed to the reduction in the non-radiative
recombination thus confining the wave function of the electron -hole pair inside the
nanocrystals. The full width at half maximum (FWHM) remain the same at different
reaction times during the ageing period (Fig. 4.13 G) indicating that the size
distribution remain constant during the aging period. The stability and the high
fluorescence of the materials after aging under ambient condition validate their

potential as a fluorescence probes when compared to organic dyes.
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Table 9 : The stability results of as-synthesised CdTe/CdSe NPs at pH 12

PL at synthesis 4 days 8 days 18 days 32 days
Reaction A
time/h A max/ Intensity/ | FWHM [ Amax/ | Intensity/ [ FWHM/ [ Amax/ | Intensity | FWHM / max/ | Intensity | FWHM/ | Amax/ | Intensit | FWHM/
nm au /nm nm au nm nm lau nm au /nm au nm ylau nm

0.25 522 69 31 521 139 34 521 119 35 521 158 35 521 190 40
05 529 111 35 526 187 37 526 182 37 526 199 38 525 283 40
1 536 142 40 533 223 41 531 225 40 531 229 44 532 304 41
125 576 202 42 575 353 44 575 386 47 575 428 44 576 447 46
15 578 190 41 577 330 44 577 313 45 577 379 45 577 406 45
2 585 156 41 584 224 43 583 224 45 583 180 45 588 166 48
3 590 151 42 589 256 42 589 273 43 590 309 43 590 338 44
4 593 135 42 593 244 42 591 250 42 594 288 43 594 285 44
5 597 127 43 598 225 43 597 229 43 598 244 43 600 249 45
7 601 127 47 601 210 46 601 219 46 601 229 46 602 251 46
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Figure 4.13: The photoluminescence spectra of as-synthesised CdTe/CdSe NPs at

different reaction time after aging for (A) 4 days, (B) 8 days , (C) 16 days, (D) 32

days, and summarised optical properties; (E) Emission maxima, (F) FWHM and (G)

Intensity.
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4.1.5 Functionalisation of CdTe/CdSe and CdTe/CdSe/ZnSe NPs

Amino acids are material with different functional groups. These functional groups
contribute to the surface binding effect as well as stabilisation of nanoparticles. Thus,
surface properties of the NPs can also be manipulated by using amino acid coating.
The amino acid coating results in NPs with high colloidal stability and strong optical
properties (Mao et al 2013). Figure 4.14 indicates the effect of the amino acid
functionalisation on the as-synthesised CdTe/CdSe and CdTe/CdSe/ZnSe NPs. The
absorption maximum position for CdTe/CdSe NPs (Fig 4.14 A) is red shifted from
590 nm to 610 nm and remains the same for CdTe/CdSe/ZnSe NPs after
functionalisation with arginine. Although there was no shift in the absorption maxima
position for CdTe/CdSe/ZnSe NPs, the absorption spectra became broad after the
functionalisation as seen with CdTe/CdSe NPs. The emission spectra (Fig 4.14 B)
showed narrow emission spectrum for both MPA and arginine capped CdTe/CdSe
and CdTe/CdSe/ZnSe NPs and exhibit band edge luminescence at the excitation
wavelength of 400 nm. The emission spectra follow the same trend as absorption
spectra for CdTe/CdSe NPs with a red shift of about 20 nm after functionalisation.
This was accompanied with a significant increase in the emission intensity. The
arginine capped CdTe/CdSe/ZnSe NPs showed significant increase in the emission
intensity compared to MPA- capped CdTe/CdSe/ZnSe NPs. However, there were no
changes in the emission position after functionalisation. The increase in the emission
intensity indicates proper passivation of the NPs by arginine which is in line with
(Mao et al.,; 2007) report that, the functionalisation with amino acids enhances the

optical properties of NPs.

75



1 —r— ARG-CdTe/CdSe/ZnSe
—¢— MPA-CdTe/CdSe 14000 1 B —#— MPA-CdTe/CdSe/ZnSe
0.9 —=— ARG-CdTe/CdSe MPA-CdTe/CdSe
oa —a— MPA-CdTe/CdSe/ZnSe 12000 ARG-CdTe/CdSe
ARG-CdTe/CdSe/ZnSe

0.7

10000
0.6

8000 -

Intensity / a.u

Intensity / a.u

6000 -

4000 -

2000 -

o

S

450 500 550 600 650 700 750 800

W avelength/ nm

Wavelength / nm

Figure 4.14: (A) absorption (B) emission spectra of MPA and arginine capped
CdTe/CdSe and CdTe/CdSe/ZnSe NPs.

4.2. Electron Microscopy

The transmission electron microscope was used to determine the morphology, the
particle size as well as the crystallinity of the material. A typical TEM image of as-
synthesised CdTe NPs is shown in Fig 4.15 A;. The micrograms show the presence
of small, monodispersed, spherical particles with average particle size of 3.5 + 0.60
nm. The TEM average patrticle size is in agreement with the results obtained from
optical analysis. The particle size distribution (Fig 4.15A,) shows that the patrticles
are in the range 1 nm to 5.8 nm. The HRTEM image inserted in Fig 4.15 A; shows
lattice fringes indicating the crystallinity of the as-synthesised CdTe NPs and this is

confirmed in Fig 4.15 A3 by the circular rings of the selected area electron diffraction.
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Figure 4.15 A: TEM micrograms (A;), with particle size distribution (A;) and SAED
(A3) of the as-synthesised CdTe NPs.

TEM, HRTEM and SAED images of the as-prepared CdTe/CdSe NPs are shown in
Fig. 4.15 Bi, B, and Bgs respectively. The low magnification image of the as-
synthesised CdTe/CdSe (Fig. 4.15 B;) show good monodispersed spherical
particles. The existence of a well-resolved lattice fringe on the HRTEM image (Fig.
4.15 B,) further confirmed the crystalline structure of the as-synthesised core shell
material. Figure 4.15 Bj; illustrates a typical SAED pattern of CdTe/CdSe core/shell
NPs which indicates that the as-synthesised materials are of hexagonal (wurtzite)

phase confirming the CdSe layer on the CdTe core.
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Figure 4.15B: TEM micrograms (B1), HRTEM (B,) and SAED (B3) of the as-

synthesised CdTe/CdSe NPs.

The typical representative microscoping images of as-synthesised MPA capped-
CdTe/CdSe/ZznSe nanoparticles are shown in figure 4.15 C. The particle size
distribution curve shows that the particles are in the range of 2.5 to 6.5 nm with
average particle diameter size of 3.7 nm. The TEM image of (Fig 4.15C,) indicates
the presence of NPs. The HRTEM and (Insert) show that the NPs are well order
single crystal with clear lattice fringe confirming the crystallinity of the NPs with no
observed interfacial layer. The absence of the interfacial layer may be due to the
lattice match between the core and the shell, thus the shell grows along the lattice.

(Zang et al., 2009; Zare et al., 2015).
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Figure 4.15 C: TEM results of as-synthesised CdTe/CdSe/ZnSe, (C;) with particle

size distribution (C,) TEM micrograms with HRTEM insert and (C3) SAED.

In this study, EDS was used to identify the elemental composition, complexation by
capping group as well as formation of the core shell (figure 4.16A;-A3) on the surface
of CdTe NPs. The EDS spectrum for the CdTe/ CdSe NPs (Fig. 4.17A;) shows the
presence of Cd, Te and Se peaks indicating the formation of CdTe/CdSe NPs while
the presence of sulphur peak confirmed the capping by MPA. The EDS spectrum for
CdTe/CdSe/ZznSe NPs shows the presence of zinc peak in addition to all the other
constituent peaks identified with CdTe/CdSe NPs. The presence of zinc peak and
increase in the intensity of the selenium peak compared to the CdTe/CdSe EDS
spectrum indicate the formation of CdTe/CdSe/ZnSe NPs. The EDS spectrum for the
arginine functionalized CdTe/CdSe NPs (Fig.4.16 Az) shows the presence of

nitrogen peak in addition to other constituent peaks present in CdTe/CdSe NPs.
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Furthermore, the elemental table (Fig. 4.16 Az inset) shows that the nitrogen peak %
in the as-synthesized functionalized CdTe/CdSe NPs is greater than the sulphur
peak %. This further confirms the functionalisation of CdTe/CdSe NPs with arginine.
The highest copper peak % in all the EDS spectra is due to the copper grid used for

TEM analysis.
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Figure 4.16: EDS of the spectra of MPA capped CdTe/CdSe NPs (A;); MPA capped
CdTe/CdSel/znSe (A2) NPs and Arginine capped CdTe/CdSe NPs (As).
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4.3 In Vitro study of the as-synthesised NPs

4.3.1 Toxicity study

As quantum dots are said to be ideal candidates for imaging of cancer cells and drug
delivery the challenge of their toxicity against human cells and organisms has
become a serious concern. The presence of cadmium in most cadmium based NPs
led to a belief that they are toxic towards cells. Several studies have shown that the
cytotoxic of the quantum dots depends both on Cd?* ions and the surface chemistry
of the QDs (Su et al., 2009; Chen et al., 2012; Bradburne et al., 2013). Though the
QDs synthesised in this study were produced via a completely green synthetic
routes, the study of their cytotoxicity is imperative. This is necessary in order to
ascertain if the green synthetic method could lead to the reduction of their
cytotoxicity towards living organisms. This will also serve as litmus test for
determining the suitability of the as-synthesised QDs for in vivo imaging.
Determination of the cytotoxicity via an in vitro method using MTT assay has been
known to be an easy, inexpensive, reproducible ideal route for nanotoxicology
research (Hosono et al., 2007; Riss et al., 2013). The MTT assay for cell viability is
measured as a function of metabolic activity. The reduction of MTT solution by cells
results in formazan a blue solution that is measured by absorbance plate reader to
determine the quantity of the live cell in the reaction vessel (the greater the
absorbance, the more live cells in the solution). In this study LM 8 and KM-Luc/GFP
cell lines were used for the cytotoxicity study. The LM-8 cells used in the study are
murine osteosarcoma cell line derived from Dunn osteosarcoma. They have high
metastic potential to lungs and known to be tumorigenic when injected internally into

syngeneic hosts, consistently forming local tumor masses as well as distant lung
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metastases (Hosono et al.,, 2007; Asia et al.,, 1998; Sugiyasu et al., 2011). KM-
Luc/GFP cells are stable cells expressing a fusion of luciferase (Luc) and green
fluorescent protein genes (EGFP). KM-Luc/GFP cell line was prepared by
transfection of malignant fibrous histiocytoma-like (MRL/N-1) cells with pEGFPLuc
using lipofectin transfection reagent. MRL/N-1 cells which act as a source of origin
for KM-Luc/GFP cell line were established from the spleens of MRL/MpTn-gld/gld
mice (Kato et al., 2015; Li et al., 2013, Furukawa et al., 2009 and Hasegawa et al.,
2003). These important cells are ideally suited for use in the development of imaging

modalities to improve the assessment of cancer metastasis.

The pipetting study for accurate MTT assay was done using 200 pL of KM-Luc/GFP
cell line with a concentration of 1 x 10 * cell/mL. The absorbance was measured in
order to get the value of R?closer to 1, the closer the R? value to 1 the more accurate
the technique. Figure 4.17 A-D show different R? values for MTT assay pipetting
techniques. The R? values are within a range of 0.9961 to 0.9993, indicating a good

pipetting technique for MTT assay analysis.
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Figure 4.17: the MTT assay results of KM-Luc/GFP cell line at different
concentrations (cell / mL) using the medium as dilution solvent.

Figure 4.18 is the cell viability study of the different concentrations of CdTe NPs
synthesised at pH 12 at 7 h reaction time on (A) LM 8 and (B) KM-Luc/GFP cell
lines. The concentration of the cells was kept at 1.0 x 10° cell/mL using phosphate
buffer solution as a control. The cell viability study for the LM 8 cell line (Fig. 4.18A)
varies from 56 % at the lowest concentration of 0.1 uM to 23 % at the highest
concentration of 60 uyM. Fig 4.18 B shows the cell viability of CdTe NPs on KM-Luc
cell line. The cell viability ranges from 94 % at concentration of 0.1 uM to 20 % at the
highest concentration of 60 pM. The two results indicated that, the greater the
concentration of CdTe NPs the more toxic the material become on the cell line. The
drastic decrease in cell viability with increase in NPs concentration especially for KM-
Luc/GFP cell line might be attributed to the rate at which the NPs accumulate in the

cell. At higher concentration, more NPs will accumulate in the cell; this will impair the
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cell growth and thus increase the mortality rate. The as-synthesised MPA-capped
CdTe NPs maintain cell viability greater than 80 % at the concentration of 10 uM
which is below the 30ug daily intake that act as the reference point for cadmium

consumption in human body (Satarug et al., 2000).

0,8 1
A 4 B
0.6 | °8 1 <
=R S s
J S
© L 4 = 06 |
> 0.4 | ‘ = ‘
£ =
S = 1
g ® |Z os <
— [¢B]
8 0,2 (@) T
N 4 0z | 2
0 ‘ ‘
0,1 1 10 100 0 ‘ ‘
0,1 1 10 100
Concentration [ug/mL] Concentration [ug/mL]

Figure 4.18: Cell viability assay of CdTe NPs synthesised at pH 12 (7 h) at different
concentrations on (A) LM8 and (B) KM-Luc/GFP cell line.

The stabilisation of the CdTe NPs by CdSe shell NPs has been previously reported
to play a significant role in reducing the toxicity of the material in living cells. The
more stable the material is in aqueous solution, the less toxic it becomes. Fig 4.19
shows the cytotoxicity result for the CdTe/CdSe NPs at different concentrations
using LM 8 (A) and KM-Luc/GFP (B) cell lines. LM 8 cell line (Fig 4.19 A) indicates a
great vulnerability when treated with CdTe/CdSe NPs. This leading to increase in the
mortality rate by 30 % from lowest concentration (0.1 uM : 58 %) to the highest (60

MM: 20 %). The results show a tremendous increase in the toxicity of the
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CdTe/CdSe NPs with respect to increase in concentrations. The cell viability of
CdTe/CdSe on KM-Luc/GFP (Fig 4.19 B) cell line lies within a range of 91 % to 32 %
as the concentration increased from 0.1 to 60 pM indicating a decrease of 59 %. The
drastic decrease of 50 % from 10 to 60 puM shows the effect of concentration on the

toxicity level of CdTe/CdSe NPs against the KM-Luc/GFP cell line.
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Figure 4.19: Cell viability assay of CdTe/CdSe NPs synthesised at pH 12 (7 h) on (A)

LM 8 and (B) KM-Luc/GFP cell line at different concentrations (ug/mL).

It has been reported that certain compounds such as zinc and/or ascorbic acid have
the abilities to protect organisms against Cd embryo toxicity (Renata et al., 2015;
Dzugan et al.,2012; Thompson and Bannigan 2001). In this section, the cytotoxicity
of the CdTe/CdSe/ZnSe core multi-shell synthesised by growing a ZnSe shell on the
as-synthesised CdTe/CdSe NPs was investigated using both LM 8 and KM-Luc/GFP

cell lines. Fig. 4.20 shows the cell viability study for the CdTe/CdSe/ZnSe core multi-
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shell NPs at different concentrations. The LM 8 cell line (Fig. 4.20 A) shows that the
toxicity of the CdTe/CdSe/ZnSe NPs increase with increase in concentration
reaching a maximum of 91 % at lower concentration (0.1 uM) and a minimum of 37
% at higher concentration (60 uM). This gradual decrease in the mortality rate with
respect to increase in concentration may be attributed to the proper passivation of
the cadmium by the Zinc shell. Fig.4.20 B shows that the toxicity of the
CdTe/CdSe/ZnSe NPs on KM-Luc/GFP cell line increase from a maximum of 94 %
at lower concentration (0.1 pM) to a minimum of 38 % at higher concentration (60
HUM). The cytotoxicity of CdTe/CdSe/ZnSe at KM-Luc/GFP cell line shows a gradual
decrease at lower concentration (0.1-10 uM) and fast decrease in the mortality rate

at higher concentration (20 to 60 pM).
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Figure 4.20: Cell viability assay CdTe/CdSe/ZnSe NPs synthesised at pH 12 (7 h) on
(A) LM8 and (B) KM-Luc/GFP cells line at different concentrations (ug/mL).

Figure 4.21 shows the effect of the shell growth on the toxicity of core CdTe NPs on

(A) LM 8 and (B) KM-Luc/GFP cell lines at different NPs concentrations. The results
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show that KM-Luc/GFP cell display less mortality rate than LM 8 cell line for all the
as-synthesised NPs at each different concentrations. Fig 4.21 clearly shows that the
cytotoxicity of NPs can be modulated through elaborate surface coatings. The cell
viability for the LM 8 cell line (Fig.4.21 A) is less than 60 % for all the as-synthesised
CdTe, CdTe/CdSe and CdTe/CdSe/ZnSe NPs at all concentrations. The cell viability
for the KM-Luc cell line (Fig. 4.21 B) was 95 % at lower concentration of 0.1 uM. This
decreases to 70% at 10 pM (tolerable conc. for human being) and finally to 46 % at
60 uM. The KM-Luc/GFP cell line show resistance against quantum dots than LM 8
cell line. For all the as-synthesised NPs, the mortality rates increase with increase in
concentration. The order of increase cell viability at different NPs concentrations for
the two cell lines is CdTe/CdSe/ZnSe > CdTe/CdSe > CdTe NPs. This indicates
that, addition of the shell does not only improve the quantum yield and stability of the
core CdTe NPs, it also improves cell viability. The highest cell viability obtained after
the addition of the second shell (ZnSe) suggest that, coating the surface with an
additional higher band gap material further reduced the surface defects and protect
the core CdTe from interacting with the surrounding aqueous medium. This prevents
the core CdTe from degradation and aggregation. Several reports have indicated the
interaction of the core CdTe NPs with surrounding aqueous medium as the major
sources of their degradation, aggregation, poor photo stability and reduced quantum
yield (Law et al., 2009; Li et al., 2011; He et al.,2008; Chen et al., 2012). These
results show that the CdTe/CdSe/ZnSe core—multi-shell structured NPs synthesized
directly in agueous phase are highly promising biological fluorescent probes for
cellular imaging as they show the lowest cytotoxicity against both the LM 8 and KM-

Luc/GFP cell lines
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Figure 4.21: The combined cell viability assay for the as-synthesised CdTe,

CdTe/CdSe and CdTe/CdSe/ZnSe NPs on (A) Lm 8 and (B) KM-Luc/GFP cells line
at different concentrations.

4 .3.2 Effect of Functionalization

The amino acid functionalisation renders NPs very soluble and stable in biological
fluids with remarkable reduction in cellular toxicity. The cell viability increased from
0.91 for MPA capped CdTe/CdSe NPs (Fig 4.22 A) to 0.95 for arginine capped
CdTe/CdSe NPs (Fig 4.22 B) indicating decrease in cell mortality rate by 4 %. The
as-synthesised arginine CdTe/CdSe/zZnSe (Fig 4.22 C) NPs showed decreased
mortality rate than MPA capped CdTe/CdSe/ZnSe NPs (Fig 4.22 D). The cell viability
rate for MPA capped CdTe/CdSe/ZnSe NPs is 94 % at lowest concentration of 0.1

ug/ml and decrease to 32 % at the highest concentration of 60 pug/ml while for the
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arginine capped-CdTe/CdSe/ZnSe NPs the cell viability decrease from 94 % (0.1
ug/ml) to 64 % (60 ug/ml). This results show that even at the highest concentration

the mortality rate is less than 50 % after functionalisation.
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Figure 4.22: The cell viability assay of (A) MPA capped-CdTe/CdSe NPs, (B)
Arginine capped-CdTe/CdSe NPs (C) MPA capped-CdTe/CdSe/ZnSe NPs and (D)
Arginine capped-CdTe/CdSe/ZnSe NPs at 7 h reaction time on KM-Luc/GFP cell line
at different concentrations.

Figure 4.23 indicate the overall chat of the as-synthesised CdTe/CdSe NPs and
CdTe/CdSe/ZnSe NPs before and after functionalisation with arginine. The
functionalisation decreased the mortality rate of the cell when exposed to
CdTe/CdSe NPs and CdTe/CdSe/ZnSe NPs. At lower concentration of 0.1 pg/ml the
effect of functionalisation on cell viability is not insignificant. However as the NPs

concentration increase, the effect of functionalisation becomes feasible. That is the

89

100



mortality rate decrease by almost 50% for both CdTe/CdSe NPs and
CdTe/CdSe/ZznSe NPs functionalised with arginine than when capped with MPA.

Thus functionalisation of NPs enhances both optical and biological properties of the

material.
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Figure 4.23: The effect of functionalisation on cell viability study of as-synthesised
MPA capped-CdTe/CdSe and CdTe/CdSe/ZnSe QDs.

4.3.3. Cell imaging.

Studies have shown that toxicity of NPs does not depend only on the concentration
of the free cadmium ions but also on whether the particles are ingested by the cells
or not. Therefore the evaluation of the cellular uptake and intracellular localisation of
the NPs is crucial for their biological impact. The images of KM-Luc/GFP cell line

treated with control, Lipofectamine (cationic liposome to render NPs permeable to
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the cells) and NPs-Lipofectamine complex are shown in Fig. 4.24. The images of the
cells treated with lipofectamine (Fig.4.24 A) showed no visible fluorescence under
the fluorescence light of the confocal microscope. The confocal microscope image
shows that NPs complex has entered and accumulated inside the cells as indicated
by red fluorescence in Fig. 4.24 (B and C) images under the fluorescence light after
incubation for 18 hours. This suggests the efficient transportation across the plasma
membrane. Thus, modified NPs can provide bright and stable fluorescence signal for

intracellular imaging.
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Figure 4.24: The confocal images of KM-Luc/GFP cell line treated with (A)
Lipofectamine as the control, (B) Lipofectamine-CdTe/CdSe complex and (C)
Lipofectamine-CdTe/CdSe complex at higher concentration. Subscripts 1, 2 and 3
represent image under normal light, fluorescence light and over lay of 1 and 2
respectively
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CHAPTER 5

Conclusion and Recommendations
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5.1 Conclusion

MPA capped CdTe nanoparticles have been successfully synthesised in aqueous
phase by varying the pH of the solution while keeping all other parameters constant.
The CdTe Nanoparticles synthesised through this route are blue shifted in respect to
CdTe bulk indicating quantum confinement. The optical properties revealed a red
shift in the band gap of CdTe NPs as the reaction time and pH increased, indicating
increase in particle size. The particles emit from green to orange region with narrow
emission width indicating focused size distribution. The formation of the CdTe/CdSe
core shell NPs was indicated by a significant increase in the emission position
accompanied by enhancement in the fluorescence intensity after the addition of the
selenium solution. The red shifting increased as the pH increase with pH 12 having
the highest emission position. The emission intensity reveal two stages of growth: (i)
increase from 0.25 h to 1.5 h and (ii) decrease from 2 h until the end of the reaction
with 1.5 h having the highest emission intensity. The addition of the multi shell was
also accompanied by significant increase in the emission intensity and emission
position towards the red region. The stability of the NPs in biological fluid increase
with the addition of the shell, thus addition of the shell protects the nanoparticles
from oxidation and therefore retains their properties for a longer time. The
functionalizations of the core-shell with amino acid shift the emission position further
towards the red region and enhance the emission intensity. The functionalizations of
the core multi shell only enhance the fluorescence intensity with no observable
change in the emission position. The particle size as calculated using Yu et al .,
method varies from 2.0 to 3.0 nm for CdTe NPs core as the reaction time increase

from 0.25 h to 7 h. This increased from 2.1 to 4.1 nm for CdTe/CdSe core shell NPs

94



and finally from 2.3 to 4.8 nm for CdTe/CdSe/ZnSe the core multi shell at highest pH
(pH 12). The formation of the shells and multi shell as well as functionalisation was
confirmed by EDS. The presence of Se and Zn confirmed for the formation of the
shell (CdTe/CdSe) and multi shell (CdTe/CdSe/ZnSe) respectively while the
presence of S and N confirms the presence of MPA and arginine respectively. The
TEM micrographs showed that nanoparticles that are small, spherical,
monodispersed and highly crystalline are produced in agqueous phase. The HRTEM
confirms that the particles are highly crystalline in the nanosized regime. The FTT
confirmed the single crystalline nature for all nanoparticles with no observable lattice
mismatch between the core and the shell while the SAED clearly showed that the as-
synthesised CdTe/CdSe/ZnSe NPs are of hexagonal phase. Prolonging the reaction
time give better interaction with the cell membrane thus increase the cell viability up
to 90 %. Functionalization with amino acid changes the ionic strength of the
nanoparticles with good response against cell membrane and increased cell viability.
The insight gained from this study revealed that the high fluorescence water-soluble
synthesised CdTe, CdTe/CdSe and CdTe/CdSe/ZnSe nanoparticles are potential
probes for monitoring the long term interaction of multiple-labelled biological

molecules as they show bright fluorescence field inside the cells.
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5.2 Recommendations

The purpose of this work is to synthesize CdTe NPs via a completely green method
in the absence of an inert atmosphere and investigates the effects of reaction time,
pH and shell formation on the optical properties of the as-synthesised nanomaterial
and their biological assay. Though these have been achieved however, more
characterisation still needs to be carried out for better understanding and for

application purposes. Thus we recommend that

» XPS analysis should be carried out to understand the surface reaction that took

place in the as-synthesised nanomaterials

» XRD analysis of the material should be done to further investigate the crystallinity

and the crystalline structure of the as-synthesised nanoparticles.

» The method should also be employed for the synthesis of other semiconductor

nanoparticles.

» Based on the cell viability of the nanoparticles more work has to be done in order
to understand the mechanism that leads to the toxicity of the as-synthesised

nanoparticles.

» Flow cytometry after endocytosis should be carried out to understand the

localisation of the NPs inside the cell.

» Finally in vivo analysis has to be carried out as the internal ingestion work

differently from the in vitro analysis.
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