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Abstract

Increasing numbers of microbial organisms are becoming resistant to antibiotics, demonstrating a need for
new, effective antibacterial agents. Metal nanoparticles (NPs) such as silver (AgNPs), copper (CuNPs) and
gold (AuNPs) exhibit antimicrobial properties against bacteria, including Escherichia coli and
Enterococcus faecium. E. coli O157:H7, which is known to be virulent and infectious, causing bowel
discomfort, diarrhoea, nausea or vomiting. Enterococci frequently causes gastrointestinal infections,
urinary tract infections, hepatobiliary sepsis, endocarditis as well as hospital-acquired infections, e.g.
nosocomial bacteraemia and surgical wound infection. As regards E. coli, NHS trusts in England reported
38,132 cases of bacteraemia between 1 April 2015 and 31 March 2016 (NHS, 2017). There was an overall
increase in the incidence of bacteraemia caused by Enterococcus spp between 2010 and 2017, from 9.9 to
13.1 per 100,000 of the population in England respectively. The antibacterial activity of metal nanoparticles
has been investigated extensively due to their high surface area-to-volume ratio and the generation of
reactive oxygen species. Metal nanoparticles have potential as alternatives to current antimicrobials used
in the hospital environment to combat Healthcare Associated Infections (HCAIS).

Nanoparticles were synthesised using the chemical reduction method, where the size and shape were
controlled via the precursor or reduction agent, reaction time, temperature and the molar ration between the
precursor and reduction agent. Nanoparticles were characterised using ultra-violet/visible spectroscopy
(UV-Vis), scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDX), X-ray diffraction
(XRD) and transmission electron microscopy (TEM). Minimum inhibitory concentration (MIC) was used
to assess the antimicrobial efficacy of metal NPs. The antimicrobial activity was then determined using
growth inhibition kinetics by 96 well plate reader and viable counts. Visualisation of the interaction between
metal NPs and bacteria were assessed using SEM.

Different shapes of metal NPs were obtained in vitro such as spherical shape NPs (AgNS, AuNS and
CuNS), octahedron (AgNOct and AuNOct) and cube shapes (CuNC). All produced NPs are crystalline in
nature, confirmed by selected area electron diffraction. The MICs of AgNOct against E. coli were the lowest
at 10ug/ml, followed by MICs of CuNC and AuNOct of 15 and 50ug/ml respectively. The MICs of
spherical shape (AuNS) against E. faecium and E. coli were the highest at 250 and 230 pg/ml respectively.
Significant (p <0.05) reductions of >8 log 10) CFU/mL and >5 log 100 CFU/mL were observed for E. coli
and E. faecium respectively treated with AgNOct. While treatment of CuNC resulted in significant (p <0.05)
reductions of 7.92 log 1oy CFU/mL and 3.5 log a0y CFU/mL against E. coli and E. faecium respectively.
Reduction data for spherically shaped NPs (AuNS and CuNS), the lowest inhibition, were reduced by >1.9
logao) CFU/mL against E. faecium. Damage to the bacteria cell wall was observed under SEM after
treatment with NPs, while the cellular integrity was lost following exposure to AgNOct, AuNOct and
CuNC for 24 hours.

The antimicrobial efficacy of NPs have been shown to be shape dependent against E. coli and E. faecium.
Truncated octahedral AgNOct, AuNOct and cubic shape CuNC exhibited greater antibacterial activity when
compared with spherical shape NPs (AgNS, AuNS and CuNS). AgNOct has the greatest antibacterial
activity against E. coli and E. faecium compared with AuNOct and CuNC, being bactericidal against E.coli
and bacteriostatic against E. faecium. The difference in shape resulted in differences in efficacy, which
could possibly be due to the higher surface area and variations in active facets and surface energies. This
higher reactivity may ultimately cause more rapid cell death. Among these metals (silver, gold and copper),
silver nanoparticles show strong antibacterial activity against E. coli and E. faecium. It is suggested that
this is caused by the generation of reactive oxygen species (ROS) at the cell wall affecting metabolic
processes by damaging DNA reproduction.
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Chapter 1.

Introduction



1. Introduction

Nanotechnology is a field that focuses on materials or devices with dimensions ranging from 1-100nm in
one dimension (Bazargan et al., 2016). Nanoparticles are utilised in the fields of diagnostics, high-
sensitivity bio-molecular detection, therapeutics, antimicrobials, micro-electronics and catalysis (Ghorbani
etal., 2011).

Many physical parameters help to determine the properties of metal nanoparticles including their shape,
size, structure and composition. These can be modulated to help tailor the properties for a particular
application. For instance, in surface-enhanced Raman scattering and localized surface plasmon resonance,
both experimental and computational studies indicate that the structure and shape of Ag or Au nanoparticles
play crucial roles in influencing the position, number and intensity of localized surface plasmon resonance
(LSPR) modes and polarization dependence, or a spectral region for effective molecular detection by
surface-enhanced Raman Scattering (SERS) (Ghorbani et al., 2011). For catalytic reactions, the properties
of metals can be enhanced by means of size reduction (Khodashenas & Ghorbani, 2015). For example, NPs
of copper were used extensively as catalysts during research in the 1, 3-Dipolar Cycloaddition of the
terminal Azides and Alkynes (Chandra & Kumar, 2016). NPs materials have properties which are distinct
from bulk material properties and as such they are used as magnetic, electronic, pharmaceutical, material
application, cosmetic and catalytic reactions (Chandra & Kumar, 2016). Many different nanoparticle
morphologies have been produced for a variety of materials, these include but are not limited to: sphere,
cuboctahedron, cube, tetrahedron, octahedron, decahedron, right bipyramid, triangular, icosahedron,

circular profile, hexagonal, square, pentagonal, rectangular, rod or wire among others (Wiest et al., 2015).

There are a number of methods by which NPs can be prepared including biological, physical and chemical
approaches. The physical approach involves evaporation, condensation and finally laser oblation as the
most crucial method. The advantage of physical over chemical methods is the absence of contamination
solvent and uniform distribution of nanoparticles. The chemical approach is the most extensively employed
method for silver nanoparticle chemical reduction by way of inorganic and organic reducing agents like
elemental hydrogen, which reduces silver precursor forming metallic silver then follows agglomeration to
form oligomer clusters. The clusters later form silver particles as a colloidal (Bai &Tian, 2013). The
biological approach uses organisms ranging from prokaryotic cells of bacteria to eukaryotic fungi and even
large plants (Mittal, Chisti & Banerjee, 2013; Ingale & Chaudhari, 2013). The biological approach is useful
for well characterised and stable nanoparticles and it is the most eco-friendly in comparison to all other
synthesis methods. However, it is a time consuming method which takes several hours to produce the
nanoparticles (Kulkarni & Muddapur, 2014). There are many reasons to choose the chemical reduction

method, such as fast reaction time, simple process, as well as the economical and high-yield production
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(Iravani et al., 2014). Scientists have in the recent past introduced a non-traditional method for tackling
resistant strains of bacteria which pose a life-threating challenge. Moreover, nanomaterial has demonstrated
toxic impact towards strains of bacteria, as such it is of use in applications such as antibacterial, biomedical
gene delivery, drugs and the engineering of tissues. They can also serve as vessels for nanomaterial
introduction in the field of medicine (Khodashenas, Ghorbani, 2015).

Metal NPs such as silver, gold and copper are attracting more attention due to their antibacterial activity
against various diseases and environmental application (Acharya et al., 2018). A previous report described
that silver-based products are highly toxic to different microorganisms, which include 16 species of bacteria
(Prabhu & Poulose., 2012). Numerous reports have demonstrated that the size of the NPs affects their
antibacterial activity. For example, 5nm of AgNPs exhibit greater antibacterial activity when compared to
15 nm and 55 nm particles in Gram-positive and Gram-negative bacteria (Xiong et al., 2017; Raza et al.,
2016; Jo et al., 2015). However, there is very little work in the literature investigating to what degree NP
shape might affect the level of antibacterial activity, for instance rod shaped AgNPs exhibit strong
antibacterial activity against Gram-positive bacteria such as Bacillus subtilis and Staphylococcus aureus
and Gram-negative bacteria such as E. coli, Klebsiella pneumonia and P. aeruginosa when compared with
spherical shape nanoparticles (Acharya, 2018). A previous report suggests that the shape effect on the
antibacterial activity of AgNPs is attributable to surface area and facet reactivity. Moreover, AgNPs with
larger effective contact areas and higher reactive facets exhibit stronger antibacterial activity (Rojas et al.,
2015).

The World Health Organisation (WHO) illustrates that HCAIs as infections that develop in patients after
48 hours of hospitalisation or when they reside at a healthcare facility, excluding the infection have been
existing or incubating when the patient was admitted. Infections developing in a period four weeks after
discharge are also defined as a HCAI (World Health Organisation, 2002). HCAIs have become a developing
problem in the last few years related to an increase in patient stays in hospital, morbidity, mortality and
medical costs (Hensley & Monson, 2015). The high costs affiliated with HCAIls and the shortage of
disinfectants commonly used against resistant bacterial species, requires further research into novel
antimicrobials which can be utilised as disinfectants. Disinfectant targeted bacteria are a common cause of
outbreaks and HCAIs (Rutala & Weber, 2016). While there has been significant investigation into the
antibacterial effect of NPs on bacteria, many researches have concentrated on the efficacy of the NPs size.
However, the efficacy of NPs shape is not well known. This study aims to fill this gap in the knowledge

and conduct a comparative study of shape dependent metal NPs efficacy on both the treatment and
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prevention of E. coli and E. faecium to establish whether metal NPs could be an alternative option to the

current antimicrobials that have become ineffective against resistant bacteria.

1.1 Aims and objectives

e The main aim is to synthesise NPs with controlled shape and size of different metals such as silver,
gold and copper and investigate their antimicrobial effects. To achieve this, a number of objectives
need to be met:

e To optimise fabrication conditions to control the NPs size and tailor NPs shape.

e To assesses the efficacy of the metal NPs as antimicrobial agents against both a Gram positive
(Enterococcus faecium) and a Gram-negative (Escherichia coli) organism with reference to their
shape and size.

1.2 Organisation of thesis

This thesis is divided into nine chapters describing the crystallisation process, methodology,
characterisation and results of this work. Following this chapter, which gives an overview, the thesis is
organised as follows:

Chapter 2. Gives an introduction into the crystallisation process, followed by a review of the crystal
structure, unit cell and miller indices.

Chapter 3. Describes the fabrication methods of the nanoparticles.

Chapter 4. Illustrates the antibacterial activity of the NPs, followed by a review of E. coli and E. faecium.

Subsequently, the application of the antibacterial activity of NPs is also illustrated.
Chapter 5. Describes characterisation methods of the devices used in this work.

Chapter 6. Describes experimental methods employed in the research for the fabrication of the NPs and

presents the results of the synthesis of crystalline NPs and it characterisation.

Chapter 7. Illustrates the shape controlling synthesis methods of NPs obtained by optimising the
experimental parameters such as temperature, reaction time and molar ratio of the capping agent with the

precursor.
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Chapter 8. Interprets the antibacterial studies of the NPs and establishes the minimum inhibitory
concentration (MIC) and the colony-forming unit (CFU). This is followed by visualisation of the interaction

between NPs and bacteria using SEM.
Chapter 9. Conclusion of the work and suggestions for future research in the area are given.

1.3 Important findings of the research

This section highlights the most important results and findings from the research.

Six different shapes of metal NPs were obtained in vitro by way of a chemical reduction method were
characterised using UV-VIS spectroscopy, SEM, EDX, XRD and TEM, to confirm the presence of NPs
and identify the morphology, elemental analysis, crystalline nature and lastly TEM to obtain SAED for
assignation of the crystalline nature and HRTEM for elucidation of the d-spacing of the lattice fringes.
For the first time, comparative studies of the efficacy of different shaped metal nanoparticles as antibacterial
agents against E. coli and E. faecium were conducted. The MIC of AgNOct against E. coli was the lowest
10ug/ml, followed by MICs of CuNC and AuNOct 15 and 50ug/ml respectively. The MIC of AgNOct
against E. faecium was higher than the MICs against E. coli 55ug/ml, followed by the MIC of CuNC and
AuNOct 90 and 100pg/ml respectively. The MICs of AuNS against E. faecium and E. coli are the highest
250 and 230 pg/ml respectively. The differences in MICs inhibition concentration dependent on the shape
of nanoparticles due to different crystal structure and orientation may reveal different antibacterial activity.
It was suggested that the truncated octahedron silver (AgNOct) having plane (111) has higher electron
density than spherical silver (AgNS). Similarly, the intensities of the (111) plane was higher in copper
nanocube (CuNC) and truncated octahedron gold (AuNOct) than spherical shaped NPs (AuNS) and
(CuNSs).

Moreover, significant (p <0.05) reductions of >8 logao) CFU/mML were observed for E. coli treatment with
AgNOct. It can be concluded that the AgNOct had greatest antimicrobial activity followed by CuNC and
AuNOct. However, the reductions of the spherical shaped NPs (AuNS and CuNS) was the lowest; only
>1.9 logao) CFU/mL against E. faecium. Damage to the cell wall of the E. coli and E. faecium after 24h
treatment with AgNOct was observed in the SEM imaging. The results from this study suggests that
AgNOct, CuUNC and AuNOct could be a potential alternative to antibiotics for treatment in the future as

antimicrobial agents utilised against E.coli and E. faecium.
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Chapter 2.

Crystallization process and structure



2.1.1 Nucleation: The Birth of a New Phase

Nucleation involves the first phase of the crystallization process. Most studies lack experimental tools for
capturing, monitoring and identifying the nuclei which is a tiny cluster comprising of very few ions and
atoms formed in the earliest stages of nanoparticle synthesis (Xia et al., 2015). It is also next to impossible
to directly observe nuclei formation in real space since when a crystal is successfully visible with an electron
microscope, it has grown past the first stage of nucleation. For example, high resolution Transmission
Electron Microscope (HRTEM) has a resolution below 0.5A at magnifications over 50 million times (Erni
et al., 2009). The nucleation process can be followed in a liquid or vapor phases using scanning probe
microscopy (Karpov et al., 2015). A physical tip and solid substrate involvement however, lead to
additional features including steps, kinks and other defects that might serve as the site of nucleation or a tip
for atom interactions. This is because, laser beam imaging usually have interference with the procedures
being under the study this lead to the alteration of the results or outcome, therefore we employ the use of
situ liquid to comprehend the difference in the electrode position and the beam induced which lead to
growth of crystallites of gold and the nucleation (Karpov et al., 2012). The synthesis of a nanoparticle
involves a precursor compound being erduced or decomposed to produce a zero-valent atom which is a
building block of a nanocrystal. However, it is still unclear how nanoparticles and nuclei evolve from a
precursor (Xia et al., 2015). In the decomposition process, the nucleation process followed LaMer and

colleagues™ proposed route (Figure 2-1).
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Figure 2-1: Atomic concentration and time depicting process and growth Source.

This process is based on a broad study of solution-stage synthesis of the mono-disperse (Xia et al., 2015)

or metal nanoparticle synthesis, their concentration rises steadily when the precursor undergoes
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decomposition caused by sonication or heat. The atoms begin to aggregate into small collections of nuclei
once the atoms reach super-saturation points through self or homogeneous nucleation (Xia et al., 2015).
The nuclei grow steadily as the concentration of the atoms in the solution drops. In an event that the atoms
goes below the minimum super-saturation, nucleation events will cease immediately (Xia et al., 2009). A
continued supply of atoms through ongoing precursor decomposition leads to the nuclei growing into
nanoparticles of large size until equilibrium state is arrived at between the atoms in the solution and the
atoms on the Nano crystal’s surface (Bai & Tian, 2013).

However, it is also unclear whether the precursor compound will be reduced to zero-valent atoms
that aggregate to nuclei and then undergo growth to nanoparticles; or the unreduced species start forming
nuclei before the reduction process (Bai & Tian, 2013). One way to investigate is by utilising first-principles
simulations of molecular dynamics, which is the technique of studying the pattern of the atomic evolution
degree of freedom through solving numerically the motion equations of Newton (Bai & Tian, 2013).
Repeated simulations leads to the extractions of models for the right dynamic procedures. It has been
indicated that the precursor compound can directly be transformed into nuclei that then adds to other
growing nanocrystals or nuclei without undergoing the zero-valent state (Bai & Tian, 2013). For instance,
studies indicate that Pt"-Pt' dimer stabilized by Cl can be generated directly from PtCl, (H20) » complexes
via an introduction of one electron (Bai & Tian, 2013).

Most of the methods for producing nanocrystals use a salt precursor that is dissolved in a solvent
(Bai & Tian, 2013). A previous study on aqueous AgNOs solutions indicate that it is not always the case
(metal ions can be complex as large units and their presence determine the outcomes of the reactions (Bai
& Tian, 2013). Mass spectrometry studies indicate high abundance of trimetric Ag collections within
aqueous solutions that are prepared from powders of commercially available AgNO; (Chandra & Kumar,
2016).

It is important to fully characterize the solutions and regents used for nanoparticles syntheses. For
the characterization process, the solution species that are present under different conditions are vital to
understanding the reason for the shape of the nanocrystals.

The nuclei size greatly affect the rate of growth and nucleation and also the sizes of the
nanoparticles, since the final sizes of the nanoparticle increases with the increase with critical value of the
nuclei. In conclusive account of their likely or explicit roles (Bai & Tian, 2013). Electrospray mass
spectrometry has been used in the past to provide information about the small clusters of nuclei present in
the precursor solution. Furthermore, it can be used for discerning the larger collections formed during
nucleation process (Briigger, 2014). However, the drawback of mass spectrometry is that it only depicts the
cluster size (Chandra, and Kumar, 2016). To establish the geometric shape and internal structure, they are

used in electrospray photoelectron spectroscopy accompanied by an accurate ab initio estimations. Also,
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collision-induced dissociation of clusters together with mass spectrometry can be used to offer structural
information. Furthermore, both emission spectroscopic and absorption can be employed for situ
characterization of certain element for instance, emission spectroscopy makes the valuable and new method

of spectroscopy which is applicable in situ sample heat treatment.

2.1.2 Evolution from Nuclei to seeds

Once the cluster grows beyond a critical mass, any structural fluctuations are energetically costly,
hence the bond on the cluster forming a well-defined structure. This point is known as the formation of a
seed (Xia et al., 2013). A seed plays a critical position since it bridges the nuclei and the nanocrystal. Seeds
structures include a singly-twinned, single crystal or multiple-twinned (Chandra & Kumar, 2016). These
structures can sometimes coexist within a synthesis. Through tight control of the seed population with
varying internal structures, it is possible to obtain one nanoparticle shape. The population of different seed
structure is usually influenced by the statistical thermodynamics of free energies of the several species
together with the kinetic effects in relation to the production of metal atoms to nuclei (Chandra & Kumar,
2016).

When the reaction goes through thermodynamic control, the highest portion of the stable product
is generated. To estimate the most stable products, the generation of a single-particle seeds can be used in
the Wulff's theorem that tries to minimize the system's total interfacial free energy (y) in a given volume.
The interfacial free energy includes the energy needed to produce a unit area of a new surface (Xia et al.,
2015).

G represents the free energy and A represents the surface area.

In a newly formed seed, the symmetry of the crystal has been broken since bonds are missing at
the surface. Hence, atoms at the surface are absorbed towards the interior. To ensure the atoms maintain
their original position, a pull force is required to restore them. The formula for an ideal surface can be given

using a simple model.

Wulff's model (Xia et al., 2015). This implies that the single-crystal seeds should take tetrahedral
or octahedral structures to maximize their {111} expression facets and minimize the total surface energy.

However, the tetrahedral and octahedral shapes have bigger surface areas than a cube of similar volume.
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Therefore, single-crystal seeds should exist in Wulff polyhedrons or (truncated octahedrons) that are
enclosed within a mix of facets of {100} and {111}. These shapes take spherical profiles and hence smallest
surface areas to minimize total interfacial free energy are possible (Chandra & Kumar, 2016), such seed
shapes have been seen experimentally in a number of nanocrystals (metals) syntheses (Chandra & Kumar,
2016).

In kinetic control, the objective is to control the seed population comprising of different numbers
of twin defects through the variation of the decomposition or the reduction rate of the precursor (Xia et al.,
2015). In the case where the multiply-twinned seeds are relatively small and the extra strain energy as a
result of twinning is compensated for maximizing the surface coverage through {111} facets and hence the
achievement of the lowest total free energy (Xia et al., 2013). However, in theoretical analysis, the {111}
facets™ low surface energy cannot remedy the excessive strain energy when rapid expansion of the seeds
occurs. This will lead to the conversion of the multiply-twinned seeds to single-crystals. Therefore, the
multiply-twinned seed requires to be confined within relatively small sizes to increase their yield (Xia et
al., 2009). This condition is usually accomplished experimentally through maintaining the rates of addition
and atomic generation low. This allows for the prevailing of multiple-twinned seeds over the single-crystals
since the slow generation keeps the small sizes for an extended period. Under similar conditions of kinetics,

the single-twinned seeds can appear in low quantities (Chandra & Kumar, 2016).

Oxidation etching is another process that can be used in manipulating the distribution of twinned
and single-crystal seeds through oxidization of zero-valent metal atoms into ion (Chandra & Kumar, 2016).
Most syntheses are undertaken in the air in the presence of oxygen. The presence of a ligand for metal ion
in the solution used leads to the combination of oxygen atoms and ligand to form a powerful etchant for the
seeds and the nuclei (Xia et al., 2013). The defect zones within the twinned seeds have higher energy as
compared to single-crystal regions and therefore are more prone to an oxidative surrounding their atoms
interact with the etchant then oxidized and dissolved to the solution. Conversely, the single-crystal seeds
are resistant to oxidative etching since they do not have twin boundary defects. Therefore, by taking
advantage of oxidative etching selectivity, different types of seeds within the reaction solution can be
regulated controllably (Xia et al., 2009). For instance, a polyol is an organic compound which has several
groups of hydroxyl. It is a molecule which has over two hydroxyl groups. In the Ag polyol synthesis, all
twinned seeds can be eliminated through the addition of a trace of Cl to the reaction resulting in the
manifestation of single-crystal seeds. Less corrosive anions such as Br can replace Cl making it possible
for the selectivity to do away with only the multiply twinned seeds to leave behind a mixture of singly
twinned seeds and single-crystal. The use of oxidative etching has been certified for several noble metals

including silver and gold. For these metals, ligand and O- are required to undertake oxidative etching. In
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most cases, the presence of tiny amounts of ionic impurities or metal precursors in the chemical reagents
can lead to oxidative etching and have a profound effect on the population of different kinds of seeds (Xia
et al., 2009).

2.1.3 Evolution from seeds to nanocrystals

Once a seed has been generated, it grows in size due to the addition of metal atoms. However,
observing particle growth on the atomic level can be difficult or even impossible, especially when growth
occurs in a solution (Langille et al., 2012). Studies of chemical deposition indicate that when adding atoms
to the surface, the added atoms diffuse around till they come across a site where they can be fused. The
growth of a crystal is regulated by the competition between an increase in surface energy that favors
dissolution and a decrease in bulk energy that favors growth. Hence, dynamic interplay of dissolution and
growth dictates the evolution of seeds to nanocrystals (Xia et al., 2009). Using electron microscopy, it is
possible to resolve shapes and the internal structures of nanocrystals for instance, the cells of animals are
colorless and tiny but through the discovery of the internal features of these cells was influenced by
improvement of diverse strains which provided enough contrasts which make those internal features visible.
Seeds generated at different phases of a synthesis. Consequently, one-to-one correspondence between the
preliminary seed and the final nanoparticles has been discovered for several noble metals. Nanoparticle
grows homogeneously to larger ones. The two steps are conducted completely by polyol process in one-
pot, which account for the slower and controllable rate of reaction for reduction of polyol in comparison to

general reduction of chemical by use of hydrazine (Chandra & Kumar, 2016).

Since this type of study above has been performed only for restricted sets of samples, it is hard to
perfectly reveal details of a growth process. Generally, from single-crystal seeds, cubes, cuboctahedrons or
octahedrons will be generated depending on the growth rates along the {100} and {111} directions. If
uniaxial growth is prompted, the cubic and cuboctahedral seeds grow into rectangular bars or octagonal
rods respective (Bai & Tian, 2013). Single-twinned seeds, right bipyramids that are enclosed by the [100]
facets and nanocrystals comprising of two right tetrahedrons that have a symmetrically placed base-to-base
are generated (Wang et al., 2013). However, these seeds might evolve into nanobeams when a uniaxial
growing process is instigate (Bai & Tian, 2013). Multiply-twinned seeds produces decahedrons,
icosahedrons and nanowires (pentagonal nanorods) dependent on whether {100} planes within the side
surface become stable or not. Seeds with stacking faults usually grow into thin plates with the bottom and

top faces that are {111} facets while the side surfaces are enclosed with a mixture of {111} and {100}
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facets. These seeds become thin plated with a hexagonal cross-section due to the six-fold symmetry (Bai &
Tian, 2013). With the continuing growth, final products sometimes take triangular shapes through the
elimination of the {111} facets occurring at the side surfaces. In other cases, the final product takes up a
shape that is very dissimilar from the common generic shapes due to defect structures, presence of exotic
seeds, crystal overgrowth and surface capping effects (Xia et al., 2015). The figure below depicts evolution

from seeds to nanocrystals (Figure 2-2).
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Figure 2- 2: Seeds and shapes of the nanocrystals. From single-crystal seeds, cubes, cuboctahedrons or octahedrons
will be generated depending on the growth rates along the {100} and {111} directions. If uniaxial growth is prompted,
the cubic and cuboctahedral seeds grow into rectangular bars or octagonal rods respective (Xia et al., 2009).
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One technique that forces a final nanocrystal to take up another shape than those shown in the figure above
is via the introduction of the capping agent (Bai & Tian, 2013). Different catalysis literatures have
documented that the chemisorption of molecular or atomic species from the gas stage to metal nanocrystal
can lead to drastic morphological modifications. For instance (Harris, 1986), indicated that quasi-spherical
Pt nanoparticles evolved into nanotubes when exposed to H; gas that is contaminated with traces of H.S.
Some scholars propose that {100} facets are formed preferentially over the {111} facets in an environment.
In a solution environment, surface capping/ chemisorption process can have an intense effect on the shape
gained by a nanoparticle (Bai & Tian, 2013). In general, the binding affinity of a chemisorption agent
varies from one particle facet to another and such preferential capping hinders the growth of a particular
facet hence providing a way for regulating the surface areas of various facets (Harris, 1986). The capping
agents can include byproducts that are generated during synthesis (Wang et al., 2013). For instance, the
decomposition of metal carbonyl compounds produces carbon monoxide (CO), that can bind strongly to
various metal surfaces inhibiting metal addition, due to a dead zone - a regime with low super- saturation
whereby crystal growth ceases (Xia et al., 2009).

Xia et al., (2009) indicate that stacking faults and twin defects can be used in accomplishing
anisotropic shapes by breaking the cubic symmetry. Since FCC metals are comprised of cubic crystal
structures, no intrinsic driving pressure can force them to grow to one-dimensional or two-dimensional
nanoparticles since 1-D and 2-D are only obtained when cubic symmetry of its lattice is broken-down
(Harris, 1986). Stacking faults or twin defects are incorporated into the nanoparticles that lead to anisotropic
growth either via reaction confinement within micelles assembled from surfactants or via preferential
adsorption on a specific crystal facets such as citrate on {111} or PVP on {100}. Stacking typically takes
place within close-packed lattices that comprise of atomic planes that are hexagonally packed with six fold
symmetry (Oliver et al., 2015).

The presence of a mixture of different facets within the surface of a crystal leads to shape evolution.
In relation to the growth of nanoparticles, pre-formed nanocrystals with facets that are well-defined can be
added to a synthesis to serve as the primary site for the nucleation process. When crystal growth occurs, if
the added metal atoms remain with the unchanged structure like that of the seed, this process is known as
epitaxial. Epitaxial process is achieved when the seed has identical chemical properties as the growth atoms
(Oliver et al., 2015).

2.2.1 Crystal structure

Crystal structure refers to the atomic arrangement of crystal. The periodicity in the arrangement of atoms,

ions, and molecules in different directions (Kakani, 2006). The crystal structure is assumed to comprise of
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points in space referred to as lattice points. The lattice points form the space-lattice or the crystal lattice.
Crystals are solids which have a regular periodic arrangement of their particles bounded by strong metallic
bonds and arranged in an orderly manner to each other (Figure 2-3). “Crystals are symmetrical about various
elements such as planes, points or lines. Symmetry is important especially while classifying and describing
the behavior of crystal structure (Askeland & Phulé, 2006; Kakani, 2006).
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Figure 2-3: Crystal structure generation from lattice and basis.

2.2.2 Polycrystalline materials

Polycrystalline solids are comprising of many single grain or crystallites where every grain are thought to
be single crystals in which the atomic structures has long order of range. While there is no relationship
between the solid isotropic polycrystalline therefore there is no periodicity in the polycrystalline solids.
While the amorphous have no long range of order at all. Then a large number of unit cells are grouped
together they form a macroscopic crystal (Chawla, 2012). The figure below shows the basic structure of a
unit cell of the 3-dimensional crystal lattice. The unit cell comprises of intercepts a, b and ¢ along three

directions as shown in Figure 2-4 (Kakani, 2006).
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Figure 2-4: Lattice parameter of the unit cell.

The unit cell can be described by vectors a, b and c. The length of each side is a (2r) where r represents the
radius of the atom at the lattice points, this distance is referred to as the space constant. An important
property of the unit cell is the nearest distance between the centers of these atoms distance specifically
because it is held up tightly than the other areas by the nuclei force.

There are various forms of lattices for unit cell this includes simple cubic (SC), body-centered cubic
(BCC) and face-centered cubic (FCC). The total volume of unit cell VC is defined by product of its edges
length.

Vc=axbXc

The Atomic Packing Factor (APF) of a unit cell is defined by the equations shown below (Askeland
& Phulé, 2006; Kakani, 2006).

APF = Total number of atoms xVolume of one atom _ v
Y%

Volume of the unit cell
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A schematic diagram of Miller indice notation examples for crystallography planes for instance, (111),
(100) and (110) (Figure 2-5).
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Figure 2-5: Examples of Miller indices notation for crystal planes. source: (sirajuddeen, 2011)

26



Simple cubic structures (SC)

1
For a SC cell, the total number of atoms in all the corners = § X 8 =1atom

A simple cubic cell has a radius of a = 2r
Volume of cubic cell = a® = (2r)3

Therefore, the Atomic packing factor is the ratio between unit cells and the volume basic atoms to the unit
cell volume. Atomic packing factors is dependent on the atom radius and the chemical bond characterization

dcanb d as: APF = 25w _ 50 = 529
and can be expressed as: = (27‘)3 = g = V. = /O

Body-centered cubic structures (BCC)
A BCC unit cell system has atoms on the eight corners shared and one atom at the center of the cell as
shown in the figure 2-6.

O O
@) @)

Figure 2-5: BBC structure.

A BCC structure has a lattice constant of 9. Lattice constant is the physical dimension of the unit cells in
the crystal lattice. Lattice is usually three dimensional which is a, b, and c. lattice parameters are group of
lattice constants. The lattice constant is the measure of compatibility of the materials with other materials
structurally. Lattice constant of 9 indicate the strength of the compatibility of the material. BCC metals are
stronger but less ductile, they include iron (Kiry et al. 2017). Metals that possess this form of structure
include sodium, lithium, chromium, potassium, alpha-iron, vanadium, and tungsten. Such metals are
usually hard and less malleable compared to closed packed metals such as gold due to their higher lattice
constants which makes them more compactible. BCC crystal structures do not allow atoms to be closely
packed together as FCC crystal structures. When metals are deformed, the plane of atoms slips over each
other which are difficult due to the structural compatibility of the BCC structures (NDT Resource Center,
2016).
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ATOMIC PACKING FACTOR: BCC
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Figure 2-7: Atomic Packing Factor.  source: (sirajuddeen, 2011)

The share of each cube is equivalent to an eighth of every corner atom. Therefore,

1
Total number of atoms = 3 X 8 =1atom

Total atoms in BCC structure =1 + 1 = 2 atoms
Body diagonal? = total squares for all the three sides

(4r)? = a® + a? + a?

B 1672
=173
_ 4r
V3
Total volume = 2 x L py3
= \/§T[T
_aV3
)
Thus, the volume of the unit cell can be computed as;
3
*-(3
V3
2 f 3
APF= 253"7 _ B3 1 _ 068
(41/V3) 8
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Face-centered cubic structure

A face-centered cubic structure (FCC) where the atoms are located at the eight corners of the unit cell and at the centre
of each face as shown in figure 2-8. The main difference between face-centred cubic structure (FCC) and BCC is that
the coordination number for FCC is 12, whereas the coordination number for BCC is 8. A face-centred cubic structure

(FCC) also commonly refers to cubic close packed (ccp) and hexagonal close-packed (hcp) based on their symmetry.

Figure 2-8: Face-centered cubic structure.

This form of lattice structure is more common compared to BCC structures because they are pack close
together, than they do in the bcc structures. Some common metals with this type as a structure include
copper, aluminum, silver, and gold. Other includes a-Fe, Y-iron, and -Co. Metals with FCC structures
have four times the number of atoms in a unit cell which implies that FCC structures are more densely
packed compared to BCC structures (Mishin et. al, 2001; Lennon & Ramesh, 2004). Every face atom in
FCC structure is divided by two cells thus, a single face of FCC unit comprises of % atom (Kleitz et.al,
2003).

APE = 6x§1tr3 _om — 074
T (3V3/2x(2r)2/2/3)x4r _ Y18

The atomic packing factor is 74%. Atoms forms one layer nest themselves in empty spaces between the
atoms of the adjacent layers. There is no other unit cell structure that possesses such a high number of close
packed planes and directions. The arrangement of these atoms impacts significantly on the mechanical
properties of metals. For example metals with FCC, structures are critically deformed. The coordination
number is the number of the sphere which are in contact with the other two sphere in the arrangement of
the lattice constant points surrounded by given number of sphere, in BCC or FCC metal structure is 12
which results in higher APF (Sanders & Gibson, 2003). The atomic backing factor of FCC (0.74) is higher
than the atomic backing factor of BCC (0.68) and SC (0.52) respectively. The importance to measuring the
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atomic backing factor to understand many properties of materials for instance, metals with a high atomic

packing factor will have a higher "workability" (malleability or ductility).

2.3.1 Miller Indices

The crystal lattice is composed of an aggregate of a set of parallel and equidistant planes which passes
through the lattice point (Klry et al., 2017). The crystal planes play a key role especially in determining
hardening reactions and plastic deformation among other properties and behavior of metals (Rice et. al,
1997). Miller indices are defined as the reciprocal of the intercept made by the planes in the crystallographic
axes when reduced to the smallest numbers.”Miller indices define planar or directional orientation within
a crystal lattice (Abbaschian & Reed-Hill, 2008; Tian et. al, 2010). It may refer to a specific crystal face,
set of faces, a direction or set of directions. Miller developed a method to assign parallel planes in a lattice
crystal by three numbers h, k, and 1 (William, Smith and Hashemi, 2011; Chien ET. al, 2005).

There are four key steps of evaluating Miller indices. Firstly, the coordinates of the
intercepts that have been made by the planes along the crystallographic axes is determined. For example,
in Figure 2-9 the length of the plane along x-direction is 2a, along the y-direction is 3b and along the z-
direction is ¢ (Kakani, 2006).

3c

2c

b 2b 3b 4b

" 2a
3a
X

Figure 2-9: Intercepts of lattice planes on three crystallographic axes.

The above intercepts are expressed as lattice parameters along the axes or as multiple of unit-cell

dimensions which results to x= 2a/a, y= 3b/b and z = c/c with intercepts 2, 3 and 1 respectively. Taking
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the reciprocals of the intercepts in the X, y and z directions results to 1/2, 1/3 and 1, the reciprocals are

reduced to the smallest sets of integral numbers h: k: I, which represents the Miller indices.

It is specified by a bar at the top of the corresponding index as shown in the Figure 2-10.
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Figure 2-10: Miller indices of (111) plane.

2.3.2 Miller indices for crystal structure direction

Miller indices of various sides of a unit cell of a cubic lattice plane are of the same form which is collectively
represented as familiar planes or equivalent planes. Some key generalities may be derived from the Miller
indices. Firstly, a O indicate a parallel axis to the plane. Secondly, a smaller number describes axis which
is closer to being parallel to the plane while a large number implies that the axis is almost perpendicular.
Lastly, the orientation of the plane remains the same when the Miller indices are divided or multiplied by
a constant (Baker & Cohen, 2004). Crystallographic or lattice direction is defined as a line which joins two-
points of the lattice structure (Kiry et al., 2017). Based on the same notations, the direction of a line in the
crystallographic plane is described based on unit vectors (Shackelford & Muralidhara, 2005). Miller indices
for lattice directions are vector components of the direction.

Millar Indices of crystal planes have various important features. Firstly, all equidistant
parallel planes have equal Miller indices. Secondly, Miller indices of two planes that have the same ratio
are said to be parallel to each other. In essence, all equally spaced planes with a given orientation have same
index number. Thirdly, the direction of space is represented by square brackets [xyz]. Fourthly, the inter-
planar spacing or distances between planes are represented by a number of parts of the body diagonal of a
unit cell (Kury et al., 2017). Notes that one of the key features of Miller indices for the cubic crystal is that

a plane that is parallel to any one of the coordinate axes has intercept at infinity. Thus, Miller index for such
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axis is zero. The author also argues that a plane passing through the origin is defined in terms of parallel

planes that have non-zero intercepts. (Kiry et al., 2017).

2.4 Crystallographic planes and directions

Crystallographic based on the same notations discussed above, the direction of a line in the
crystallographic plane is described based on unit vectors. According to Giacovazzo (2002), crystals are
anisotropic thus they can be specified in a simple directions or planes under which the physical properties
were observed. Crystals have directions and lattice planes that are highly concentrated with atoms. Two

lattice points in a crystal lattice define a row.
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Figure 2- 61: Lattice planes and rows. Source: Giacovazzo (2002, p.8)

A lattice row defines a crystallographic direction. Choosing a unit cell, two crystal lattice vectors Qny, nv, nw
and QuvwWith u, v, wand n as integers defines two distinct lattice points which have the same direction.
This characteristic is deployed to characterise directions. For example, directions that are related to vector
Qo, 3,6 0r Qg, 2,4 Can be defined by vector Qs, 1, 2. The direction is indicated by the symbol [3, 1, and 2]. The

figure below shows a bidirectional unit vector Q»,1and Qa, 2.
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Figure 2- 72: Bidirectional unit vector. Source: Giacovazzo (2002, p.8)

To specify the direction of straight line which joins lattice points in a crystal lattice, any lattice point on the

line can be chosen as origin and the vector joining this to any other lattice point can be defined as follows:
? = Tila'l' Tizl_;'l' 71:35
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The direction of the line is defined by a set of integers n1’, n2’, n3’. If these integers’ numbers have common
factors, they are removed and the direction is denoted by [n1, n2, n3]. This line denotes all the lines that are
parallel to the line. Figure 2-13 shows three different directions in a cubic lattice, the direction [111] is
represented by a line passing through the origin O and the point P. The direction [100] is the line passing
through the origin O and the point Q. The point Q is at a distance 1, 0, 0 from X, y and z-axes. Similarly,
the direction [101] is the line passing through origin O to a point R where point R is at a unit cell distance
1,0,1 from x, y and z axes (Giacovazzo, 2002).”
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Figure 2- 83: Crystal direction of cubic lattice.

While specifying crystal directions, the axes of the crystal axes are assumed to be the base directions. The
directions [444], [333] or [222] are identical to the direction [111]. The lowest integer’s combinations is
deployed to specify the directions (Kiry et al., 2017). Besides this, there are other directions that are not
parallel to each other and are equivalent to each other through rotation symmetry. The equivalent directions
of [100] are [010], [001], [-100], [0-10] and [00-1]. All the six directions are grouped together in the symbol
<100> whereby the bracket represents the whole family (Giacovazzo, 2002).”Crystal planes and directions

impact on behaviours of metals such as hardening, deformation among others (Kiry et al., 2017).
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Chapter 3.

Synthesis of Nanoparticles



Introduction

Metal nanoparticles have been shown to exhibit strong antibacterial activity against both Gram-positive
bacteria and Gram-negative bacteria including antibiotic resistant strains (Slavin et al., 2017). Since ancient
times, AgNPs had been used as antibacterial agents (Van Dong et al., 2012). Many reports demonstrated
that the size and the shape of the AgNPs exhibit their antibacterial activity (Acharya et al., 2018). However,
there is very little work in the literature to investigate Au and Cu nanoparticles shape might affect the level
of antibacterial activity (Lee et al., 2007; Ruparelia et al., 2008). Therefore, in this study Ag, Au and Cu

nanoparticles has been selected due to their antibacterial activity (Slavin et al., 2017).

Metal nanoparticles have been fabricated through different methods such as chemical method e.g. (chemical
reduction, photochemical, electrochemical or pyrolysis) (Dang et al., 2011; Remita et al., 2007; Ghorbani
etal., 2011), biological method e.g. (using plant extract, bacteria, yeast or fungi) (Mittal et al., 2013; Ingale
etal., 2013; Mourato et al., 2011) and physical method (Panigrahi, 2013). Among these methods, chemical
reduction method is the most preferred because synthesis process is simple, fast reaction time, low cost and
in high-yield production. The size and the shape of the nanoparticles can by determined by optimizing the
experimental parameters such as temperature, reaction time and molar ratio of the capping agent with the

precursor (Dang et al., 2011) .

In chemical reduction methods, the reducing agent is a chemical solution such as sodium citrate, N, N-
dimethyformamide polyols, NaBH4 and N2H4, whereas in biological methods, collection of enzymes
especially nitrate reductase. Spray pyrolysis methods are carried out in operating conditions of high

temperature and pressure; electrochemical methods are based on electrolysis of solution.
3.1 Chemical method

3.1.1 Chemical reduction

The chemical reduction synthesis method was most extensively used to synthesis silver (Khatoon
etal. 2011), gold (Jiang et al., 2011) and copper (Dang et al., 2011) because is found to be the most versatile
for metal NPs (Khanna et al., 2007). The chemical reduction approach has been applied in preparing stable
colloidal dispersions in organic solvents or water. The reducing agents used include NaBH4, N,N-
dimethyformamide, polyols, Sodium citrate and NoH.. In preventing the aggregation of Ag nanoparticles,
it requires to stabilize by using a capping agents like polyvinyl pyrrolidone, sodium dodecyl sulphate and
tri-sodium citrate (Ghorbani et al., 2011). Some chemical reduction reactions might be undertaken at room
temperature, but others need elevated temperatures to enhance the reaction rates (Ghorbani et al., 2011).

The thermal methods like reduction of silver ion by hydrazine or dextrose (reduction agents) and the

35



Tollen’s reduction that employs m-hydroxy banzaldehide are from the chemical reduction methods
(Ghorbani et al., 2011). The nanoparticle morphologies largely depend on the temperatures adopted in the
synthesis process (Ghorbani et al., 2011). For instance, Sarkar et al., (2007) were able to synthesize both
3-D and 2-D Ag nano-structures with globular and disk morphology by undertaking a simple silver-mirror
reaction in the presence of anionic surfactants. Experiments using tri-sodium citrate as the initial
surfactant/reducing agent (sodium formaldehyde sulphoxylate to silver nitrate) have been undertaken hence
establishing a large-scale approach for preparing silver nanopowder, the desired temperature (between 50
and 100 °C) is required to obtains particle that are less than the size of 50 nm (Ghorbani et al., 2011).

Salzemman et al., (2004) used micro-emulsion technique to fabricate copper nanoparticles of size
3-13 nm. In developing a flower-like silver nanoarchitecture with size 20 nm at room temperature, ascorbic
acid was utilized as the reducing agent and citric acid played a key role in the nano-structure formation.
Janardhanan et al (2009) synthesized silver nanoparticles using an aqgueous chemical method with organic
base but without any external capping agents. Silver nanocrystals of 40 and 80 nm can be formed through
oxidation of glucose to gluconic acid by amine in the presence of gluconic acid caps and silver nitrate. Also,
silver nanoparticles have been synthesized through the polyol process with the help of super-critical carbon
dioxide and silver nitrate that is utilized as the base material while polyvinyl pyrrolidone is used as the
stabilizer for the silver clusters and the reducing agent/solvent is ethylene glycol. In this experiment,
polyvinyl protected the nanosize silver particles from aggregation and promoted the process of nucleation
(Ghorbani et al., 2011). Shape and size control in a chemical reduction method have the advantages of it

simple process, fast reaction time, economical and in high-yield production (Iravani et al. 2014).

3.1.2 Photochemical method (irradiation)

Photochemical method has also been used in synthesizing nanoparticles (Ghorbani et al., 2011).
The system is usually excited by radiation, hence producing an active reducing agent like electrons, radicals
and excited compounds. For instance, laser irradiation of aqueous solution comprising of a surfactant and
Ag salt can fabricate silver nanoparticles of well-defined size and shape distribution (Ghorbani et al., 2011;
Sharma et al. 2009). Laser irradiation requires no reducing agent by using UV light instead of chemical
materials. Silver nanoparticles have been synthesized from ethylene glycol H,O mixtures without using a
stabilizer. The researchers used pulse radiolysis technique to generate nanocrystals by silver perchlorate.
Remita et al., (2007) demonstrated that X-ray irradiation of metal salt solutions (aqueous) in the presence
of a stabilizer causes the synthesis of metal nanocrystals similar to y-ray irradiation. The generated nano-
objects usually appear spherical with a radius of approximately 14 nm. Reduction of silver ions has also

been achieved by the use of UV light in place of the chemical materials. Silver nanoparticles were produced
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in a natural rubber matrix through photo-reduction of film cast from latex (natural rubber) comprising of
silver salt and their size ranged between 4 and 10 nm. Synthesis approaches that use microwave irradiation
have been undertaken and this technique is known to offer faster heating rate than other conventional
heating methods that use convection or conduction. Yanagida, Komameni and Liu (2009) reported the
utilization of fixed frequency microwave in synthesizing silver and platinum nanoparticles. However, the

disadvantage in this method, high cost of the equipment’s (Iravani et al. 2014).

3.1.3 Pyrolysis

Another chemical method used in synthesizing nanoparticles includes spray pyrolysis (Zhang et al
2009). Nanosilver powder of 100 nm size was fabricated through spray pyrolysis using silver nitrate
solution, 0.32 MP a flux of carrier gas, furnace set up at a temperature of 720°C and 336 ml h'* flux of silver
nitrate solution. In another study, nanosilver powder was fabricated from MgO/Ag composite powder
through spray pyrolysis (Ghorbani et al., 2011). The impacts of molar ratio, furnace temperature,
concentration of the mixed solution, the flux of the carrier gas on the particle sizes and morphology of silver
powder were studied. A suitable quantity of commercial reagent Mg(NOs). and AgNos were dissolved into
water (deionized) forming an aqueous solution of 40% mass percentage and molar ratio of Mg(NOs3), and
AgNos of ratio 8:2. This solution was then mixed up and fed to the nozzle of a solution feed rate 500 mL
h—1, hot air of 790°C and carrier gas flux of 0.30 MPa (Ghorbani et al., 2011). To remove MgO template
from MgO/Ag composite, ammonium chloride solution was used. Mg(Nos). from spray pyrolysis was then
used in inhibiting nano-Ag growth. The drawback of this method is condensation growth that causes

agglomeration of the particles (Schubert, 2012).

3.1.4 Electrochemical method (electrolysis)

Electrolysis process has been used in the past for reducing metal ions. However, some literatures
indicate that the method can be employed in synthesizing metal nanoparticles, especially for silver
(Ghorbani et al., 2011). For instance, silver nanospheres of approximate size 11 nm have been grown at
room temperature in large scale by the reduction of silver nitrate in a solution of polyol using electrolysis
approach in the presence of KNO3 and PVP. In this experiment, a 6 mm diameter rotating disk (Ti
electrode) was utilized as the cathode and Pt plate of 2 cm diameter as the anode resulting in the formation
of electro-deposited Ag nanocrystals. The disadvantage in this method, the reaction time is slow that takes

several hours to synthesis NPs (Lim et al. 2006)
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3.2 Biological method

Biological synthesis of nanoparticles has been studied by many scholars due to the belief that it is
ecofriendly method (Ingale & Chaudhari, 2013). Natural sources of synthesizing nanoparticles through
biological method include yeast, bacteria, fungi and plants (Kulkarni & Muddapur, 2014). Furthermore,
multicultural and unicellular organisms can synthesize extra cellular and intracellular inorganic
nanoparticles. The section below summarizes some of the studies and literature about biological method of
synthesizing nanoparticles. The drawback of this method is not easy to achieve a high-yield of NPs by using

biological synthesis (Iravani et al. 2014).

3.2.1 Plant nanoparticles synthesize

Synthesis of nanoparticles here employs a single step of biosynthesis process and tender a superior
approach for synthesizing nanoparticles since the protocol involving plants is free from toxicants and the
natural capping agents are supplied by the plants. According to Mittal, Chisti and Banerjee (2013),
biomolecules from plant extracts can be utilized to reduce and to produce nanoparticles through a single-
step green synthesis. This process is indicated to be quite rapid and can be undertaken under room pressure
and temperature and can also be scaled up. Furthermore, synthesis facilitated by plants is usually
biodegradable. The reducing agents include water soluble plant metabolites such as phenolic, alkaloids,
coenzymes and terpenoids (Mittal, Chisti & Banerjee, 2013). Gold and silver nanoparticles have received
a considerable focus when it comes to plant-based syntheses. Extracts coming from a diverse range of plants
have been used to make these nanoparticles for example using ginger and lemon extract (Singh et al. 2011;
Dhulappanavar et al. 2011). Moreover, live plants can be utilized for the synthesis. Plant extract for
synthesizing nanocrystals is especially useful for generating nanoparticles free of contaminants or toxic
substances used for therapeutic field. In medicine, nanoparticles are applied in making antimicrobial agents
such as bandages. Applications targeted for clinical diagnostics and drug delivery are being developed
(Mittal, Chisti & Banerjee, 2013). One of the big drawback of bio-synthesized is the long reaction time for
instance 48h is required to synthesis AgNPs from leaf extract of Cassia auriculata was demonstrated
(Udayasoorian et al. 2011).

3.2.2 Nanoparticle Synthesis using bacteria

Bacillus species have been demonstrated to synthesize nanoparticles. Ingale and Chaudhari (2013)
indicate that bacteria have the ability of decreasing silver and fabricating extracellularly consistently
circulated nanocrystals that range from 10 to 20 nm. Slawson et al., (2004) indicates that the silver
generating bacteria which is isolated from silver mines demonstrates the accumulation of silver

nanoparticles in the periplasmic space of the Pseudomonas stutzeri AG259. Bacteria have also been used
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in synthesizing gold nanoparticles. Sharma et al., (2012) reported that the entire cells of a novel strain of
the Marinobacter Pelagius can be used for the formation of stable and monodisperse gold nanoparticles.
Prasad et al., (2007) used Lactobacillus strains in synthesizing titanium nanoparticles. Silver nanoparticles
have also been synthesized of approximately 50 nm using supernatant Bacillus licheniformis whereby silver
nitrate was added. The obtained silver nanoparticles were highly stable and the time required for the entire
reaction to complete included 24 hours. However, studies have deduced that the use of microorganisms on
nanoparticle synthesis can be slow (Kulkarni & Muddapur, 2014).

3.2.3 Fungi

The use of fungi for nanoparticles synthesis is relatively a recent addition to the list of existing
biological methods. The fungi biological generation of nanoparticles has increased drastically due to
reduced toxicity, comparatively economic, effortless method of synthesis, higher bioaccumulation and
simple biomass handling and processing (Ingale & Chaudhari, 2013). The extracellular biosynthesis of
silver nanocrystals from Aspergillus niger, Aspergillus oryzae and Fusarium solani are reported to generate
silver nanoparticles (Gade et al., 2008; Binupriya et al., 2010; Ingle et al., 2009). Pleurotus sajor caju has
been used also in synthesizing nanoparticles extracellularly (Nithya & Ragunathan, 2009). Furthermore,
spherical nanoparticles are synthesized by using Trichoderma viride (Thakkar, Mhatre & Parikh, 2010).
The prologue of silver ions to Fusarium oxysporum allows for the synthesis of stable nanoparticles of silver
hydrosols (Ahmad et al., 2003). Additionally, Phoma glomerata has been indicated to generate a silver
nanoparticle that is more efficient as compared to Pseudomonas aeruginosa (P. aeruginosa), S. aureus and
E. coli when assessed (Birla et al., 2009). Silver nanoparticles have been synthesized using fungus
Verticillium. It included the exposure of a biomass of fungal to an aqueous solution of Ag+ resulting in the
intracellular reduction of metal ions and the synthesis of silver nanoparticles of a dimension 25 nm.

According to Balaji et al., (2009), extracellular biosynthesis of AgNPs is determined using
Caldosporium cladosporioides. AgNPs of dimensions 10 to 100 nm were generated and measured by TEM
images (Balaji et al., 2009). Also, vitro biosynthesis of nanoparticles of silver was accomplished using
silver nitrate as a substrate on Penicillium fellutanum that was isolated from the coastal mangrove sediment.
It was discovered in this study that nanoparticles biosynthesis is maximum when culture filtrate is treated
with 1.0mmol L-1 silver nitrate and maintained at 0.3% sodium chloride and a PH of 6.0 while being
incubated at a temperature of 5°C for 24 hours (Kathiresan et al., 2009). Furthermore, Filamentous fungi
are good candidates for the synthesis of metal nanocrystals. On the other hand, fungi synthesis is longer

time reaction compared to the chemical reduction method (Ghorbani et al., 2011).
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3.2.4 Yeast nanoparticle synthesis

Kowshik et al., (2003) described extracellular synthesis of AgNPs in large amounts using a
straightforward downstream process. Kowshik and colleagues were involved in isolating silver tolerant
yeast strain (MKY3) by injecting them with aqueous silver nitrate. It was discovered that the formation of
silver nanoparticles of 2-5 nm takes place under forced ecological conditions. Dameron et al., (2009)
reported the production of cadmium nanoparticles using Schizosacharomyce pombe and Candida glabrata.
Mourato et al., (2011) also investigated the biosynthesis of gold and silver nanoparticles using
extremophilic yeast strain that was isolated from acid mine drainage.

3.3 Physical methods

In physical approaches, nanoparticles are synthesised generally by evaporation-condensation that
can be undertaken using a tube furnace at atmospheric pressure. The vaporization process can be divided
into chemical and physical technique depending whether a reaction is present. When the resultant
nanocrystals comprise of similar composition with the target materials, they can be synthesised through
physical vapor condensation (Panigrahi, 2013). On the other hand, nanoparticles that have a varying
composition to that one of the target materials can be prepared through chemical vapor condensation. The
source materials are placed within a boat located at the center of the furnace and it is then vaporized into a
carrier gas. The nanoparticles of different materials like Au, Ag, Fullerene (molecule of carbon of sixty or
more atoms) and PBS have been created through the evaporation/condensation method. However, different
scholars indicate that the generation of nanoparticles through the tube furnace can lead to various drawbacks
since the tube furnace occupies a huge space, requires more time in achieving thermal stability and
consumes large amount of energy while it raises the environmental temperature in the surrounding
environment. A typical furnace needs energy consumption ranging to several kilowatts and the preheating
time can go up to many tens of minutes so as to attain a stable temperature of operation. Jung et al., (2006)
demonstrated that nanoparticles of silver can be generated through a small ceramic heater using a local
heating source. The evaporated vapor usually cools at an appropriate rate since the gradient of the
temperatures within a heated surface is very steep as compared to tube furnace. This allows for the
production of small nanocrystals in a high concentration. This evaporation/condensation method can be
employed for generating nanoparticles for inhalation long-term experiments where toxicity studies are
being undertaken and calibration devices for nanocrystal measurement apparatus (Jung et al., 2006).
Laser ablation has been used in synthesizing nanoparticles using bulk metallic materials in a solution. The
features of the metal particles generated and the efficiency of ablation is dependent on several parameters
(the duration of the laser pulse, the laser fluence, laser wavelength of the encroaching target of the metal,

effective liquid medium and ablation time). Laser fluence is one of the critical parameters and the ejection
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of particles from a target needs a minimum fluence power. The mean size of nanoparticles has been
indicated to increase as the laser fluence increase and they are smallest when near laser breakdown
threshold. Another factor that influences the efficiency and particles produced includes the lesser number
(time spent on laser vaporization). Laser shots determine the morphology and concentration of the metal
particles ejected in liquid. Longer times subjection to laser beams leads to increase of metal particle
concentration, however, it can saturate as it absorbs light in the colloid highly concentrated metal particles.
Furthermore, nanocrystals can change in shape and size depending on their interaction with the laser light
that passes through. Surfactant coating terminates the production of nanoparticles by the laser ablation
process. When the surfactant concentration is high, the formed nanoparticles are smaller in size than in a
low concentration surfactant. One of the benefits of using laser ablation in the preparation of metal colloids
as compared to other conventional techniques is that chemical reagents are absent in the solution used.
Therefore, laser ablation leads to the production of pure colloids that can be more useful (Panigrahi, 2013).
The disadvantage of the physical method is high costs of equipment and consumes a huge amount of energy
(Iravani et al. 2014).

Using different method of nanoparticles synthesis produced different crystal structure or directions may
reveal different chemical, physical and antibacterial properties. For instance, the (111), (100) and (110)
surfaces of the face centered cubic (fcc) metal have different surface atom densities, chemical reactivity
and electronics structure (Zhou et al. 2011; Lee et al. 2007). Also, It has been argued previously that the
antibacterial activity of silver is greater when high atomic density facets are present such as the {111} plane

(Figure 3-1) represents miller index of (111) plane.

X (111)

Figure 3-1: Miller indices of (111) planes
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Chapter 4.

Bacterial-Nanoparticle Interactions
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4.1 Antibacterial activity of metal nanoparticles

The antimicrobial applications of nanosized material from metals in a wide range of consumer goods have
attracted attention owing to their distinct macroscopic characteristics (Muhling et al., 2009; Ahmed, Imdad
and Ashraf, 2012). Especially, metallic nanomaterials (such as gold, copper, and silver) exhibit favorable
physicochemical characteristics resulting in significant levels of antibacterial activity (Vimbela et al.,
2017). There is increasing antimicrobial application of gold nanoparticles (AuNPSs), copper nanoparticles
(CuNPs) and silver nanoparticles (AgNPs) in disinfectants with the view of reducing the risk of microbial
common cause of outbreaks and HCAIs (Ahmed et al., 2012; Mukherji et al., 2012; Vimbela et al., 2017).
However, the antimicrobial activity of silver ions and silver-based compounds is extensively documented
as the most effective agents against bacteria, viruses, and other eukaryotes (Ahmed et al., 2012; Mukherji
etal., 2012). The exact mechanisms through which AgNPs confer antibacterial activity are not well known.
However, it is widely documented that AgNPs exhibit antibacterial activity through bacterial inactivation
and growth inhibition (Zhou et al., 2012). A previous study by Duran et al., (2016) has demonstrated that
E. coli treated with silver nitrate solution (AgNO3) had their cytoplasmic membranes detached from the
cell wall. Electron microscopy and X-ray microanalysis revealed that Ag?* induced condensation of the
deoxyribonucleic acid (DNA) molecules in the nucleus, thereby losing its replication ability. Furthermore,
traces of Ag?* were detected in the electron-dense granules and cytoplasm deposited within E. coli cells,
detected by X-ray microanalysis. The observed morphological disruptions induced by Ag?* strongly points
to the antimicrobial activity of silver and silver-based compounds (Duran et al., 2016). Therefore, it is
suggested that the mechanism of action of AgNPs is quiet similar to that of silver Ag?* though speculative
(Duran et al., 2016). However, a recent report that demonstrated the ability of K. pneumonia to resist Ag
ions with the presence of operons for resistance against Ag and Cu ions indicated that the toxicity may not
due to the silver or copper ions but mainly depend on NPs (Acharya et al., 2017). The inhibition of the

bacteria is due to physical mutilation by the NPs as a result of direct interaction of NPs with bacteria cell.

It has been demonstrated in a previous study that surgical masks coated with AgNPs have
antimicrobial activity against the Gram-negative E. coli. This strongly suggesting that AgNPs used as
surface coatings on personal protective equipment and clothing is likely to minimize risk of transmission
of the infectious bacteria including E. coli and Enterococcus (Perelshtein et al., 2016).Similarly, in an
earlier study (Pal et al., 2007), Luria—Bertani (LB) growth medium were applied on solid and liquid agar
systems and then supplemented with different concentrations of AgNPs (0-50ug mL™). The agar systems
were then inoculated with 5 Log 10y of E. coli and incubated at 37 °C for 24 hours. Scanning and transmission
electron microscopy (SEM and TEM) were used to examine the bactericidal activity of AgNPs, where it

was observed that the cell walls of E. coli cells were damaged characterised by numerous perforations.
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Importantly, the numbers of observed E. coli colonies were reduced with increasing concentrations of
AgNPs ranging from 10-100 pg/mL, suggesting a dose-response relationship in the antibacterial activity of
AgNPs. A 100% inhibitory effect of AgNPs was observed at concentration of 50-60 pg/mL (Sondi and
Salopek-Sondi, 2004). Similar findings were observed in recent studies where AgNPs exhibited 90-100%
inhibition of E. coli at a minimum inhibitory concentration (MIC) of 100ug/mL (Pal et al., 2007; Wang et
al., 2012).

Although gold, silver and copper NPs have exhibit strong putative antibacterial activity (Zhou et
al., 2012; Wani, Ahmad and Manzoor, 2013). In a recent study, antibacterial activity of AgNPs and AuNPs
were compared with respect to the survival of E. coli (ATCC 35218) cells in agueous suspensions. It was
demonstrated that AgQNPs treatments, completely inactivated E. coli cells with a 5-Log0) reductions (Dror-
Ehre et al., 2009). The antibacterial activity of AgNPs treatment exhibited a dose-response relationship as
demonstrated previously by Sondi and Salopek-Sondi (2004). However, AuNPs did not exhibit any
inactivation ability against E. coli cells (Dror-Ehre et al., 2009). Similarly, a previous study demonstrated
that treatment of 105-10° CFU/ml of S. aureus and E. coli with 0.2 ppm Ag?* solution resulted in a more
than 5-Loguo) CFU/mL reductions of these bacteria after 90 minutes, which also exhibited a dose-response
relationship (Jung et al., 2008).

Furthermore, it was recently demonstrated that E. coli and S. aureus are highly sensitive to the
antimicrobial activity of AgNPs as compared to CuNPs (Ruparelia et al., 2008; Mukherji et al., 2012).
Energy-dispersive X-ray spectral analysis of AgNPs and CuNPs has revealed that CuNPs have oxide layers,
which putatively degrade the antimicrobial power of CuNPs (Ruparelia et al., 2008). This explains why
CuNPs have lower antimicrobial activity as compared to AgNPs, and suggests that the antibacterial activity
of NPs primarily vary depending on the metal and the oxidisability NPs (Dror-Ehre et al., 2009; Ruparelia
et al., 2008; VVan Dong et al., 2012).

It is demonstrated that the size of NPs effect their antibacterial activity. For instance, AgNPs of
5nm exhibit higher antibacterial activity when compared to 15nm and 55nm particles in Gram-positive and
Gram-negative bacteria (Z. Lu, Rong et al., 2013) owing to their high surface area to volume ratio (Dror-
Ehre et al., 2009; VVan Dong et al., 2012). This suggests that the degree of antimicrobial activity of various
metal NPs such as AuNPs, CuNPs and AgNPs is not uniform as there are additional multifaceted
dimensional factors in play. Furthermore, it is extensively documented that the antimicrobial activity of
NPs is dependent on various nanoshapes, implying that not all nanoshapes of NPs have desirable
antimicrobial activities (Pal et al., 2007; Van Dong et al., 2012). This warrants careful determination of NP

shapes with optimal antibacterial activity. Recent studies for instance, have demonstrated that AgNPs
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exhibit antibacterial activity in a shape-dependent manner (Pal et al. 2007; Van Dong et al. 2012). To
elucidate this claim, the Gram-negative E. coli cells were subjected to the triangular AgNPs with a {111}
lattice plane as the basal plane, spherical AgNPs, rod-shaped AgNPs and Ag?*(in form of AgNQOs). The
truncated triangular AgNPs with a {111} lattice plane exhibited strong antibacterial activity against E. coli
as compared to the other nanospheres and nanorods (Pal et al. 2007). For instance, triangular AgNPs exhibit
E.coli inhibition at 1 ug however, 12.5 and 50 to 100 ug of spherical and rod NPs was required respectively
(Sadeghi et al., 2012).

These findings are consistent with those from a previous work by Van Dong et al. (2012) where sharp-
edged triangular silver nanoprisms with sharp vertexes exhibited enhanced antibacterial activity against E.
coli as compared to the spherical AgQNPs. The zone of inhibition of triangular nanoprisms was 1.3cm higher
than the inhibition of spherical AgNPs 0.5cm (Van Dong et al., 2012). These strongly support that the
effectiveness of NPs as antibacterial agents is multifaceted with respect to the nature of the mental element,
nanosizes and nanoshapes of the prepared NPs.

While AgNPs with the putative {111} lattice shapes confers enhanced antimicrobial activity, it is
also evident that the shape choice of AgNPs determine different range of nanosizes (Van Dong et al., 2012)
for example, it was possible to obtain spherical AgNPs with nanosizes of 4, 21 and 40 nm on average, while
nanosizes of AgNPs with {111} lattice planes were obtained only in a range sizes of 25-400 nm. Therefore,
establishing the order or criteria for prioritising dimensional metrics of NPs is likely to guide optimization
of antimicrobial activity of NPs. For instance, selection of sharp-edged triangular nanoprisms with the
smallest possible nanosizes gives high surface area to volume ratio, which is likely to confer optimised
antibacterial activity of NPs. It is clearly evident that shapes of NPs have significant influence on the
antimicrobial activity of the prepared NPs. Therefore, the first priority of developing effective NPs is shape
of {111} lattice followed by the smallest possible NP nanosizes.

The attractiveness of AgNPs nanoparticles as antimicrobial agents is influenced by prevent
development of resistance to metals in the naturally existing infectious bacteria (Singh et al., 2013).
Mihling et al., (2009) demonstrated that releasing AgNPs into estuarine (marine) water does not indirectly
induce antibiotic resistance among the existing bacteria in sediments. A 50 days exposure was carried out
to examine the effects of AgNPs on the antibiotic resistance of bacteria in sediments from an estuary in
southwest England, sediment samples were plated after the exposure time in the presence of bacteria
resistant to eight altered antibiotics. The study shows no increase in antibiotic resistance between the
bacterial populations in the sediment even in the presence of AgNPs. This strongly suggests that the use of

AgNPs in water treatment is less likely to induce antibiotic resistance in the existing microbial population.
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Synergistic effect of AgNPs with antibiotic such as (cephalexin) against E. coli shows enhancement of the
antibacterial activity of the antibiotic, the minimum inhibitory concentration decreasing from 300pg to 200

g when using AgNPs and cephalexin conjugated AgNPs (Singh et al., 2012).

However, potential health and environmental risks associated with these emerging nanomaterials in
consumer goods are not well delineated (Kim et al., 2011). However, a recent study has suggested that
human exposure to NPs can not only induce inflammatory responses and oxidative stress but also impair

epithelial barrier functions, thereby increasing vulnerability to pulmonary infections (Kim et al., 2011).

4.2 Escherichia coli as a Model Organism for Studying Bacterial-Nanoparticle Interactions
Escherichia coli inhabit human intestines, they are rod-shaped filamentous bacterium with an average
length, width and volume ranges of between 1.6-3.1 um, 0.7-1.1 pm and 0.5-4 um?d, respectively as shown
in Figure 4.1 (Volkmer & Heinemann, 2011). There are several types of E. coli strains, which form part of
the normal microflora of animal and human intestines, and are therefore harmless. However, there are few
strains of E. coli known to be virulent and infectious, causing bowel discomforts especially travellers and
bloody diarrhea including nausea or vomiting (Muniesa et al., 2012). The most infectious E. coli serotype
is E. coli O157:H7, which causes bloody diarrhea and severe abdominal cramps. The Shiga-like toxin
excreted by E. coli O157:H7 affects renal endothelial cells, thereby causing haemolytic uremic syndrome
(HUS) (Muniesa et al., 2012). HUS is characterised by morphological impairment of renal vascular
systems, thereby causing clogging of blood cells in kidney nephrons, thrombocytopenia (deficiency of
blood platelets) causing renal tissue bleeding, which subsequently result in renal impairment and kidney
failure (Loirat and Frémeaux-Bacchi, 2011; Muniesa et al., 2012; Hammerl et al., 2012).

EHT = 10.00 kV 13_01.4f DE
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Figure 4- 1: Scanning electron microscope image of rod-shaped Escherichia coli, with an average length, width and

volume ranges of between 1.6-3.1 pm, 0.7-1.1 pm and 0.5-4 pm?® respectively.
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It also causes urinary tract infections and bacteraemia. In August 2009, an outbreak of E. coli 0157 occurred
among visitors to Godstone animal farm in Surrey. Public Health England established that the outbreak of
E. coli infections were due to visits to the open animal farm (HPA, 2013). In this regard, intestines of farm
animals especially sheep, cows and swine harbour high bacterial reservoir including E. coli O157:H7
(Callaway et al., 2013). A recent report of NHS trusts in England of E. coli bacteraemia shows 38,132 cases
reported between 1 April 2015 and 31 March 2016 (NHS, 2017). This strongly points to the significance of
E. coli infections in the UK and calls for improved screening for these infectious pathogens in food, water,
and open animal farms (HPA, 2017).

4.3 Enterococcus faecium as a Model Organism for Studying Bacterial-Nanoparticle

Interactions

Enterococci are Gram-positive, oxidase- and catalase-negative, non-spore-forming, lactic acid bacteria
(facultative anaerobe) with cell sizes of up to 1.0 um (Figure 4-2). Enterococci can occur as single cocci or
in chains (streptococci), but frequently occur as diplococci (Naser et al. 2005; Fisher & Phillips, 2009).
They thrive well at wide range of temperature (5-50 °C); where their optimum, maximum, and minimum
growth temperatures are 42.7, 6.5, and 47.8 °C, respectively under aerobic conditions. They also thrive well
in a wide range of pH conditions (4.6-9.9), with optimal pH of 7.5 (Fisher & Phillips, 2009). Being non-
food lactic acid bacteria, Enterococci produce a wide range of bacteriocins (enterocins), where some are
toxic to humans. Like E. coli, Enterococci are ubiquitous in animal and human gastrointestinal tracts. E.
faecalis and E. faecium are the most prevalent Enterococcus species, where E. faecalis accounts for over
90% of clinical isolates (Macovei & Zurek, 2006; Palmer, Kos and Gilmore, 2010). Clinical isolates of
Enterococcus species have the highest virulence followed closely by food isolates and then starter probiotic
strains. Their virulence is influenced by their respective profiles of hydrolytic enzymes (Ribeiro & Oliveira,
2011).
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Figure 4- 2: Enterococcus faecium is diplococcus bacteria. Gram-positive, oxidase- and catalase-negative, non-spore-

forming, lactic acid bacteria with cell sizes of up to 1.0 pm.
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In terms of food safety, Enterococci pose a high risk in ready-to-eat (RTE) food products especially RTE
dairy and meat food products, including raw produce (Macovei & Zurek, 2006). Enterococci often cause
gastrointestinal infections, urinary tract infections, hepatobiliary sepsis, endocarditis, hospital acquired
infections especially nosocomial bacteremia and surgical wound infection. Therefore, Enterococci are

frequently implicated in nosocomial infections (Murray, 1990; Fisher & Phillips, 2009; Palmer et al., 2010).

Although there is a wide range of antibiotics for treatment of Enterococci infections, treatment of
E. faecalis presents a significant challenge owing to its phenotypic resistance against antibiotic treatments
involving common antibiotics especially tetracycline, penicillin, streptomycin, erythromycin, rifampin,
fluoroquinolones, ciprofloxacin, and kanamycin (Palmer et al., 2010). Importantly, the bacterium is highly
resistant to two glycopeptide-based antibiotics (vancomycin and teicoplanin) licensed in the UK (Fisher
and Phillips, 2009). This has resulted in a significant decline in the number effective antibiotics against
human infections involving E. faecalis (Macovei & Zurek, 2006). 42% of Enterococcus spp were reported
in UK, E. faecalis identified as the most frequently Enterococcus spp in 2016 (n=3,177/7,501) followed by
E. faecium was the second most frequently identified Enterococcus spp (33%; n=2,871/7,501) (HPA, 2017).
In addition, it has been observed that E. faecalis is capable of transferring its genetic elements of antibiotic
resistance horizontally to other infectious bacterial species occurring in the human body (Macovei & Zurek,
2006; Palmer et al., 2010). This further increases the risk of antibiotic resistance in other infectious bacteria

occurring in the human body.

There are various methods for screening E. coli and Enterococci in food and drinking water, which
include but not limited to the conventional biochemical screening, Vitek Immunodiagnostic Assay System
(VIDAST), and-Real-time PCR Screening (Petersen, Bisgaard & Christensen, 2010; Burns et al., 2011,
Temelli, Eyigor & Anar, 2012). The conventional biochemical screening can be timely due to it involving
lengthy biochemical reactions to test for the presence of these bacteria in colonies cultured from suspicious
food and water samples (Burns et al., 2011). On the other hand, VIDAST and Real-time PCR Screening
methods offer rapid screening for various serotypes of E. coli including Enterococcus in food and water
samples (Petersen, Bisgaard & Christensen, 2010; Burns et al., 2011; Temelli, Eyigor & Anar, 2012).

The ubiquitous, virulence, and antibiotic resistance nature of E. coli and Enterococci necessitates
effective infection control of these microorganisms. There is increasing evidence of antimicrobial activity
of metallic nanoparticles against a wide range of bacteria species including infectious strains of E. coli and
Enterococci. Metal nanoparticles well known for their highly potent antibacterial effect, include silver (Ag),

gold (Au), copper (Cu), copper oxide (CuO), iron oxide (Fe304), titanium oxide (TiO2) and zinc oxide
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(Zn0). Most metal nanoparticles exhibit bactericidal activities due to reactive oxygen species (ROS)
generation although some are effective through their physical structure and metal ion release. E. coli, as a
representative of Gram-negative bacteria, Ag nanoparticles were shown to cause “pits” in the cell wall by
increasing the membrane permeability and inactivating the respiratory chain (Beyth & Houri-Haddad,
2015).

The two different cell wall types can be identified in the laboratory by a variance stain known as the Gram
stain, Gram-negative bacteria will stain pink whereas Gram-positive bacteria will stain purple, schematic
comparison of structure of Gram-positive and Gram-negative cell walls is shown in Figure 4-3 (Atanasova,
2010). Gram-positive cell walls consist of one layer of lipid plasma membrane and a thick peptidoglycan
layer connected with lipoteichoic and teichoic acids, while Gram-negative bacteria have an outer and an
inner cell membrane and only a thin layer of peptidoglycan in the periplasmic space between the outer and
inner membrane. The outer membrane of Gram-negative bacteria contains lipopolysaccharide (Atanasova,
2010).
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Figure 4-3: Schematic structure of Gram-positive and Gram-negative cell walls. Gram-positive cell walls consist of one layer of

Periplasmic space

lipid plasma membrane and a thick peptidoglycan layer connected with lipoteichoic and teichoic acids, while Gram-negative
bacteria have an outer and an inner cell membrane and only a thin layer of peptidoglycan in the periplasmic space between the
outer and inner membrane. The outer membrane of Gram-negative bacteria contains lipopolysaccharide layer lining in it
(Atanasova, 2010).
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4.4 Antibacterial Applications of Nanoparticles

4.4.1 Wound Dressing

There is an increase in the application of silver wound dressings. Noteworthy is that these
antibacterial products are available commercially (Jeeva et al., 2014). For example, silver or copper
disposition technology aids in the development of antibacterial agents. Wound dressings are designed either
to afford a constant source of silver ions for delivery into the wound up to seven days to maximize bacterial
inhibition, or Ag*ion were deposited to the dressing material and utilize their antibacterial activity on
discharge being drawn out of the wound by the result of the dressing (Wilkinson et al., 2011). A
concentration of 1 pg/ml of Ag™* is assumed to be attainable in wound exudate exposed to other Ag-treated
dressing. A previous report suggests that 1ppm silver is sufficient to obtain bactericidal action. AgNPs-
based dressing, Acticoat™ Flex 3, has been applied to a 3D fibroblast cell culture in to real burn patient
and in vitro, the result show that AgNPs significant reduce mitochondrial activity, whereas cellular staining

methods demonstrate that nuclear integrity is retained, with no signs of cell death (Rigo et al., 2013).

4.4.2 Coated Textile Fabrics

Textile taken through antimicrobial treatment performs several functions apart from being active
against microorganisms. For instance, the textile is suitable for purposes such as textile processing to
improve durability in laundering, hot pressing, and dry-cleaning processes (Lee et al., 2014). An example
of such antibacterial agents is Zn-CuO nanoparticles has been used for coated textile fabrics were shown
strong antibacterial activities at the end of the process even after 65 cycles washed in hospital washing
machines (75 or 92 °C) (Perelshtein et al., 2016).

4.4.3 Coated Medical Devices

Antibacterial substances are common in the coating of medical devices to prevent infestation by
bacteria. In particular, the coating of the device is achievable using either copper or silver. The coating such
as the silver coating in most devices aids in the prevention of diseases (Ouyang et al., 2013). The use of
silver nanoparticles on the exterior of the medical devices can preclude bacterial adhesion and a consequent
biofilm development. Coated textiles can also serve as medical devices because they have undergone
processing to improve their performance in disease prevention especially when the antibacterial coating
encounters a pathogen (Perelshtein et al., 2013). An example of such antibacterial agents is titanium
nanotube loaded with AgNPs were inhibit the growth of Pseudomonas aeruginosa, E. coli and S. aureus
when used for implants. Also, AgNPs coated catheters have shown a strong antibacterial activity against E.

coli even After 30 days of soaking in high water flow (De Giglio et al., 2013; Pollini et al., 2011).
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4.4.4 Drug Delivery

Nanoparticles are mostly applied as antibacterial drug carriers, nano-based formulations of different
antibacterial drugs have been revealed to improve either antibacterial activates or pharmacokinetics by
reaching sustained release directly at the infection site. An example of such antibacterial agents is
ciprofloxacin from polyvinyl alcohol based iron oxide nanoparticles were inhibited E. coli growth for the
purpose of drug delivery alongside with antibacterial activity (Cover et al., 2012; Bajpai et al., 2011).

4.4.5 Water Disinfection

Titanium dioxide NPs is used for water disinfection because it is stable in water, non-toxic by ingestion
and low cost. The efficiency of TiO, have demonstrated potential of TiO- for drinking water disinfection.
In the recent year, it was revealed that doping TiO; with silver NPs strongly improved photocatalytic
bacterial inactivation by UV-activated TiO. It can be used either as a suspension in a slurry UV reactor, a

membrane filter or a thin film coated on a reactor surface (Li et al., 2008).

4.4.6 Food Preservation

To prevent the development of detrimental microorganisms in the diet, one can add antimicrobials into the
product formulation either coated on the surface or fused into the wrapping material (Velmurugan et al.,
2014). The author further added that the incorporation antimicrobials into the wrapping material enable
them to offer an immediate short-term decrease of bacterial populations. However, the antimicrobial films
can maintain a prolonged activity.

The increasing demand for expand fresh food shelf life along with the need of protection against foodborne
diseases enhanced the development of antibacterial food packaging. Through the most effective methods,
the combination of (organic-inorganic) packaging such as polymers loaded metal nanoparticles proved to
be highly effective. AgNPs have anti-fungi, anti-yeasts, anti-viral and antibacterial activity and can be
combined with both edible and non-degradable polymers for effective food packaging. Food containers
coated with AgNPs are an inventive concept in effective food packaging to increase the food shelf life and
the quality upkeep. The fresh food shelf life such as, dairies products, meat and fruit are significantly raised
by biocide effects against E. coli, Pseudomonas spp, S. aureus, L. monocytogens and Salmonella (Carbone
et al., 2016).
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Chapter 5.

Nanoparticles characterisation methods
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5. Characterisation methods of nanoparticles

In this study, all nanoparticles were characterised using ultraviolet/visible spectroscopy (UV-Vis), scanning
electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy, X- ray diffraction (XRD) and
transmission electron microscopy (TEM), to confirm the presence of NPs and identify the morphology,
elemental analysis, crystalline nature and lastly TEM to obtain selected area electron diffraction (SAED)
data for assignation of the crystalline nature and high resolution transmission microscopy (HRTEM) for
elucidation of the d-spacing of the lattice fringes. The absorbance of the colloidal solution (1mg of powder
NPs was dissolved in 4ml of DI water) was recorded using a UV-visible spectrophotometer (Evolution 300
UV-VIS) in the wavelength range 300nm to 1000nm. SEM and EDX investigations were undertaken on
NPs dispersed onto silicon substrates using a LEO S430; and the NPs of both types were deposited onto
glass substrates for examination via XRD (Bruker D8 Advance diffractometer). TEM samples were

prepared by deposited the NPs onto copper grid.

5.1 UV-Visible Spectroscopy

This is a characterisation technique used to obtained information about the absorbance, transmittance and
reflectance spectra with respect to the wavelength of a material by using ultraviolet and visible light from
electromagnetic radiation. In this technique, extinction in terms of scattering and absorption can also be
obtained when light travels through a biomolecules that consists of nanoparticles. The unique optical
properties possess by nanoparticles can be related to a localised surface plasmon resonance which is the
collection of electrons oscillating in the conduction band of the nanoparticles (copper, gold or silver) in

resonance with a particular wavelength of the light incident on the sample (Shang & Gao. 2014) .

In view of this, ultra-violet visible spectroscopy is a useful tool for the identification, characterisation and
studying of nanoparticles in a sample. In Figure 5-1, a beam of light from ultraviolet-visible light source is
been separated by diffraction grating or prism into their respective wavelengths (Hafdallah, 2007). Every
one of monochromatic beam of light is then split into a two equal intensity by a half-mirrored device. One
of the beam passes through a cuvette (transparent) containing the sample to be measure while the other

beam passing through a reference cuvette that consist of de-ionised water.
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Figure 5-1: Schematic diagram of spectrophotometer (Hafdallah, 2007).

This intensity of light (1), when light beams passes through the sample or material, compare to the intensity
of light passing through the reference sample (l,) by electronic detector in the spectrophotometer and

recorded in term of transmittance as expressed in equation 5.1. 1

Where T is the transmittance expressed in percentage.

The relationship between absorbance and transmittance can be expressed as:

Solution with metallic nanoparticles such as gold, silver, titanium interacts strongly with light form ultra-
violet visible region at particular or specific wavelength. A unique extinction (absorption and scattering)
peaks on several spectra exists, which can be used to determine the concentration of nanoparticle by using

Beer-Lambert law as expressed in equation 5.1.3 (Cytodiagnostics, 2018).

Where A = absorbance, € = molar extinction coefficient (M™cm™), b = path length of the solution sample

(cm), ¢ =concentration of nanoparticles in solution sample (M).
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Surface Plasmon Resonance

SPR is the starting point of various standard instruments for the measurement of adsorption of materials
onto the planar metallic surface (Au and Ag) or surface of metal nanoparticles and serves as the basic
principle behind various colour-based biosensor applications (Pranveer, 2014).

The principle of surface plasmons can be best described by Kretschmann configuration as shown in Figure
5-2. Where a metal thin film (like gold or silver) placed at the interface of two dielectric media, in which
the refractive index of medium 1 (prism) is greater than the refractive index of medium 2 (air or solution)
(n1 > n3). In this technique, a plane parallel polarised light incident from medium 1 to the medium 2, in
which the total internal reflection occurred in medium 1 (i.e. the angle of incidence (8)is greater than the
critical angle (6.)). At medium 2, evanescent waves formed with the total internal reflection condition,
these waves is increased, travelled through the gold film and exist in the second medium. The magnitude

of these waves is expressed in equation 5.1.4 (Shang & Gao. 2014; Pranveer, 2014).

kevan) = Z%nlsin(e) ....................... Equation 5.1.4
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Figure 5-2: Schematic diagram of Surface Plasmon Resonance (Shang & Gao, 2014).

Where k.yqn is the component of the evanescent waves vector parallel to the interface, 6 is the angle of
incidence, A is the wavelength of the incident light and n, is the refractive index of the glass prism. The
wave propagation confined at the gold thin film — dielectric interface are quantized with wave vector
magnitude of the surface plasmon. This is in relation to the dielectric constant of both the medium 2 and
the gold thin film. If the media is non — absorbing, the dielectric constant (¢ ) is the same as the square of

the refractive index (¢ = n3). The wave vector of the surface plasmon is given in the equation 5.1.5.
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Equation 5.1.5

When the intensity of the light (reflected) decrease, decays in the excited surface plasmon is experienced
and photons or phonons is also being converted leads to the phenomenon called surface plasmon resonance.
The equality of equation 5.1.4 and 5.1.5 leads to the expression of equation 5.1.6 and 6gpp is the angle

required for the resonance (Shang and Gao, 2014).

2,2
. 1| 2m /11 n .
Ospr = sin~t = 115271% ...................... Equation 5.1.6

The adsorption and desorption on the gold thin film surface changes with respect to the refractive index of

medium 2 near the gold thin film — dielectric interface as the resonance angles also change.

Localised surface plasmon resonance

It has been established that the frequency of beam of light incident on a material matching the natural
frequency of the valence or outer electrons oscillate against the restoring force of positive nuclei. In a
solution that consists of metallic nanoparticles such as gold and silver, SPR is referred to as Localised
surface plasmon resonance (LSPR). The change in size, shape and composition of nanoparticles makes the
light response to change or tuned from ultraviolet through visible to near infra-red regions of

electromagnetic spectrum as shown in Figure 5-3 (Nanocomposix, 2018).
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Figure 5-3: Extinction spectra of gold nanoparticles with diffrent diameters (10-100) at mass concentrations of

0.05mg/ml (Nanocomposix, 2018).
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A solution with smaller nanoparticles or nanospheres absorb more light and have peak close to 520nm while
larger nanoparticles display an increase in scattering as the peaks widen significantly and have red shift on

the wavelengths.
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Figure 5-4: Scattering spectra of various diameter nanoparticles (Nanocomposix, 2018).

The larger nanoparticles scatter huge light incident on the solution due to larger optical cross sections and
the ratio of scattering total extinction (albedo) also increases with nanoparticles size as shown in Figure
5-4 (Nanocomposix, 2018).

In this work, Thermo Scientific Evolution 300 UV-Vis double beam spectrophotometer shown in Figure
5-5 was used. The de-ionzed water was used to obtained background spectrum, solution samples are

scanned and spectra data collected in reference to wavelengths at room temperature (300 K) respectively.
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Figure 5- 5: Thermo-Scientific Evolution 300 UV-Vis double beam spectrophotometer.

5.2 Scanning Electron Microscopy

This is a technique used to investigate the nanostructures or nanoparticles present in a solution by using
high beams of electron in order to reveal the morphological structure of the particles or structures. Scanning
electron microscope (SEM) is a versatile and powerful tool to investigate and reveal the structure of material
with high resolution at the nanoscale in a vacuum. SEM comprises of electron gun, accelerating anode,
focusing and scanning magnets, secondary electron detector, backscattered electron detector and sample
stage is shown in Figure 5-6 (Anon, 2018).
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Figure 5-6: Scanning electron microscope set up (Anon, 2018).

A beam of electron is produced by thermal source (tungsten wire) or field emission by the electron gun.
The electron beam is accelerated vertically through high voltage between 20 to 30 KV and pass through
electromagnetic fields and lens to produce a thin beam of electron (Anon, 2018). The thin beam of electron
focuses on the sample. As the beam incident on the sample, the electrons interact with the sample (scanning
line by line and point by point) and scattered. There are two types of scattering (inelastic and elastic) occur
during the interaction of the electron beams with the sample. Inelastic scattering occurs, when there are
slight trajectory changes in which the energy lost due to the interaction of the beam electron with the sample
electron. This scattering produces x-ray photon, secondary electrons and backscattered electrons and focus
on the detectors place above the sample. The elastic scattering occurs as the electron trajectory changes as

the kinetic energy and velocity remain constant.

The x-ray produce in the microscope as a result of interaction between the photons and the sample electrons
give information about the elemental composition of the sample (energy dispersive x-ray spectrometry
(EDS)), the backscattered electrons produces information about the composition of the sample and

secondary electrons gives information about the surface and topography of the sample.

In this work, Carl-Zesiss EvoHD 15 and Leica S430 were used for the morphological (surface and

topography), compositional and elemental of the samples under the investigation.
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5.3 X-ray diffraction

This is a powerful, fast and non-destructive technique employed to characterize nanomaterial or
nanoparticle in a sample by displaying the crystallographic information such as crystal size, thin film layer
thickness, lattice strain, dislocation generation, roughness, orientation, dopant segregation, layer thickness
fluctuations, layer tilting and distortion of material (EAG Laboratories, 2018). This technique is also
referred to as x-ray crystallography and the instrument used for this technique is referred to as X-ray
diffractometer. In Figure 5-7, diffractometer consist of three basic components; X-ray tube, sample holder

Detector
Detector slits
"

Secondary
monochromator |

and X-ray detector (Ksanalytical.com, 2018).

K;ray tube

*Measuring circle

Figure 5-7: Schematic diagram of X-ray diffractometer (Ksanalytical.com, 2018).

From the x-ray tube, a highly energetic beam of x-rays of specific wavelengths at specific angle incident
on the sample through aperture slits as some of the inner shell electrons of the sample is dislodged. Several
beams of reflected x-rays are produced, as the wavelength of the beams of scattered x-rays was in
constructive interference mode. The occurrence of interference leads to the beams of diffracted x-rays leave
the surface of the sample at an equal to the angle of incident of beams of x-ray and diffraction angle which
is twice that an angle is detected.

A sample with a crystal lattice planar at particular distance (d), beams of x-rays of a specific wavelength
incident on the planes at angles, the path of the rays corresponding to the diffracted rays can be recorded as
ABC and (ABC) such that it acts as an integer multiple of wavelength. These integers lead to constructive
interference due to combination of the wavelength, angle of incident and the interplanar spacing of the

crystal lattice of the sample as shown in Figure 5-8.
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Figure 5-8: Bragg's law demonstration (Geochemical Instrumentation and Analysis, 2018).

The relationship between interplanar spacing, wavelength of the incidents rays and angle of incidence is

known as Bragg’s law (5.3.1):
NA=2dSING ... ... e e et e e et e e e e e e e e 2200301

Where n is an integer that depends on the number of reflected rays, A is the wavelength of the incident rays,
d is the interplanar spacing and 6 is the angle of incidence. The collections of the reflected rays are used for
the identification of the crystalline nature of a sample by solving Bragg’s law equation (Crystalimpact.com,

2018). Also, the d-spacing (spacing lattice) can be calculated.

Furthermore, the crystal size of nanoparticle can also be calculated using debye-scherrer expression as

shown in equation 5.3.2.

KA
B(29) = m ................................ 53.2

Where L is the average size of the crystalline particles, A is the wavelength of radiation or incident ray in
this study, a wavelength of copper source (0.1541 nm) were used, 0 is the peak position and f is the full
width half maxima (FWHM) or peak width was calculated from XRD graph using Origin 2017 software.

In this study, Bruker D8 Advance diffractometer were used.
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5.4 Transmission electron microscope

This is a technique of using transmission of a beam of electrons to image the inner part of a sample for high
magnification. The principle of operation is similar to light microscope except high voltage transmission of
electrons beam is used for the imaging. TEM is capable of operating in both imaging and diffraction mode
as required by the nature of the sample (low thickness and highly transparent) (Encyclopedia Britannica,
2018). As shown in Figure 5-9, high energy electrons of about 30 KV produced by electron gun accelerated
and focused on to the sample through condenser lens. The essence of anode in the instrument is to help in
converging negatively charged electrons on to the sample through condenser. For nanoparticles imaging,
the technique is prefer due to it higher resolution as the grain size and distribution, particle size
and morphology of the sample can be determine using copper grid coated with carbon
(Nanocomposix, 2018). The imaging mode of the TEM, as the electrons interact with the sample,
the bright field image occurs as a shadow of the sample and this appear on the florescent screen of
the instrument. The D-spacing can be measured from High-resolution transmission electron

microscope (HRTEM) image of the NPs using ImageJ software in order to calculate the fringe
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Figure 5-9: Schematic of Transmission Electron Microscope (Encyclopedia Britannica, 2018).

lattice spacing.
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Selected Area Electron Diffraction (SAED)
As the electrons occur on the sample, some of the electrons travel through the sample, whereas some are

scattered. The scattered electrons are of two types; elastic and inelastic. The elastic scattering electrons
interact with the atoms in the sample, which makes the sample exhibit diffraction by allowing the electron
to pass through the sample at a similar angle and collate using electromagnetic lenses to form a pattern of
spots on the screen, each spot corresponding to a specific diffraction condition of the sample's crystal
structure. When the sample is tilted, the same crystal will stay under illumination, but different diffraction
conditions will be stimulated, and different diffraction spots will appear or disappear. The spots correspond
to atomic spacing, providing information such as atomic arrangement, phases and orientation. The inelastic
scattering electrons exhibit electron energy loss by allowing electrons to interact with the sample in which
the bonding state and composition of each element in the sample is revealed. The selected area electron
diffraction (SAED) pattern was achieved by directing the electron beam perpendicular to one of the
nanoparticles. The crystalline nature can be identified by the SAED pattern, in the case of amprohous
(diffuse rings), crystalline (bright spots), besides polynanocrystalline (small spots making up rings, each
spot arising from Bragg reflection from an individual crystallite), as shown in Figure 5-10. Single spots
appear only when the beam is diffracted by a single crystal and can be used to identify unknown material
by indexing the patterns of the spots. The SAED of polycrystalline materials gives ring patterns analogous
to those from X-ray powder diffraction and can be used to identify unknown material by indexing the ring
patterns and discriminate nanocrystalline from amorphous phases. The Miller index can be measured from
the SAED image of the NP, in the case of polycrystalline particles with a Debye ring measuring the diameter
of each ring 2R (d-spacing) obtained using ImageJ software; if the particle is a single crystal, selected area
electron diffraction will form Bragg spots, measuring the d-spacing (R) by measuring the distance
between three spots using ImageJ software. In this work, a JEOL 2000FX- TEM was used to measure the

diameters of the rings as seen in Figures 5-10 and 5-11:

d value calculation:

Distance between two bright spots (D) = 2 x Radius of that circle.

The distance is in reciprocal space, so we take the inverse to convert it into real space.
Thus, the formula for Interplanar spacing (d):

Interplanar spacing (d) = 2 / Distance between two bright spots

Check the ratios against the table of ratios as regards the interplannar spacing (The international Centre

for Diffraction Data (ICDD) for silver, copper and gold respectively attached in Appendices A, B and C).
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Figure 5-10: Selected area electron diffraction pattern (SAED) of AgNPs that shows the particles are polycrystalline
with a Debye ring, by measuring the d-spacing which is 2.36 A that matched the ICDD data with d-spacing 2.3592 A,

illustrating the index corresponding to (111).

Figure 5-11: The selected area electron diffraction pattern (SAED) of the copper nanocube (CuNC) that shows the
particles are a single crystal with Bragg spots, measuring the d-spacing (R) between two spots which is 2.1A, that

matched the ICDD data of copper with d-spacing 2.0871 A, illustrating the index corresponding to (111).
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5.5 Centrifugation

The rate-zonal centrifugation process is used to avoid cross-contamination of nanoparticles of different
sedimentation rates through the layering of samples as a narrow zone at the top of the density gradient
(Sapsford, et al. 2011). The process of rate-zonal centrifugation is elaborated in Figure 5-12. This approach
ensures that the faster sedimenting particles do not become contaminated by the slower sedimenting
particles as it happens during differential centrifugation. Nonetheless, the use of narrow load zone often
limits the volume of a sample to 10% of what can be accommodated on the density gradient. The established
gradient stabilizes the band and gives the medium, increasing viscosity and density.

Sample zone
A. B. lc.

Density
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Figure 5-102: The process of rate-zonal centrifugation (Kowalczyk et al., 2011).

*+— Centrifugal Force

As shown in Figure 5-12, a nanoparticle sample is layered as a narrow zone at the top of the density gradient
(B). Through centrifugal force, the particles shift at different speeds depending on their mass (C). With the
rate-zonal centrifugation process, the speed at which nanoparticle material sediments mainly depends on
their mass and size instead of density (Kowalczyk et al., 2011). As the particle material in a band moves
down through the medium, the zones with particles of similar size form quickly sedimenting particles
followed by the slower ones. Since the particle density is greater than that of the medium, all particles

finally form a pellet if they are centrifuged sufficiently (Wu, et al. 2013).

The success of nanoparticle separation through centrifugation depends on the gradient medium used. The
gradient medium affects the rate of sedimentation and the buoyancy density of particles. In rate-zonal
separation, the function of the gradient medium is to generate a gradient of viscosity that enhances particle
resolution, and at the same time ensuring the column is stable from convention currents (Schaefer, et al.
2012). An ideal density medium should contain various properties, including being sufficiently soluble, not

forming solutions of high viscosity, does not tamper with the biologic activity of the sample, and be of
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reasonable cost. However, no single compound satisfies this criterion. As such, different range of gradient

media is used for various samples (Inagaki, et al. 2013).

In a previous research, Akbulut et al. (2012) have demonstrated the use of aqueous multiphase systems
(MuPSs) as media for rate-zonal centrifugation. The approach separates gold nanoparticles of different
sizes and shapes. The characteristic of the MuPSs gradient medium does not change during centrifugation
or with time, and this stability facilitates the process of sample collection. The three-phase system of this
process ensures that reaction products (large particles, nanospheres, and nanorods) are produced, where the
old nanorods are enriched from 48% to 99% in a matter of 10 minutes using a benchtop centrifuge. Figure

5-13 shows this centrifugation process.

NP suspension l top

Figure 5-113: Rate-zonal centrifugation using aqueous multiphase systems (MuPSs) as media (Akbulut et al., 2012).

MuPSs offer five key advantages as a gradient medium, including stable thermodynamic phases, the sharp
interface between the phases to improve particle collection after separation, independent control of viscosity
at each phase; can be prepared in advance before use, and ability to be corrected if disrupted through
centrifugation. As such, the ability to separate objects into different zones where every zone is separated
by an interface and at equilibrium makes MuPSs particularly applicable in separating gold nanoparticles.
In this work, ROTANTA 460S were used.
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Synthesis of nanoparticles

I-Synthesis of silver nanoparticles

1-Materials

All chemicals for this work were purchased from Sigma-Aldrich, UK, and did not require further
purification. They include silver nitride (AgNO3), sodium bromide (NaBr), polyvinylpyrrolidone (PVP)
([C6HIONQ]N) and ethylene glycol (EG) (C2H602). All plastic equipment was cleaned using Isopropyl
alcohol (1.P.A) and with D.I water, while the glassware was cleaned with acetone.

1-1 Synthesis of truncated octahedron AgNPs (AgNOct)

To synthesise AgNOct, 3ml of two EG solutions, one containing 144mM PVP and 0.11mM NaBr, the other
containing 94mM AgNQO3, were added dropwise via a two-channel syringe pump to 5ml of EG heated in a
condenser at 160 °C. A 30uL drop of 10mM NaBr was subsequently added to the pre-heated EG. The
reaction solution turned yellow in a few seconds after the addition of AGNO3 and PVP demonstrating the
formation of AgNPs. After 10 minutes, the yellow colour faded in intensity due to oxidative etching and
remained a light yellow colour for approximately 10 minutes before turning to brown and subsequently to
grey as the NPs increased in size. The synthesised NPs were then centrifuged at 4600rpm three times and
washed with de-ionised water ((DI) 18.2M Q MilliQ) to remove any impurities and unreacted precursors.

The reactions governing the formation of the particles are expressed as follows (Gupta, 2011):
2HOCH,CH,0H — 2CH3CHO + 2H,0 (6.1.1)
2Ag* +2CH3CHO — CH3CO-COCHs + 2Ag + 2H-+ (6.1.2)

These reactions usually occur in the presence of a mediating species, such as sodium bromide, sodium
sulphide, sodium borohydride and hydrochloric acid. These mediators (NaBr in this case) play a role in the
etching of the particle seeds, facilitating the formation of truncated octahedron. The PVP also works as a
shape-control agent prompting the reduction of AgNO5 onto specific crystal faces while preventing the

reduction of others.

1-2 Synthesis of spherical AgNPs (AgNS)

To synthesise spherical AgNPs, an aqueous solution of AgNO3 0.001M was heated to 100°C and then 3ml
of sodium citrate was added. The mixture was heated until the colour changed to yellow. To remove the
contamination and unreacted precursors from the AgNSs, a combination of centrifugation and DI water

washes was used three times, as before.
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The particles were produced by reducing AgNO3 through the following reaction (Ratyakshi et al., 2009):
4Ag* +CsHsO7Naz +2H,0 — 4Ago + CeHs07H3 + 3Na* +H™ +O,T (6.2.1)
I1-Synthesis of copper nanoparticles

1-Materials

All chemicals used in this study were purchased from Sigma-Aldrich, UK, and did not require further
purification. They include copper sulphate (CuSO.), ascorbic acid (CsHgOs), polyvinylpyrrolidone (PVP)
([CeHgNQ]N), sodium hydroxide (NaOH) and ethylene glycol (EG) (C2HsO>).

1-1 Synthesis of spherical CuNPs (CuNS)

The CuNSs growth solution was prepared by adding 1.59g of CuSQO,, 1g PVP and 4.36g of Ascorbic acid
all in 100ml of DI water. PVP was used as a surfactant and ascorbic acid as a reducing agent. It was then
mixed and agitated with the use of a stirring magnetic bar and maintained at 80C°. CuNPs are highly
unstable as they oxidise rapidly, though this can be inhibited by the use of ascorbic acid. The formation of
CuNPs was confirmed once the colour of the mixture turned brick red from a blue colour. CuSO, primarily
separates to Cu,+ and SO4- in water, and Cuy+ ions are hydrolysed into Cu(OH2) as a precursor. Moreover,
further reduction of Cu(OHy) takes place in the presence of ascorbic acid to form Cu,O. Finally, Cu.O is
further reduced to form CuNPs. The reaction can be represented as follows (Gurav et al., 2014):

CuSO, — Cu?* +S04* (6.3.1)
2H,0 — 2H* +20H" (6.3.2)
Cu?* +20H" - CuOH; (6.3.3)

2CU(OH2) + CgHgOs = Cu,0O + CsHeOg + 3H0 (634)
Cu,0 + C6HgOg — Cu + CsHeOs + H,O (6.3.5)

2H* + SO.Z - H,S0, (6.3.6)

1-2 Synthesis of cube CuNPs (CuNC)
5g of CuSO4 and 2.5g NaOH were mixed with 50ml of ethylene glycol in a three-neck round flask equipped

with a condenser and magnetic stirrer under agitation at room temperature, then boiled to reach 160 °C.
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The colour of the mixture changed from blue to deep blue, to green, to yellow, to a yellowish brown and

finally to red brick in 1.5 hours. The reaction can be represented as follows (Sun et al., 2005):
HOCH,CH,OH — CH3;CHO + H;0 (6.4.1)
4NaOH + CuS04-5H,0 — Na[Cu(OH)4] + Na2SO4 + 5H20
Naz[Cu(OH)4] + 2HOCH,CH,0H — Na,[Cu(OCH2CH,0),] + 4H,0
2Naz[Cu(OCH2CHz0);] + H20 — Cuz0 + CH3COCOCH;3 + 2Na(OCH:CH:0)  (6.4.2)
Cu20 + 2CH3CHO — 2Cu + H,0 (6.4.3)

The synthesised nanoparticles of both shapes were centrifuged at 4600rpm three times and washed with
water to remove any impurities and unreacted precursors. Freeze-drying was then used to form a powder

from the copper colloid to a powder phase.
I11-Synthesis of gold nanoparticles

1-Materials
Chloroauric acid (HAuUCI4), Sodium citrate (C6H507. 3Na) and sodium bromide (NaBr) purchased from
Sigma- Aldrich, U.K.)

1-1 Synthesis of spherical AUNPs (AuNS)

2.2mM sodium citrate of 150ml DI water was placed in a beaker over a hot plate for 20 minutes under
continuous stirring. After boiling (100°C), 1ml drop of 25mM of HAuCI4 was added to the solution. The
colour of the solution changed from yellow to light pink in a few seconds. The negatively charged citrate

ions coated the seed particles and hence, were well suspended in water (McFarland et al., 2004).

1-2 Synthesis of octahedron AuNPs (AuNOct)

20ml of 2.5x1072 aqueous solution of HAuCI4 was placed in a conical flask fitted inside a sonicating bath
at 35 KHz frequency with the power intensity of 240W/cm?. 20ml of 2.5x10~2 aqueous solution of NaBr
was added dropwise with the help of a burette. The mixture turned to dark yellow then to red. The

suspension was subjected to ultrasonic waves for 7h (Wani et al., 2013).
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Table 6.1 Different shaped synthesised metal nanoparticles in vitro used as an antibacterial agent against

E. coli and E. faecium.

Silver Gold Copper

nanosphere | nanooctahedron | nanosphere | nanooctahedron | nanosphere nanocube

AgNS AgNOct AUNS AuNOct CuNS CuNC

Different nanoparticle shapes were produced in vitro, such as copper nanoplate, gold nanowire, silver
nanowire, triangle nanosilver and hexagonal plate AgNPs (Appendix D); where it has not been used for
further antibacterial investigation due to time restrictions, inability to be repeated and difficulties in
controlling shape and size.

IV- Results and discussion

6.1 Truncated octahedral (AgNOct) and spherical (AgNS) characterisation

The absorption spectrum of the AgNS solution in Figure 6-1b shows a sharp and intense peak at 410nm
that is attributable to the surface plasmon absorption (SPR) of spherical AgNPs (Guzman et al., 2012).
AgNOct solution in Figure 6-1a displays an intense peak at 485nm with shoulders at 365nm and 345nm
which clearly reflects anisotropic shaped NPs. The intense band at 485nm arises due to coherent dipole
oscillation along the long axis of hanooctahedron, whereas the less intense transverse bands at 345 and 365
are due to dipole oscillation perpendicular to the short axis of the truncated edge of the octahedron (Acharya
et al., 2018). Geometric structures were related to in-plane dipole (485nm), in-plane quadrupole plasmon
resonance (365nm) and the out-of-plane dipole (345nm). The in-plane dipole plasmon band shift due to the
truncated corners resulted in the red shift of SPR. The number of peaks correlates with the number of ways
the electron density can be polarised (Swarnavalli et al., 2011; Lee, 2010).

The shape and position of plasmon absorption of AgNPs are primarily dependent on dielectric medium,
particle size and the surface adsorbed species (Pal et al., 2007). Anisotropic particles such as truncated
octahedrons could have two or more SPR bands depending on the shape of the particles. However, only a

single SPR band is present in the absorption spectra of spherical NPs, as spherical AgNPs reduced and
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stabilised by a negatively charge citrate ion and electrostatic repulsive force prevented the particle
aggregation for a long time. Nevertheless, the addition of NaBr in the octahedron synthesis causes further
oxidation of small particles into Ag* ions as a consequence of the etching and transformation of the
anisotropic shape from a spherical shape to a octahedron (Acharya et al., 2018).
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Figure 6-2: UV absorption spectra of (a) truncated octahedron (AgNOct) and (b) spherical (AgNS). AgNS shows an

intense peak at 410nm, whereas AgNOct displays an intense peak at 485nm with shoulders at 345nm and 365nm.

SEM images of prepared AgNOct and AgNS are shown in Figure 6-2 (a and b respectively). The AgNOct
have an average diameter of ~194nm. The size distribution is calculated from SEM images, where the
polydispersity is 25% (Figure 6-3a). Figure 2b shows spherically-shaped NPs with an average diameter of
~195nm, where the polydispersity is 26% (Figure 6-3b), the lower polydispersity means that more uniform
nanoparticles in size. EDX analysis of the AgNPs shows the high purity of both sets of samples. The high
purity is related to the solution being centrifuged ahead of any further investigations to remove any
impurities, besides unreacted precursor and solvent (Figure 6-4 a and b).

EHT = 20.00 kv 31-3-1h_01 kif Date :15 May 2015 |
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Figure 6-3: SEM images of (a) truncated octahedron shape (AgNOct) and (b) spherical shape AgNS.
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Figure 6-4: Size distribution of (a) AgNOct and (b) AgNS, shows polydispersity of 25% and 26% respectively.
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Figure 6-5: EDX of (a) AgNOct and (b) AgNS, confirming the purity of both shaped AgNPs.

XRD data shown in Figure 6-5 (a and b) confirms the formation of FCC AgNPs. Diffraction peaks at 20
are 38, 44, 64, 77 & 81, which are attributed to (111), (200), (220), (311) and (222) lattice planes of Ag
with a cubic phase (ICDD 04-0783). AgNOct is enclosed by (111) faceted plane compared with AgNS.
Generally, spherical AgNPs exhibit a dominant (100) plane, while truncated octahedron AgNPs exhibit
(111) a lower intensity of (100). Different crystal structures or directions may reveal different chemical and
physical properties. For instance, the (111), (100) and (110) surfaces of the face centred cubic (fcc) metal
have different surface atom densities, chemical reactivity and electronics structure (Zhou et al., 2011; Lee
et al., 2007). In addition, it was argued previously that the antibacterial activity of silver is greater when
high atomic density facets are present such as the {111} plane (Acharya et al., 2018). It was assumed that

atoms were more reactive on the facets of higher surface energy (Xia et al., 2009), possibly to enhance the
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antibacterial properties of AgNOct compared to AgNS (Acharya et al., 2018). The presence of structural
peaks in XRD patterns clearly illustrate that the AgNPs synthesised in vitro using the chemical method
were nanocrystalline in nature. Table 6-2 illustrates the calculations obtained from XRD pattern of AgNS
and AgNOct, the experimental peaks position (20) matches each of the peaks position values in thee [CDD
which confirms the formation of FCC silver. The schematic diagram of the face-centred cubic structure
(FCC) (Figure 6-6a), where the atoms are located at the eight corners of the unit cell and at the centre of
each face is also termed a close packed structure. It was suggested that the truncated octahedron comprising
plane (111) has higher electron density than spherical NPs, which play an essential role in antibacterial
action that supports our findings with regard to (AgNOct). Figure 6-6b represents Miller indices notation

of (111) plane.
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Figure 6-6: XRD pattern obtained from (a) AgNOct and (b) AgNS. Diffraction peaks at 20 are 38, 44, 64, 77 & 81 are
attributed to (111), (200), (220), (311) and (222) lattice planes of Ag with a cubic phase (ICDD card no. 04-0783),

confirming both shapes are metallic FCC silver, whereas AgNOct has a higher electron density of (111) plane.
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Figure 6-6: Face-centred cubic structure (FCC) (c) and Miller indices of (111) planes (d).

Table 6.2 Calculations obtained from the XRD pattern of AgNS and AgNOct compared with JCPDS silver

values confirmed the formation of FCC silver (peak indexing from d-spacing).

20 in degrees Shape of | Experimental | d-spacing calculating | hkl FWHM Average Experimental
JCPDS silver: AgNPs 20 in degrees | from spectra (A) (degree) crystallite lattice
04-0783 size constant a (A)
AgNS 38.088 2.36 111 0.21 41 4.08
38.116
AgNOct 38.12 0.26 33
AgNS 44.21 2.02 200 0.41 21 4.08
44.277
AgNOct 44.28 0.35 25
AgNS 64.48 144 220 0.5 19 4.08
64.426
AgNOct 64.42 0.41 23
AgNS 77.41 1.23 311 0.5 21 4.08
77.472
AgNOct 77.47 0.5 23
AgNS 81.67 1.18 222 1.43 7 4.08
81.62
AgNOct 81.61 0.46 23

High resolution transmission electron microscopy (HRTEM) images of AgNOct exhibit a octahedron

particle as shown in Figure.6-7a; a simulation of a 3D model of truncated octahedron silver (Figure.6-7b).

D-spacing was calculated from High-resolution lattice images (HRTEM) of AgNOct (Figure 6-8) that
shows 2.02 A and 2.36 A which correspond to (200) and (111) lattice planes; either in ICDD data for silver
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(2.3592 A and 2.0431 A) respectively (Appendix A) or calculated from the diffraction pattern using Bragg’s
law (Equation 5.3.1). The selected area electron diffraction pattern (SAED) of AgNOct and AgNS
demonstrated that the particle is polycrystalline with a Debye ring (Figures 6-9 and 6-10). The diameter of
each ring was calculated in order to measure 2R (d-spacing) and compared the calues of R (d-spacing) with
XRD data or with ICDD data (see Appendix A). Table (6-3 and 6-4) illustrated the indexing plane calculated
from selected area electron diffraction (SAED) that shows the same findings as the literature (Bykkam et
al., 2015), confirming that the particle is crystallographic for face-centred cubic (FCC) silver crystal
(Theivasanthi et al., 2011).

SRR A v
Figure 6-7: High-resolution transmission electron microscopy (HRTEM) images of truncated octahedron AgNOct (A)

and (B) Simulation of a 3D model of truncated octahedron silver.

Figure 6-8: High resolution-TEM images illustrating the lattice fringe of AgNOct which confirmed the d-spacing
value were indexed to: (a) lattice spacing of 2.36 A corresponding to (111) and (b) lattice spacing of 2.02 A
corresponding to (200).
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Figure 6- 9: Selected area electron diffraction pattern (SAED) of AgNOct that shows the particles are polycrystalline

with a Debye ring and illustrated the index corresponding to (111), (200), (220), (311) and (222).

Table 6.3 Calculations obtained from indexing the selected area electron diffraction (SAED) of AgNOct

and comparing the calues of R (d-spacing) with the XRD data or data base ICDD.

2R [1/nm] R [1/nm] R [nm] Experimental R | Diffraction data | hk| Experimental 2-
[A] ICDDR[A] theta
(d-spacing) (d-spacing)

8.41 4.209 0.236 2.36 2.3592 111 38.08

9.74 4.8715 0.202 2.02 2.0431 200 44.21

13.99 6.997 0.144 1.44 1.4447 220 64.41

16.25 8.1265 0.123 1.23 1.2320 311 77.41

10.13 5.07 0.178 1.17 1.1796 222 81.60
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Figure 6-10: Selected area electron diffraction pattern (SAED) of AgNS that shows the particles is polycrystalline
with a Debye ring and showed the index corresponding to (111), (200), (220), (311) and (222).

Table 6.4 Calculations obtained from indexing the selected area electron diffraction (SAED) of AgNS and
comparing the calues of R (d-spacing) with the XRD data or data base ICDD.

2R [1/nm] R [1/nm] R [nm] Experimental R | Diffraction data | hk| Experimental 2-
[A] ICDDR[A] theta
(d-spacing) (d-spacing)

8.47 4.23 0.24 2.46 2.3592 111 38.2

9.64 4.82 0.21 2.21 2.0431 200 443

13.66 6.83 0.15 1.54 1.4447 220 64.4

16.61 8.31 0.12 1.23 1.2320 311 77.4

11.14 5.57 0.18 1.18 1.1796 222 815
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6.2 Cu nanocube (CuNC) and Cu nanosphere (CuNS) characterisation

The absorption spectrum of the CuNS solution shown in Figure 6-11a shows an intense peak at 580nm,
which is attributable to the surface plasmon absorption of copper nanosphere (Abdulla-Al-Mamun et al.,
2007). In Figure 6-11b, CuNCs illustrates three broad peaks observed at 335nm, 450nm and 785nm,
respectively. The SPR agreed with the literature. It shows that the number of SPR would increase with the
decrease in the symmetry of metal NPs. The absorption spectra of metal nanoparticles were mediated by
surface plasmon resonances (SPRs) that shift to longer wavelengths, as the shape changed from spheres to
other shapes (Wang et al., 2006). CuNPs are highly unstable as they oxidise rapidly, though this can be
inhibited by the use of ascorbic acid, as shown in (Appendix E), as prepared copper nanoparticles have a
red brick colour and commercial copper oxide has a black colour.
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Figure 6- 71: UV spectra of (a) CuNS shows an intense peak at 580nm and (b) CuNC exhibits three broad peaks
observed at 335nm, 450nm and 785nm.

SEM images of prepared CuNS and CuNC are shown in Figure 6-12 (a and b respectively). The spherically
shaped nanoparticles have an average diameter of ~270nm. Figure 6-12b shows uniformly cube-shaped
NPs with sides of length ~270nm. The size distribution is calculated from SEM images, where the
polydispersity is 25% of spherical-shaped NPs (Figure 6-13a). Figure 6-13b explains cube-shaped NPs are
a highly uniform shape where the polydispersity of 10% is low.
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Figure 6- 82: SEM images of (a) spherical shape copper nanoparticles (CuNS) and (b) cubic shape copper

nanoparticles (CuNC).
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Figure 6- 93: Size distribution of (a) CuNS and (b) CuNC, shows polydispersity of 25% and 10% respectively.

EDX analysis of the CuNPs shows the presence of Cu, silicon (from the substrate) and low levels of oxygen
and carbon which might be related to the surfactant used in the experiment (PVP) ([C6HINO]n) (Figure 6-

14).
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Figure 6- 104: EDX of (a) CuNS and (b) CuNC confirming the purity of both CuNPs shapes. Only low level oxygen
and carbon which might be related to the surfactant used in the experiment (PVP) ([JC6HINO]n).

Diffraction peaks at 20 = 43.2 and 74.4 are attributed to (111) and (220) planes of Cu with a cubic phase
FCC copper (ICDD card no. 04-0836), as shown in Fig 6-15a agreed well with literature (Mowbray, 2013).
The cubic structure as shown in the SEM images (Figure 6-12b) illustrates that the crystal plane enclosed
by {100} on all sides suggested cubic formation due to oxidative etching during the nucleation phase of the
seeds owing to a large shift in the distribution of seeds in the pathway of single crystal particles instead of
twinned seeds (Mowbray, 2013). This findings agreed with the SAED pattern that confirms the particle is
a single crystal with Bragg spots (see Figure 6-17). The calculation obtained from the diffraction peaks in
Table 6-5 confirmed the experimental peaks position matching the ICDD Cu 04-0836 peaks position value
for both shapes. However, the XRD pattern for CuNS reveals an additional peak indexed as the (220)
diffraction of Cu.O (ICDD 05-0667), as seen in Figure 6-15b that can be associated with the slow oxidation
of metallic CuNPs in air to form CuO (Chen et al., 2015). In addition, the intensity of (111) plane of CUNC
was revealed to be much higher than the CuNS, suggesting better inhibition of the bacteria growth
demonstrated from our findings in Chapter 7. Unlike AgNPs, there is a lack of studies related to the

relationship between the CuNPs shape enhanced antibacterial activity with faceted structure.
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Figure 6-115: XRD pattern confirming the formation of FCC copper crystallographic (a) CuNC and (b) CuNS.
Diffraction peaks at 20 = 43.2 and 74.4 corresponding to (111) and (220) lattice planes in CuNC that agreed with
cubic phase (ICDD card no. 04-0836), whereas in CuNS, the additional peak at 61 corresponds to the Cu,0 (220)
plane.

Table.6-5 Calculations obtained from the XRD pattern of prepared CuNS/CuNC compared with JCPDS

silver values confirmed the formation of FCC copper

20 in degrees Shape of | Experimental d-spacing hkl FWHM Average Experimental
JCPDS copper: CuNPs 20 in degrees calculating (degree) crystallite lattice
04-0783 from spectra size constant a (A)
A)
43.2 CuNS 42.39 21 Cu 0.80109 11 3.61
111
CuNC 42.21 0.43694 20
74.4 CuNS 73.58 1.27 Cu 1.38218 7 3.61
220
CuNC 73.57 1.02075 10
61.2 CuNS—Cuz0 61.37 15 Cu0 | 1.38218 6 3.61
220
CuNC No peak

High resolution transmission electron microscopy (HRTEM) images of CUNC shows a cube shape particle,
as shown in Figure.6-16. The selected area electron diffraction pattern (SAED) of CuNC shows the particle
is a single crystal with Bragg spots (Figure 6-17). The diameter between three spots was calculated as seen
in Table 6-6, in order to measure R (d-spacing) and compare the calues of R (d-spacing) with XRD data or
with (ICDD) that is attached to Appendix B. Spots indexing corresponding to (111) and (200) plane with

d-spacing of 2.1 A and 1.27 A, as seen in Figure 6-17, confirmed the same results for the d-spacing
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calculated using Bragg’s law, as shown in Table 6-5. TEM data for CUNC shows that the particle is
crystallographic for the face-centred cubic (FCC) Cu crystal ((Mowbray, 2013).

200 nm

Figure 6-126: High resolution transmission electron microscopy (HRTEM) images of CuNC shows a distinct cubic

shape.

Figure 6- 137: Selected area electron diffraction pattern (SAED) of CuNC shows that the particles are a single crystal
with Bragg spots. The pattern of spots corresponding to (111) and (200).

Table.6-6 Calculations obtained from indexing the selected area electron diffraction (SAED) of CuNC and
comparing the calues of R (d-spacing) with XRD data or data base ICDD.

R [1/nm] R [nm] Experimental R | Diffraction data | hkl Experimental 2-
[Al ICDD R [A] theta
(d-spacing) (d-spacing)

4.7913 0.20871 2.08 2.0871 111 4221

7.8241 0.12781 1.27 1.2781 220 73.57
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6.3 Truncated octahedral (AuNOct) and spherical (AuNS)

The absorption spectrum of the Au solution in Figure 6-18a shows an intense peak at 525nm and large
shoulder at a lower wavelength that is attributable to the surface plasmon absorption resonance of
spherical NPs (Cheng et al., 2013). Figure 6-18 b shows a broad peak at 545nm that is attributable to the
surface plasmon absorption of AuNOct (SPRs) that shift to longer wavelengths as the shape of the NPs
changes from spherical to octahedron (Weng et al., 2008).
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Figure 6- 148: UV absorption spectra of (a) AuNS shows an intense peak at 525nm and (b) AuNOct shows a
broad peak at 545nm.
SEM images of prepared AuNSs and AuNOcts are shown in Figure 6-19 (a and b respectively). The
spherically shaped nanoparticles have an average diameter of ~205nm (Figure 6-19a). The size distribution
is calculated from SEM images where the polydispersity is 25% (Figure 6-20a). Figure 6-19b reveals that

octahedral shaped NPs have the same average diameter of a spherical AUNS, where the polydispersity is
29% (Figure 6-20b).
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Figure 6- 159: SEM images of (a) AuNS and (b) AuNOct shows spherical and truncated octahedron shaped gold

nanoparticles respectively.
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Figure 6- 20: Size distribution of (a) AUNS and (b) AuNOct illustrates polydispersity of 25% and 29% respectively.

85



0 2 4 6 g

ull Scale 2397 iz Cursor: 4656 (127 cts)

ke

T T T T T T
0 2 L) g
ull Scale 2397 otz Cursor, 4656 (59 cis)

ke|

Figure 6- 161: EDX of (a) AuNS and (b) AuNOct.

EDX analysis of the AuNPs exhibits the high purity of both sets of samples related to removing any
impurities, unreacted precursor and solvent using the centrifugation process (Figure 6-21 a and b).
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Figure 6- 172: XRD pattern confirming the formation of AuNPs: (a) AuNS and (b) AuNOct. Diffraction peaks at 26
are 38, 44, 64, 78 & 81, which are attributed to (111), (200), (220), (311) and (222) lattice planes of Au with a cubic
phase (ICDD. 04-0784) confirming both shapes were metallic FCC gold, whereas AuNOct has a higher electron

density of (111) plane.

X-ray diffraction data shown in Figure 6-22 (a and b) confirms the formation of FCC AuNPs. AuNOct
shows diffraction peaks at 20 = 38, 44, 64, 78 and 81 of AuNOct are attributed to (111), (200), (220), (311)
and (222) planes respectively of Au with a cubic phase (ICDD. 04-0783), as shown in table 6-7, AuNS
shows only three diffraction peaks at 38, 44 and 64 corresponding to (111), (200) and (220), as seen in
Figure 6-22b. AuNOct orientated by (111) plane compared to AuUNS besides the position of the AuNOct
peaks matching all 20 values of the FCC (ICDD 04-0784) gold structure, while in the AuUNS, two peaks are
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missing. The improved AuNOct crystallinity suggesting enhanced antibacterial activity confirmed by our

findings in Chapter 7.

Table.6-7 Calculations obtained from the XRD pattern of prepared AuNS/AuNOct compared with JCPDS

gold values

20 in degrees | Shape of | Experiment | d-spacing hkl FWHM | Average Experiment
JCPDS gold: | AuNPs al calculating (degree) | crystalline | al lattice
04-0783 20 in | from spectra size constant a
degrees A A)
38.22 AuNS 38.139 0.76144 | 11 4.07
111
AuNOct 38.003 2.36 1.1673 17
44.43 AuNS 44291 21 2.07035 | 4 4.07
200
AuNOct 44.364 2.04 1.552 5
64.64 AuNS 64.634 3.25735 | 3 4.07
220
AuNOct 64.319 15 2.2977 4
77.65 AuNOct 77.5563 1.231 311 1.4222 7 4.07
81.81 AuNOct 81.206 1.184 222 1.3526 8 4.07

High resolution transmission electron microscopy (HRTEM) images of AuNOct shows the lattice fringe of
the particle, as illustrated in Figure 6-23. The d-spacing was measured with 2.04 A and 2.36 A which
verified the results of the d-spacing calculated using Bragg’s law, as shown in Table (6-7and 6-8). The
selected area electron diffraction pattern (SAED) of AuNOct shows the particle is polycrystalline with a
Debye ring (Figure 6-24) and the calues of R (d-spacing) compared with the XRD data or with (AMCSD)
attached in Appendix C. Although, the SEAD pattern of AuNS shows that polycrystalline with a Debye
ring has three clear rings only, as shown in Figure 6-25, the d-spacing calculated from the SAED image
match the d-spacing of (AMCSD), as seen in Table 6-9. TEM data for AuUNOct and AuNS confirms that
the particle is crystallographic in relation to the FCC Au structure (Wani et al., 2013).
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Figure 6- 194: Selected area electron diffraction pattern (SAED) of AuNOct that displays the particles are
polycrystalline with Debye rings.
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Table.6-8 Calculations obtained from indexing the selected area electron diffraction (SAED) of AuNOct
and comparing the calues of R (d-spacing) with the XRD data or data base ICDD.

2R [1/nm] R [1/nm] R [nm] Experimental R | Diffraction hkl Experimental 2-
[A] data ICDD R theta
[A]
(d-spacing)
(d-spacing)
8.494 4.2470 0.23546 2.3616 2.3619 111 38.003
9.775 4.8875 0.20 2.0460 2.0455 200 44.364
12.042 6.021 0.15 1.6608 1.4464 220 64.319
16.23 8.115 0.12 1.2322 1.2335 311 77.5563
18.446 9.223 0.11 1.0842 1.1810 222 81.206

10 1/am

S

Figure 6- 205: Selected area electron diffraction pattern (SAED) of AuNS that shows the particle is polycrystalline
with Debye rings.
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Table.6-9 Calculations obtained from indexing the selected area electron diffraction (SAED) of AuNS and comparing
the calues of R (d-spacing) with the XRD data or data base ICDD.

2R [1/nm] R [1/nm] R [nm] Experimental R | Diffraction hkl Experimental 2-
[A] data ICDD R theta
[Al
(d-spacing)
(d-spacing)
7.914 3.957 0.24 2.527 2.3619 111 38.139
2.1
9.8082 4.9041 0.20391 2.04 2.0455 200 44,291
13.8704 6.9352 0.14419 15 2.3619 220 64.634

6.4 Summary

All nanoparticles were characterised using UV-VIS spectroscopy, SEM, EDX , XRD and TEM to confirm
the presence of NPs and identify the morphology, elemental analysis, crystalline nature and lastly TEM to
obtain the SAED for assignation of the crystalline nature and HRTEM for elucidation of the d-spacing of
the lattice fringes. Indexing the selected area electron diffraction (SAED) of NPs and compare the calues
of R (d-spacing) with XRD data or data base ICDD is evidence that all produced NPs are crystalline (single
crystal or polycrystalline), which enhance the antibacterial activity of the nanoparticles unlike the
amorphous properties. For example, the crystalline phase of the prepared TiO2—Ag nanoparticles calcined
powder at 300 °C (CB300) had the highest antibacterial properties which inhibited bacterial growth by
90%. However, no major decrease in the number of colonies was reported in noncalcined powder (CB),
because of the amorphous structure of CB. It is reasonable to say that the growth delay of E. coli is due to
the presence of silver nanoparticles and not due to the TiO2 nanoparticles (Amin et al., 2009). It was
reported previously that high atomic density facets such as (111) enhance the reactivity of Ag (Acharya et
al., 2018; Rojas-Andrade, 2015). It was established that atoms were more reactive on the facets of higher
surface energy, which may cause them to interact rapidly with oxygen-containing groups of
lipopolysaccharide molecules that can result in enhanced attachment to the cell membrane of bacteria and

ultimately create more rapid cell death (Acharya et al., 2018).
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Chapter 7.

Shape controlling synthesis of
Nanoparticles



7.1 Shape controlling synthesis of Nanoparticles

Noble metal nanostructures are extensively used in a variety of applications including catalysis, electronics,
biomedical research, antibacterial, surface-enhanced Raman scattering (SERS) and surface plasmon
resonance (SPR). Different applications require nanostructures with specific morphologies. For instance,
catalysis often demands the noble metal nanostructures to be deposited on ceramic supports with a high
surface area. It has been reported that the catalytic activity and selectivity of noble metal nano structures
are mostly dependent on the facets exposed on the surface (Jiang, 2011). In the recent years, metal
nanoparticles have received considerable attention as they serve as building blocks for the next generation
of nanodevices. Nanoparticles have unique electrical, optical and magnetic properties that primarily depend
on the shape of the nanoparticles (Adams, 2003). The most common and simplest used bulk solution
synthetic method for metal nanoparticles is the chemical reduction of metal precursors, using a soluble
metal precursor, as well as stabilising and reducing agents. The stabilising agents cap the particles and avoid
additional growth or aggregation. Reducing agents for instance, sodium borohydride (NaBr) and alcohols
are most commonly used in metal nanoparticles synthesis. Organic molecules and polymers bind to the

particles surface, which serve as stabiliser (Pillai, 2004).

Controlling the shape of metal NPs is important to enhance their performance in different applications,
ranging from catalysis to electronics (Cao et al., 2016), bio-sensing (Sannomiya et al., 2009) and
antibacterial activities (Acharya et al., 2018). Size and shape controls in a chemical reduction method have
the advantages of being a simple low cost process. The size and shape of the nanoparticles can be
determined by optimising the experimental parameters, such as temperature, reaction time and molar ratio
of the capping agent with the precursor (Dang et al., 2011). Different crystal structures or directions may
reveal different chemical and physical properties. For instance, the (111), (100) and (110) surfaces of the
face centred cubic (FCC) metal have different surface atom densities, chemical reactivity and electronics
structure (Zhou et al., 2011; Lee et al., 2007). In addition, it was argued previously that the antibacterial
activity of silver is greater when high atomic density facets are present, for instance the {111} plane (Figure

7.1) represents the Miller index of (111) plane.
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X 7(111)

Figure 7.1: Miller indices of (111) planes.

Ag nano spheres (AgNS) were produced using AgNOsz as a precursor and Sodium citrate as a weak
reduction agent, as per method (11 1-2) (Ratyakshi et al., 2009). The formation of spherical shape AgNPs
related to citrate ion reduce the Ag ion initially as a result of capping the nanocluster by means of citrate.
After the formation of the NPs no further etching afterward resulting in shape of faceted nanospheres
(Figure 6-2b) (Pillai et al., 2004). Ag nano octahedrons (AgNOct) were synthesised using the polyol
method. The primary step in this process includes heating a polyol, for instance ethylene glycol (EG) with
a precursor (AgNO3) in the presence of a polymeric capping agent such as (PVP) as per method (11 1-1).
The addition of a small amount of Sodium bromide (NaBr) prior to the addition of a precursor plays a role
in the etching of the particle seeds, facilitating the formation of truncated octahedron enclosed by {111}
facets (Figure 6-2a). The PVP also works as a shape-control agent prompting the reduction of AgNO; onto
specific crystal faces, while preventing reduction onto others (Gupta et al., 2011). Additionally, it was
previously reported that replacement of the catalyst (Br) to Cl —or Fe* produced silver nanocubes or

nanowires respectively (Wiley et al., 2006).

Cu nano spheres (CuNS) were synthesised using CuSOs as a copper salt, PVP as a surfactant and ascorbic
acid as a reducing agent. CuSO4 primarily separates to Cu,+ and SO, in water and Cuy+ ions are hydrolysed
into Cu(OHy). Further reduction of Cu(OH,) takes place in the presence of ascorbic acid to form Cu0.
Lastly, Cu2O is further reduced to form Cu nano sphere as per method (111 1-1)(Figure 6-11a). CuNPs are
highly unstable as they oxidise rapidly, although this can be inhibited by the use of ascorbic acid (Gurav et
al., 2014). Cu nano cubes (CuNC) were synthesised using the polyol method. The primary step in this
process includes heating a polyol such as ethylene glycol (EG) with a precursor (CuSOa). The addition of

a small amount of Sodium hydroxide (NaOH) prior to the addition of a precursor plays a role in the etching

93



of the particle seeds, facilitating the formation of a cube shape as per method (Il 1-2) (Figure 6-11b).
Likewise, the molar ratio (1:1) of NaOH:CuSQO4.5H,0 and high temperature of 165 °C played important

roles in the synthesis of copper nano cubes (Sun et al., 2005).

Au nano spheres (AuNS) were created using HAUCI4 as a gold salt and Sodium citrate as a weak reduction
agent, as per method (IV 1-1) (McFarland et al., 2004). The formation of spherical shape AuNPs related to
citrate ions reduce the Au ions firstly, while the citrate subsequently capped the nanoparticles. After the
formation of the NPs, no further etching occurs afterward, resulting in nanosphere shapes (Figure 6-19a)
(Kimling et al., 2006; Pillai et al., 2004). Au nano octahedrons (AuNOct) were synthesised using HAuCI4
as a gold salt and Sodium bromide (NaBr) as a reduction agent as per method (IV 1-2) (Wani et al., 2013).
AUNPs enclosed by {111} facets octahedrons (Figure 6-19b), when Br- ions present during the reaction

truncated octahedron are formed (Xia et al., 2009).

7.2 Shape controlling synthesis of silver nanoparticles
Silver nanoparticles have a magnitude smaller than the wavelengths of visible light that scatter and absorb

light due to surface plasmon resonance; incident light occurs through oscillation of conduction electrons.
The intensity and frequency of plasmon resonance strongly denote distribution of polarization charges
within the nanostructure. Plasmon excitation by a silver nanostructure not only makes its colour in far-field
imaging but also makes an electric field near its surface by means of magnification. In recent years, this
intense near—field allowed nanoscale wavelength and localization of light for optical devices and
nanolithography (Wiley, 2006). Moreover, it has been used to improve the Raman scattering from adsorbed
molecules. Theoretical calculations assume that a 50nm silver sphere gives a maximum electric field
enhancement factor of ~102 in terms of E2, although this can be enhanced 100 fold by a sharp corner
within the nanostructure, for example, a tetrahedron. Here, we produce a novel shape for first time synthesis
of hexagonal prism silver nanoparticles. Synthesising nanoparticles by a solution based method has proven
effective for the high-yield of nanostructures with controlled shapes and properties (Jana, 2001). Silver,
copper and gold have similar features to the face centred cubic crystal structure. However, most anisotropic
shapes can be grown by controlling the metal atoms assembly in solution. The development of shape
controlling syntheses to produce silver nanorods, nanowire, nanoplates and triangular nanoprisms in
aqueous solutions containing stabilisers (Washio, 2006). In this research, we focused on polyol synthesis
where ethylene glycol (EG) serves as both reducing agent and solvent. Polymers are commonly used in the
solution based synthesis of colloidal nanostructures recognised as steric capping agents or stabilisers. In
particular, poly(vinyl pyrrolidone) (PVP) has gained considerable attention due to its nontoxicity, chemical

stability and excellent solubility in many polar solvents (Gupta, 2011).
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7.3 Experiment
7.3.1 Materials

All chemicals used in this study were purchased from Sigma-Aldrich, UK, without the need for further
purification. They include silver nitride (AgNO3), sodium bromide (NaBr), polyvinylpyrrolidone (PVP)
([C6HIONQ]N) and ethylene glycol (EG) (C2H602).

7.3.2 Synthesis of different shape AgNPs

Three different AgNPs shapes, such as truncated octahedron, hexagonal prism and nanowire were produced
in vitro using the following method. To start the synthesis, three solutions were used, one containing 3 ml
EG of 0.1M AgNO3, the other containing 3 ml EG of 144mM PVP and 0.11 mM NaBr, and the last one
containing 30 ml EG of 10 mM NaBr. 5ml of EG in a three neck round bottom flask was heated on hotplate
attached to a condenser at 160C. Then add 30ml NaBr 10mM of preheated EG and reflux for 1hour. Next
add both solutions: 3ml EG of 94mM AgNO3 and 3ml EG of 144mM PVP and 0.11mM NaBr via a two
channel syringe pump into 35ml EG heated. The addition of NaBr to the preheated EG before the addition
of the Ag precursor is because this was found to avoid formation of spherical nanoparticles that otherwise
contaminate the final product. The reaction solution turned yellow in a few seconds after the addition of
AgNO3 and PVP demonstrating the formation of AgNPs. The yellow colour faded in intensity after 10
minutes because of oxidative etching and maintained a light yellow colour for approximately 1hour before
turning to brown and then grey as the nanoparticles increased in size. The synthesised nanoparticles were
centrifuged at 4600rpm three times and washed with DI water to remove any impurities and unreacted
precursors. Truncated octahedron and hexagonal prism were synthesised using the same technique, with
the only difference being the use of a condenser and hot plate respectively. To produce nanowire, increasing
the concentration of PVVP to 0.6M will cause elongated NPs to form a wire. The silver atoms were produced

by reducing AgNO3 by way of the following reaction (Gupta, 2011).

2HOCH,CH,0H — 2CH3CHO + 2H,0 7.1
2Ag* +2CH3CHO — CH3CO-COCHs + 2Ag + 2H- 7.2

These reactions are typically performed in the presence of a mediating species such as sodium bromide,
sodium sulphide, sodium borohydride and hydrochloric acid. This mediator (NaBr) plays a role in the
etching of the particle seeds, facilitating the formation of the hexagonal prism, truncated octahedron and
nanowire. The PVP also works as a shape-control agent, prompting the reduction of AgQNO3 onto specific

crystal faces while resisting the reduction of others.
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7.4 Results and discussion

The absorption spectrum of AgNPs solution was recorded, as shown in Figure 7.2. An intense peak was
observed at 475nm in Figure 7.2 a and 450nm in Figure 7.2b, attributable to the surface plasmon absorption
of AgNPs. Likewise, two peaks observed at 350nm and 375nm respectively in Figure 7.2a (Pal, 2007). The
absorption spectra of metal nanoparticles were subjugated by surface plasmon resonances (SPRs) that shift
to longer wavelengths as particle size increases. The shape and position of plasmon absorption of AgNPs
are primarily dependent on dielectric medium, particle size and the surface adsorbed species. According to
Mie’s theory (Mie, 1976), only a single SPR band is expected in the absorption spectra of spherical
nanoparticles, while anisotropic particles could increase the SPR bands to two or more SPR bands,
depending on the shape of the particles. The number of SPR peaks increases as the symmetry of the
nanoparticles decreases.
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Figure 7-2: Absorption spectra of AgNPs colloidal: (a) prepared on a hot plate after 3 hours (b) prepared using a
condenser after 10 minutes.

Scanning electron microscopy (SEM) images (Figures 7.3 to 7.5), revealed more significant differences
between these samples in terms of particles morphology. Regarding samples prepared by a hot plate, the
reaction time is 1:30 minutes and the particles are observed to be quasi spherical in shape (Figure 7.3(a)).
Nevertheless, by increasing the reaction time to 3 hours, a hexagonal prism shape is formed with average
size diameter ~ 519 nm (Figure 7.3(b)). However, the experiment prepared using a condenser takes only
10 minutes with a smaller nanoparticle size compared to AgNPs prepared on a hot plate with average size
diameter ~194nm (Figure 7.4 (a, b)). When the reaction time is increased to 1:20 minutes, the particles are
increased in size, as shown in Figure 7.4 (c, d). In each experiment conducted in air, O2 is present in the
reaction solution within the entire process as well as the presence of a ligand for the metal ion. The

combinations of the ligand and O2 are a result of a powerful etchant for both the nuclei and seeds. The
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presence of Br~ plays a significant role in their morphology (Xia, 2009). As seen in Figure (7.3 to 7.5),
AgNPs have different shapes according to the method used and the concentration of PVP, for example the
particle prepared using a condenser is more likely truncated octahedron. Conversely, the AgNPs prepared
by hot plate is a hexagonal prism, while it is lengthened to wire when the concentration of PVP is increased
from 144mM to 0.6M, as shown in Figure 7.5 (a, b). Figure 7.6 shows the suggested growth guide for

etching of nanoparticles into particular shapes.

Truncated octahedron prepared by means of a condenser was formed and the etchings started in a few
minutes. Hence, the quick preparation of AgNPs lead to less uniformity (25% polydispersity). However,
hexagonal prisms prepared on a hot plate were grow from seeds into spherical shapes in a few minutes and
maintained as a quasi-spherical shape for 2 hours. Then after 3 hours a hexagonal prism is formed,; therefore,
the lengthy reaction time produces high uniformity of AgNPs (6% polydispersity) with increasing particle
size, while increasing the concentration of PVP to 0.6M using a condenser will elongate the hexagonal
prism to form Ag-wire with a needle like structure (pyramid hexagonal prism) in 45 minutes. Both shapes
(hexagonal prism and truncated octahedron) have hexagonal facets. The hexagonal prism has (2 hexagonal

and 6 square facets) and the truncated octahedron has (8 hexagonal and 4 square facets).

The reason behind the different morphologies of nanoparticles prepared by hot plate and condenser where
all the parameters are kept constant such that the concentration of metal salt, capping agent and temperature,
might be that the concentration of O, using the condenser method is less than the concentration of O, using
the hot plate method because in the first method the vial was stoppered and sealed, whereas in the other
method the vial was just covered by the beaker cover. Hence, the oxygen concentration is high compared
to the condenser method that generates more etching and forms a hexagonal prism shape because the oxygen
enlarged {111) rather than {100} facet in the hexagonal prism. Meanwhile, when the concentration of PVP
is increased to 0.6M using the condenser method, Ag wire is formed as the increase in the concentration of
PVP not only prevents aggregation but lengthens the particles and formed wire by enlarging {100} facet
during the growth stage.
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Figure 7-3: SEM images of samples prepared on a hot plate: (a) quasi-spherical AgNPs after 1:30 minutes (b)
hexagonal prism AgNPs after 3 hours.
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Figure 7-4: SEM images of truncated octahedron prepared using a condenser: (a, b) after 10 minutes, (c, d) after 1:20
hours.
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Figure 7-5: SEM images of samples prepared using a condenser: (a, b) Ag nanowires with increasing concentration
of PVP to 0.6M.
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Figure 7.6: Schematic of the nucleation and growth process.

Size distribution is calculated from SEM images for prepared hexagonal AgNPs by hot plate. The reaction
time was 3 hours and the average NPs size is 519nm. Where the polydispersity is 9.6% that means the
particles are highly uniform (Figure 7.7 (a)). The average size is calculated from SEM images for prepared
truncated octahedrons, AgNPs prepared by a condenser is 194nm where the polydispersity is 25%. This
means the particles are less uniform compared with particles prepared by the hot plate (Figure 7.7 (b)). The
elemental analysis shown in Figure 7.8 (a, b), using energy-dispersive spectroscopy provides the presence
of silver NPs and several carbon and nitrogen atoms that are related to the stabiliser (P\VP) when prepared
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on the hot plate (Figure 7.8 (a)). However, the EDX for AgNPs prepared by the condenser demonstrates

the purity of AgNPs.
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Figure 7-7: Size distribution of AgNPs (a) prepared on a hot plate after 3 hours, (b) prepared using a condenser after

10 minutes.
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Figure 7-8: EDX for AgNPs: (a) prepared on a hot plate after 3 hours (b) prepared using a condenser after 10 minutes.

The crystal structures of AgNPs were characterised by XRD, as shown in Figure 7.9. All the reflections of
the XRD pattern can be readily indexed as the face centred cubic phase of Silver (JCPDS 04-0783) and are
in good agreement with 111, 200, 220, 311 and 222 lattice planes. Table 7.1 shows calculations obtained
from the XRD pattern of prepared hexagonal prism AgNPs compared with ICDD silver values. The
experimental 260 values in degrees (38.08 - 44.21 — 64.41 — 77.41. 81.60) match 20 values in ICDD silver:
04-0783. The result confirms that the samples were metallic AgNPs with hexagonal crystal structure. No

diffraction peaks of silver oxide were detected in Figure 7.9, which suggests the PVP capped layer on
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AgNPs prevents oxidation from forming (AgO). D-spacing was calculated from High-resolution lattice
images (HRTEM) of hexagonal prism AgNPs that show 2.30 A (Figure 7-10) which conform with (111)
lattice plane (2.3592 A) either in ICDD silver crystal structures data (Appendix A) or calculated from
diffraction patterns using Bragg’s law (Equation 5.3.1). XRD and HRTEM of truncated octahedron
(AgNOct) were shown earlier in Chapter 6, Figures (6.5(A) and 6.8) respectively.
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Figure 7-9: XRD pattern obtained confirming the formation of pure FCC silver from the hexagonal prism
AgNPs sample.

Table.7-1 Calculations obtained from the XRD pattern of the prepared hexagonal prism (AgNPs)
compared with JCPDS silver values

20 in degrees Experimental d-spacing hkl Experimental
ICDD silver: 20 in degrees calculating lattice constant
04-0783 from spectra A)
)
38.116 38.088 2.36 111 | 4.08
44.277 44.21 2.02 200 | 4.08
64.426 64.41 1.44 220 | 4.07
77.472 77.41 1.23 311 | 4.08
81.62 81.60 1.18 222 | 4.08
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Figure 7-10: High-resolution lattice images (HRTEM) of hexagonal prism AgNPs that exhibits d-spacing of
2.30 A.

7.5 summary
Different shape silver nanoparticles were produced in vitro such as truncated octahedron, hexagonal prism

and nano-wire AgNPs, The size and the shape of the nanoparticles can by determined by optimising the
experimental parameters for instance temperature, reaction time and molar ratio of the capping agent with
the precursor (Dang et al., 2011). Here, all the parameters were kept constant such as the concentration of
metal salt, capping agent and temperature, whereas the difference between the experiments is the
techniques used, which are the condenser and hot plate methods respectively, for producing the truncated
octahedron and hexagonal prism. The reason behind the different morphology could be that the
concentration of oxygen is high compared to the condenser technique that produces more etching has
occurred and formed a hexagonal prism shape due to enlargement of the Oxygen {111) rather than {100}
facet in the hexagonal prism. Meanwhile, when the concentration of PVP is increased to 0.6M using the
condenser method Ag wire is formed because the increase in the concentration of PVP not only prevents
aggregation but elongates the particles and formed wire by means of the enlarged {100} facet during the
growth stage.

Different crystal structures or directions may reveal different chemical and physical properties. For
instance, the (111), (100) and (110) surfaces of the face centred cubic (FCC) metal have different surface
atom densities, chemical reactivity and electronic structures (Zhou et al., 2011; Lee et al., 2007). Here, we
produce a novel shape for the first time synthesis of hexagonal prism silver nanoparticles, which can been
produced via the modified polyol method. Moreover, the amount of metal salt, the ratio of metal salt to
stabiliser and the reaction time played a crucial role in determining the particle size and shape. The unique
morphology is attributed to the presence of Br~, whilst the oxygen concentration plays an important role
in the etching process as a result of the final morphology. However, we could not produce smaller size

hexagonal prism AgNPs which have an average size diameter ~ 519 nm. Truncated octahedron silver
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nanoparticles (AgNOct) and silver nano sphere (AgNS) have been selected for further antibacterial activity

investigation as they have a similar size diameter ~195.

103



Chapter 8.

Antibacterial activity studies



8.1 Introduction

The efficacy of the nanoparticles against both Gram-negative and Gram-positive bacteria will be
investigated via culturing of the microorganism using nutrient broth and nutrient agar. Standard
antimicrobial testing procedures will be employed, such as disc diffusion and minimum inhibitory
concentration. The interaction between nanoparticles and bacterial cells will be assessed by spread plating
to establish viable counts after treatment with nanoparticles. Finally, microscopy techniques will be
employed (Scanning Electron Microscopy) to observe any changes in the cell membrane that might lead to

bacteria death.

In this regard, this study aims to determine shape dependence NPs on the antimicrobial efficacy of (AgNS,
AgNOct, CuNS, CuNC, AuNS and AuNOct) against E.coli and E.faecium.

8.2 Methodology

8.2.1 Bacterial strains and culture conditions

The antibacterial activities of the nanoparticles were investigated using Escherichia coli (NCTC8196) and
Enterococcus faecium (NCTC12202) which were selected as a model for Gram-negative and Gram-positive
bacteria respectively. Bacteria strains were stored in Luria Bertani broth at -80°C. The bacteria were then
cultured in nutrient broth (NB) (CM0001) at 37 °C for 24 hours resulting in a final cell concentration of 8
log (o) for all investigations. Cultures were stored on nutrient agar (NA) (CM0003) plates at 4 °C then the

cultures were revived in NB broth and sub-cultured at regular intervals.

8.2.2 Screening of NPs for antibacterial activity

A disc diffusion method was used to determine bacterial sensitivity to metal nanoparticles. Initially, 20ml
of molten nutrient agar (NA) media was poured into sterilised Petri dishes. 100ul (8 log ) of the
bacteria culture was then dispensed into the plate and a sterilised spreader was used to spread the
bacteria on the surface of the NA. Disc diffusion paper were impregnated with 50 pl of 100pg/ml
of the nanoparticles (AgNS, AgNOct, AUNS, AuNOct, CuNS or CuNC). Discs were then placed
on the NA plates, then incubated for 24 hours at 37 °C. The zone of inhibition was measured using

a Vernier caliper. Measurements were taken from one edge of the clear zone to the other edge.

8.2.3 Determination of minimum inhibitory concentrations (MIC)
Minimum inhibitory concentrations (MIC) were assessed using the broth dilution method. A dilution series
with 9.9 ml nutrient broth medium containing different shaped NPs (AgNS, AgNOct, AuNS, AuNOct,
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CuNS or CuNC) using two-fold serial dilutions ranging from 10 pg/ml to 250ug/ml was prepared in a test
tube. Each set was inoculated aseptically with 100ul (8 log o) of E. coli or E. faecium suspension and
incubated for 24 hours at 37 °C. The MIC was determined by turbidity, where the minimum concentration
of NPs prevents the visible growth of either E. faecium or E. coli. The MIC was defined as the lowest

concentration of an antibacterial agent inhibiting the growth of a test bacterium (Giannousi, 2017).

8.2.4 Growth inhibition using a 96-well plates reader

To investigate the growth kinetic curves of bacterial cells exposed to final concentrations of either 10, 50
or 100ug of AgNS, AgNOct, CuNS or CuNC and 50, 100 or 250ug of AuNS and AuNOct, aliquots of
200ul of either E. coli or E. faecium (8 log (109)) in the presence of NPs were dispensed into 96-well plates.
Optical densities (OD) were measured every hour (from 0 to 24 h) at 600 nm using a spectrophotometer
(Spectra Max Plus 384). Optical densities for the positive control (bacteria) and negative control (metals

only) were also measured.

8.2.5 Viable counts of growth inhibition

Aliguots of 100ul of overnight cultures of either E. coli or E. faecium (8 log (10)), were inoculated into fresh
NB containing 100pg/ml of either AgNS, AgNOct or AuNS, AuNOct, CuNS or CuNC. The cultures were
then incubated at 37°C in a shaking incubator and six samples of each metal nanoparticles were taken at 0,
2, 4, 6 and 24 hours. All the samples were serial diluted in 9.9 ml of phosphate buffered saline (PBS), then
aliquots of 100ul from each dilution were spread-plated onto NA plates and incubated at 37°C for 24 h,
and the colony-forming units (CFU) enumerated.

8.2.6 Visualisation of interaction between metal nanoparticles and bacteria using SEM

Aliguots of 100ul of overnight cultures of either E. coli or E. faecium (8 log (10)), were inoculated into fresh
NB containing 100pg/ml of either AgNS, AgNOct or AuNS, AuNOct, CuNS or CuNC, suspensions were
sonicated for 10 mins prior to usage. The cultures were then incubated at 37°C in a shaking incubator and
36 samples were taken at 0, 4 and 24 hours. Aliquots of 10 ul were deposited onto a silicon substrate the
samples were then dried in sterile conditions, washed with PBS and dehydrated with 95% ethanol for 10
mins at room temperature. Samples were then mounted onto aluminium stubs and coated with 15 nm of
gold in a gold coater (Quorum Q150 RS, East Sussex, UK), ready for imaging. Untreated bacteria (E. coli
or E. faecium) was used as a positive control and for a comparison of morphological changes in cell
membrane. The interaction between NPs and bacteria was visualised using SEM (Evo HD15 Carlzeiss,

Jena, Germany).
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8.2.7 Statistical analysis
All investigations were performed in triplicate on at least two separate occasions and the data were

stated as mean = standard deviation. The statistical analysis was completed using SPSS Statistics Version
22 for Windows with significance set as p = 0.05. Test of normality was conducted using a Kolmorgorov-
Smirnov test and variance of homogeneity tested using Levines test. ANOVA (t-test) was carried out, if all
assumptions were met one-way analysis of variance. Tukey post-hoc tests were conducted to investigate
where significant differences between group means occurred. An example of ANOVA output can be found
in Appendix F.

8.3 Results and discussion

8.3.1 Screening of metal NPs for antibacterial activity

Screening data as per method (8.2.2), indicates that AgNOct have greater antimicrobial efficacy against
both bacteria when compared with AgNS, with zones of inhibition of 23 and 22 mm against E. coli and E.
faecium respectively. This compares to inhibition zones of 21 mm against E. coli and 20 mm against E.
faecium for AgNS. Figure 8-1 illustrates that CuNC are more effective on both bacteria when compared
with CuNS, with zones of inhibition of 37 and 30 mm against E. coli and E. faecium respectively. This
compares to inhibition zones of 35 mm against E. coli and 28 mm against E. faecium for CuNS. AuNOct
have greater antimicrobial efficacy against both bacteria when compared with AuNS, with zones of
inhibition of 25 and 23 mm against E. coli and E. faecium respectively. This compares to inhibition zones

of 24 mm against E. coli and 22 mm against E. faecium for AuNOct.

A previous study of the zone of inhibition of CuNPs shows 15/16 mm for S. aureus and E. coli respectively
(Namasivayam, 2013). Studies of zones of inhibition against E. coli when comparing different shape NPs
showed triangle AgNPs had a zone of inhibition of 1.3 cm, while spherical AgNPs had a zone of inhibition
of 0.8 cm (Van Dong, 2012). A recent study of zone of inhibition using AuNPs demonstrates inhibition
zones of 31-35 mm for E. coli and 22-25 mm for S. aureus (Shamaila, 2016). Zones of inhibition data in
the current study indicates that synthesised NPs inhibit the growth of E. coli and E. faecium. A greater zone
of inhibition of CuNP does not necessarily indicate greater efficacy compared to AuNP or AgNP due to the

solubility of the metals varying and thus having an impact on the zones of inhibitions.
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8.3.2 Determination of minimum inhibitory concentrations (MIC) of metal NPs

The MIC of the nanoparticles inhibiting visible bacterial growth on the NB was assessed as per the method
described in Section 8.2.3. In vitro MIC results representing the antibacterial activity of different shape NPs
are shown in Table 8.1. Among these microorganisms, the MIC of AgNOct against E. coli was the lowest
10pg/ml, followed by the MIC of CuNC and AuNOct 15 pg/ml and 50ug/ml respectively. The MIC of
AgNOct against E. faecium was higher than the MICs against E. coli 55ug/ml, followed by the MIC of
CuNC and AuNOct 90 pg/ml and 100ug/ml respectively. The MICs of AuNS against E. faecium and E.
coli are the highest 250ugl/ml and 230ugl/ml respectively. The results suggests that AQNOct is the greatest
antimicrobial metal against E. coli followed by CuNC and AuNOct.

The MIC shown in this investigation were significantly lower than those previously published,
demonstrating that the antibacterial effect of AgNPs against different bacterial strains can vary. For
example, a study on E. coli by Wang (2012), revealed higher MIC (60 pg/ml) than the MIC obtained in the
present study (10 pg/ml) for AgNOct. Besides, the MIC for the Gram-positive bacteria S. aureus, B. subtilis
also had higher MICs (100 pg/ml) than the MICs obtained in the present research of 55 pg/ml for AgNOct
against E. faecium.

A recent study of copper nanoparticles against E. coli by De Alba-Montero (2017), exhibited higher MIC
(40 pg/ml) than the MIC obtained in the present study for CuNC (15 pg/ml), whereas the MIC of CuNS
(125 pg/ml) is higher than the MIC of CuNPs (De Alba-Montero, 2017). However, the MIC of CuNPs for

108



E. faecalis was 20 pg/ml, lower than the MICs obtained in the in the present study of 90 and 130 pg/ml for
CuNC and CuNS respectively.

Previous studies of gold nanoparticles against E. coli by Chandran et al. (2014), showed an MIC of 400
pag/ml which is significantly higher than the MICs obtained in the present study of 50 and 230 pg/ml for
AuNOct and AuNS respectively. In addition, the MICs for the Gram-positive bacteria S. typhi, S. enterica,
B. cereus and S. aureus (Chandran et al., 2014), also had higher MICs (800 pg/ml) than the MICs obtained
in the present research of 100 and 250 pg/ml for AuNOct and AuNS respectively.

Table 8.1 Minimum inhibitory concentration of different shaped NPs (pg/ml) against E. coli and E. faecium,
(n= 6% SD)

Microorganisms | Minimum inhibitory concentration of different shape NPs (ug/ml)

AgNS AgNOct CuNS CuNC AuNS AuNOct
E. coli 95+5 1046 125+4 15£2 230+6 5045
E. faecium 110+4 55+2 130+£3 90+3 250+7 100+£3

8.3.3 Determining the growth inhibition of E. coli and E. faecium in the presence of metal
NPs

I- Silver nanoparticles

The efficacy of spherical and truncated octahedral AgNPs was elucidated against E. coli and E. faecium
using optical density as per method 8.2.4. After a lag phase of approximately 4 hours, control cultures
without AgNPs showed a sharp increase in optical density (OD). E. coli treated with AgNOct showed
inhibited growth for all concentrations (100, 50, 10 ug) (Fig.8-2). However, growth was observed for E.
faecium at lower concentrations (50, 10 pg), with only 100pg completely inhibiting growth (Fig.8-3). There
was a significant (p <0.05) decrease in growth for all concentrations compared to the control. The inhibitory
effects observed were higher in E. coli compared with E. faecium for AgNOct. A significant (p <0.05)
decrease in absorbance was observed from 0.35au in the control to 0.08au after 24 hours treatment with
10pg AgNOct for E. coli. However, a decrease in absorbance was observed from 0.32au in the control to

0.18au after 24 hours treatment with 10pug AgNOct for E. faecium.

Inhibition of E. coli treated with 100ug/ml of AgNS occurred at 10 h (Fig.8-4). For E. faecium, inhibition
occurred in the first 6h when treated with 100pg/ml of AgNS and subsequently growth began to occur

(Fig.8-5). A significant (p <0.05) decrease in absorbance was observed from 0.5au in the control to 0.18au
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after 24 hours treatment with 100 ug AgNS for E. coli. Likewise, a significant (p <0.05) decrease in
absorbance was observed from 0.9au in the control to 0.4au after 24 hours treatment with 100ug AgNS for
E. faecium. When viable count growth curves were generated in the presence of 100ug/ml for AgNOct and
AgNS; AgNOct complete inhibited growth occurred after 4 h, suggesting a bactericidal effect, while
treatment with AgNS exhibited limited growth suggesting a bacteriostatic effect. A previous study of
bacterial growth kinetics reveals a similar growth curve for E. coli and S. aureus treated with different
concentrations of AgNPs (Dehnavi et al., 2013; Shrivastava, 2007).

The antibacterial properties of nanoparticles depend on a number of factors including the type of
microorganism and the physicochemical properties of the nanoparticles (Hajipour, Fromm et al. 2012). The
rate of bacterial growth can also affect the tolerance of bacteria to nanoparticles: fast-growing bacteria are
more sensitive to nanoparticles than slow-growing bacteria (C. Lu, Brauer et al. 2009). This is most likely

due to the expression of stress-response genes within the bacteria themselves (Ren, Hu et al. 2009).
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I1- Copper nanoparticles

The growth of E. coli and E. faecium treated with 100, 50 and 10 pg of CuNS caused growth inhibition at
all concentrations, occurring at 6h and 4h respectively. The growth observed at these time points was
significantly different (p < 0.05) compared to the control (Figure 8-6, 8-7). The antibacterial efficacy of
CuNC against E. coli (Figure 8-8) was determined to be more effective than E. faecium and completely
inhibited growth at the higher concentration of 100 pg. E. faecium treated with 100, 50 and 10 pg of CuNC
caused only a delay in growth even at high concentrations after 6 hours growth began to take place (Figure
8-9), suggesting that CUNC was enough to result in a significant (p <0.05) reduction in comparison to the
control. Similar growth kinetics were observed for E. coli treated with different concentrations of CuNPs
in a study by Raffi (2010).

Results from in vitro studies in animal models demonstrate size-dependent effects of Cu particles (Chen,
Meng et al. 2006). For example, nanosized Cu particles have been found to be more toxic than microsized
Cu particles following oral administration to rats (Chen et al. 2006). Cu ions are redox-active, meaning that
the high intracellular concentration, which can result after dissolution of CuNPs inside the cell, usually
results in great oxidative stress (Chen et al. 2006) . Signs of oxidative stress and genotoxicity have also
been reported after cellular exposure to copper oxide nanoparticles (CUONPS) and include the generation
of intercellular reactive oxygen species (ROS) and oxidative DNA lesions (Hanagata, Zhuang et al. 2011,
Ahamed, Siddiqui et al. 2010). Nanoparticles of Cu and CuO have different mechanisms of toxicity
following cell exposure. CuNPs target the cell membrane causing a rapid loss of its integrity, which then
leads to cell death. Conversely, CUONPs appear endocytosed within cells in the first hours of interaction,
which is followed by DNA damage (Midander, Cronholm et al. 2009).
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I11- gold nanoparticles
Figures 8-10 and 8-11 show the growth kinetics for E. coli and E. faecium treated with AuUNS. The growth

of E. coli and E. faecium treated with 250, 100, 50ug of AuNS caused only growth delay even at high
concentrations but was found to be significantly different (p <0.05) in comparison with the control medium.
High concentrations of AuNOct 250/100ug were found to be more effective and completely inhibiting
growth for E. coli (Figure 8-12). However, the lower concentration of AuNOct only shows growth delay,
though statistically significant (p <0.05) reductions were observed. E. faecium treated with 250, 100, 50ug
of AuNOct caused a significant (p < 0.05) growth reduction in comparison with the control medium (Figure
8-13). Badwaik (2012), demonstrated similar E. coli and Staphylococcus epidermidis kinetics growth
curves treated with different concentrations of AuNPs.

Gold NPs enhanced the antimicrobial activity in two steps. Firstly, they altered the membrane potential
and decreased adenosine triphosphate synthase (ATP) activities, hence decreasing the metabolism
process. Secondly, they prevented the subunit of the ribosome for tRNA binding, consequently
disintegrating its biological mechanism. AuNPs evidenced to be low toxic to mammalian cells
(Shamaila, Zafar et al. 2016). AuNPs demonstrate size dependent by enhanced the surface area to
produce some electronic effects, consequently enhancing the surface reactivity of NPs. Furthermore,
Bacterial proteins of the cell wall and cytoplasm were responsible for the function of the cell. AuNPs
mainly interact with phosphorus- or sulfur-containing soft bases. Hence, the phosphorus-containing
DNA molecules and sulfur-containing proteins are preferred sites for AUNPs to attack. AuNPs interact
to thiol groups of enzymes such as nicotinamide adenine denucleotide (NADH) dehydrogenases and
interrupted their respiratory chains consequently, major damage existed in the cell structures and lastly
led to cell death (Cui, Zhao et al. 2012).
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8.3.4 Viable counts of growth inhibition for bacteria treated with NPs

Viable counts of growth inhibition for bacteria treated with NPs were enumerated as per the method in
8.2.5. The antibacterial properties of AgNS increased over 24h with a limited reduction in growth in the
first 2 hours, to a significant (p <0.05) reduction of 3.26 log(10) CFU/mL and 3.18 log(10) CFU/mL after
24 hours for E. coli and E. faecium respectively. Furthermore, the bacteria treated with AgNOct exhibits a
significant (p <0.05) reduction in growth from the first 2 hours, to a reduction of 5 log (10) CFU/mL and 8
log (10) CFU/mL for E. faecium and E. coli respectively (Table 8.2). AgNOct displays strong antibacterial
activity compared with AgNS due to the geometric structure of the octahedron shape where (111) faceted
is dominant, as seen in Figure 6-5 (XRD data). Generally, spherical AgNPs exhibit a dominant (100) peak,
while truncated octahedron AgNPs exhibit (111) a lower intensity of (100). It was reported previously that
the reactivity of Ag is enhanced by high atomic density facets such as (111) (Acharya et al., 2018; Rojas-
Andrade, 2015; Bao et al., 2016). It was postulated that atoms were more reactive on the facets of higher
surface energy, which may lead them to interact rapidly with oxygen-containing groups of
lipopolysaccharide molecules that can result in enhanced attachment to the cell membrane (Xia et al., 2009).
The greater inhibitory effects observed in E. coli than in E. faecium might be attributed to differences in the
structure and thickness of the peptidoglycan layer of their cell walls. The peptidoglycan layer of Gram-
positive bacteria for instance E. faecium (~20-80 nm) is thicker than that in Gram-negative bacteria such
as E. coli (~7-8 nm), as it includes linear polysaccharide chains cross-linked by short peptides to make a
three dimensional rigid structure. This makes it more difficult for NPs to attach and penetrate (Wang, Geng
etal., 2012). In addition, the positively charged AgNPs are attracted electrostatically to negatively charged
lipopolysaccharides and teichoic acids in Gram negative and Gram-positive bacteria respectively. This may

lead to rupture and protein denaturation followed by cell death (Fayaz, Balaji et al., 2010).

When viable count growth was generated in the presence of CUNC and CuNS, the use of CUNS reduced
by 2.08 log (100 CFU/mL and 1.98 log 100 CFU/mL against E.coli and E. faecium respectively. Significant
(p <0.05) reductions of 7.92 log 10 CFU/mL and 3.5 log 100 CFU/mL were observed against E. coli and E.
faecium respectively (Table 8.3). The antibacterial activity of CUNPs may be attributed to the NPs shape
and thus to the higher surface areas and facet reactivity. It was argued previously that the reactivity of silver
is greater when high atomic density facets are present, such as the {111} plane (Rojas et al., 2015; Acharya
et al., 2018). However, in the literature, there are no links between {111} faceted CuNPs which enhanced
their antibacterial activity due to a lack of studies on the effect of the shape dependent CuNPs against
bacteria. In this regard, the XRD pattern for CuNCs in this work displays a higher intensity of (111) when
compared with CuNSs as shown in XRD data in Figure 6-14. This could be expected as quasi spherical

particles tend to exhibit lower levels of (111) facets (Wiley, Sun et al., 2005). Similarly, CuNS shows an
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additional peak indexed as the (220) diffraction of Cu,O (JCPDS 05-0667) that can be associated with slow
oxidation of metallic CuNPs in air to form CuO, as seen in Figure 6-14b. This could be the reason for the

enhanced antibacterial activity of CuNC with no oxidation peak compared to CuNS.

A previous study shows greater inhibition of the bacteria growth by CuNPs compared to cupric oxide
CuONPs. Potential reasons include the direct interaction between CuNPs and the microorganism, which
cause further penetration and rupture the bacterial membrane as a consequence of cell enzyme malfunction
and ultimately cell death. CuNPs show greater antibacterial activity than CuONPs, which might be
associated with better electron transfer between CuNPs and the bacteria. The negatively charged bacterial
cell walls and CuNPs act as good electron acceptors, both leading to the electron transfer and rupture of the
bacteria membrane (Vimbela et al., 2017). The toxicity of CuNPs could be related to ROS generation
occurring mainly in the periplasm of E. coli, while Gram-positive bacteria lack a periplasm, although many
are tolerant to hydrogen peroxide (Hobman and Crossman, 2015). The positive Cu*? ions released from the
NPs may be attracted to the negatively charged bacterial cell walls which may then be ruptured and create
protein denaturation followed by cell death (Theivasanthi & Alagar, 2011). Gram-negative bacteria with a
thinner peptidoglycan, is likely to occur more readily, which would help to explain the difference in the
levels of inhibition here. Moreover, there is also the possibility that the active facets of differently shaped

nanoparticles could be directly affecting their antibacterial behaviour.

When viable count growth was generated in the presence of AuNOct and AuNS, the use of AuNOct
resulted in significant (p <0.05) reductions of 6 log 10y CFU/mL against E. coli and 3.10 log 10 CFU/mL
against E. faecium suggesting a bactericidal effect, whereas in the presence of AuNS reduced by > 1.9 log
ao) CFU/mL in both organisms, a bacteriostatic effect is suggested (Table 8.4). The antibacterial activity of
AuUNOct may be related to their geometric structure where AuNOcts enclosed by (111) faceted shows a
higher intensity of (111) when compared with AuNS, as shown in the XRD data in Figure 6-21. This could
be expected as quasi spherical particles tend to exhibit lower levels of (111) facets (Zhou et al., 2011; Wiley
et al., 2005). Although not as well studied as the antibacterial mechanism of AgNPs and there are no
relationships in the literature between {111} faceted AuNPs and their enhanced antibacterial activity,
AUNPs applied the antibacterial effect in two steps. First, they reformed the membrane potential by
reduced adenosine triphosphate (ATP) synthase activities, consequently reducing the metabolism
procedure. Secondly, they refused binding the subunit of the ribosome for tRNA, hence breaking up its
biological mechanism. In addition, they evidenced being less toxic to mammalian cells (Cui, Zhao et
al., 2012).

117



The small size of AuNPs and enhanced surface area create certain electronic effects, which are helpful
for improving the surface reactivity of NPs. Furthermore, the high surface area percentage directly
attached with the microorganism to a huge extent and henceforth, showed improved interaction with the
bacteria. These two significant factors greatly enhanced the antibacterial properties of the NPs with
large surface areas. Cytoplasm and bacterial proteins of the cell wall were responsible for the function
of the cell. These NPs damaged the normal functioning of these proteins causing cell death, since gold
being soft acid can interact easily with phosphorus- or sulphur-containing soft bases. Hence, the
phosphorus-containing DNA molecules and sulphur-containing proteins are preferred sites for AuNPs
to attack. AuNPs connected to thiol groups of enzymes. For example, nicotinamide adenine dinucleotide
(NADH) dehydrogenases damaged their respiratory chains. As a result, major damage occurred in the
cell structures and finally led to cell death (Cui, Zhao et al., 2012). Hence, the increase in the surface
area could enhance the interaction of AuNOct with binding sites for the plasma membrane proteins. The
antibacterial activity of AUNPs for Gram-negative bacteria is higher compared to Gram-positive because
the difference in the membrane structure e.g. the peptidoglycan layer’s thickness, is 50% higher in
Gram-positive than in Gram-negative bacteria (Umadevi, Rani et al., 2011). Therefore, higher doses of

NPs are needed for Gram-positive bacteria.

Table 8.2 The logag CFU/mL growth inhibition of E. coli and E. faecium treated with AgNOct and AgNS
over 24 hours (n= 6+ SD)

Time Control E. coli treated with E. coli treated with Control E. faecium treated with E. faecium treated with
counts AgNS AgNOCT counts (no AgNS AgNOCT
(no NP NP present)
present) B
for or_
E. coli Viable Growth Viable Growth E.faecium Viable Growth Viable Growth
count inhibition count inhibition count inhibition count inhibition
Oh 8+0.02 8+0.02 0+0.03 8+0.03 0+0.02 8+0.01 8+0.04 0+0.02 8+0.03 0+0.03
2h 8+0.03 7.8£0.04 0.12 £0.02 7.9 £0.04 2 +0.01 8+0.02 7.89+0.03 0.11 £0.03 5.95+0.03 2.05 +0.02
4h 9+0.05 6.8+0.02 2.2 #0.01 1+0.03 8 +0.04 9+0.04 6.8+20.01 2.18 £0.01 5+0.02 4 +0.02
6h 10+0.03 6.74+0.02 | 3.26 +0.02 2+0.02 8 +0.02 1040.03 6.7+0.04 3.23 £0.02 5+0.03 5+0.01
24 h 10+0.01 6.74+0.04 | 3.26 +0.03 2+0.04 8 +0.01 1040.02 6.82+0.03 3.18 £0.04 5+0.03 5+0.04
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Table 8.3 The loguy CFU/mL growth inhibition of E. coli and E. faecium treated with CuNC and CuNS

over 24 hours (h= 6% SD)

Time Control E. coli treated with CUNS E. coli treated with Control E. faecium treated with E. faecium treated with
counts (no CuNC counts (no CuNsS CuNC
NP present) NP present)
for
E. coli for_
E.faecium
Viable Growth Viable Growth Viable Growth Viable Growth
count inhibition count inhibition count inhibition count inhibition
Oh 8+0.02 8+0.01 0+0.04 8+0.02 0+0.03 8+0.01 8+0.04 0+£0.01 8+0.04 0+0.03
2h 8+0.03 7.840.02 0.12+0.03 | 5.65+0.0 235+ 8+0.02 7.89+0.04 0.11+0.04 7.89+0.03 0.11+0.01
3 0.01
4h 9+0.05 6.97+0.01 2.03+0.01 3+0.02 6+0.01 9+0.04 7.02+0.02 1.98+0.03 6.68+0.03 2.32+0.03
6h 1040.03 7.81+0.02 2.19+0.02 4+0.03 6+0.03 10+0.03 7.86+0.03 2.14+£0.01 6.68+0.04 3.32 £0.04
24 h 10+0.01 7.92+0.03 2.08 +0.04 3+0.01 7+0.01 10+0.02 8.02+0.02 1.98 +0.04 6.5+0.04 3.50£0.02

Table 8.4 The logue) CFU/mL growth inhibition of E. coli
over 24 hours (n= 6z SD)

and E. faecium treated with AuNOct and AuNS

Time Control E. coli treated with AuNS E. coli treated with Control E. faecium treated with E. faecium treated with
counts (no AuNOCT counts (no AuNS AUNOCT
NP present) NP present)
for
E. coli for-
E.faecium
Viable Growth Viable Growth Viable Growth Viable Growth
count inhibition count inhibition count inhibition count inhibition
Oh 8+0.02 8+0.01 0+0.03 8+0.04 0+0.04 8+0.01 8+0.04 0+ 0.04 8+0.04 0+0.03
2h 8+0.03 7.95+0.02 0.05+0.01 6+0.02 2+0.03 8+0.02 7.96+0.03 0.04 +£0.02 7.95+0.03 0.05+ 0.04
4h 9+0.05 6.9+0.02 2.10+£0.02 5+0.03 4+£0.02 9+0.04 6.83+0.04 2.17+£0.03 6.76+0.02 2.24 £0.02
6h 10+0.03 7.82+0.02 2.18+0.04 5+0.02 5+ 0.03 10+0.03 7.9+0.03 2.10+£0.01 7.83+0.03 2.17+0.01
24 h 10+0.01 8.1+0.03 1.9+ 0.03 4+0.03 6+ 0.04 10+0.02 8.1+0.04 1.91+0.04 6.9+0.04 3.10+ 0.03
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8.3.5 Visualisation of interaction between NPs and bacteria using SEM

I- Silver nanoparticles
The interaction between bacteria and the nanoparticles was investigated by SEM as per method 8.2.6. As

demonstrated in the images, E. coli is a rod shape and well defined texture having an average cell length of
2.7 um and a cell width of 0.7 um are observed (Figure.8-14, A and B) as untreated bacteria cells (control),
whereas after 24 hours treatment with AgNOct, there is a total deformation and leakage of cellular material
(Figure 8-14 (C)), which has been reported recently in studies of E. coli when treated with silver—
poly(methyl methacrylate) (Ag-PMMA) nanocomposite for water treatment (Borse et al., 2016). Figure 8-
14 (D), shows low density cells or no growth on the sample exposed to AgNOct for 24 hours, where only
AgNPs were presented, whereas E. coli treated with AgNS after 4 hours displays a physical interaction only
between NPs and cells even after 24 hours and does not show any deformation of the cell wall (Figure 8-
14 (E-F)).

The SEM image of untreated E.faecium looks round and double cocci (Figure 8-15 (A and B)), while 24
hours treatment with AgNS reveals unhealthy cells (Figure 8-15 (C)). E.faecium under SEM appeared
deformed and the cell wall damaged when exposed to AgNOct after 24 hours (Figure 8-15 (D)). AgNPs
cause similar cell wall disruption and have been reported previously, although in S. aureus rather than in
E. faecium and the investigation performed under TEM instead of SEM microscopy (Mei et al., 2013).
Previous studies have shown that the antibacterial activity of AgNPs is limited in Gram-positive bacteria
due to the thick peptidoglycan layer of the cell wall of (e.g. S. aureus), which prevented the penetration of
the nanoparticles into the cytoplasm (Borse et al., 2016; Mei et al., 2013).
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Figure 8- 14: SEM images of E. coli: (A) and (B) untreated cells, (C) cells exposed to AgNOct for 24hours show
leakage of cellular material and total deformation of cells, (D) shows low density cells and no growth was present in
the sample after 24hours, only AgNOct is shown. (E) and (F) cells exposed to AgNS for 4 and 24h respectively, show

the interaction of the NPs and bacteria.
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Figure 8- 15: SEM images E. faecium: (A) and (B) untreated cells, (C) cells exposed to AgNS for 24 hours show
damaged cells. (D) cells exposed to AgNOct show cell wall damaged after 24h.

The interaction between NPs and bacteria can be explained by the following; hydrophobic interactions
(Luan, 2016), electrostatic attraction (Li et al., 2015), receptor—ligand (Gao, 2014) and van der Waals forces
(Armentano et al., 2014). NPs then penetrate inside bacterial membrane and aggregate along the metabolic
pathway, deforming the shape and function of the cell wall. Subsequently, NPs interact with the intracellular
material, such as enzymes, lysosomes, Deoxyribonucleic acid (DNA) and ribosomes (RNA), leading to
alterations in cell membrane permeability, enzyme deactivation, protein inhibition, oxidative stress,
electrolyte balance disorders and changes in gene expression (Xu, 2016; Shrivastava, 2007; Yang, 2009).
Nanoparticles penetrate into cells to produce an antibacterial effect. The diffusion coefficient is ~105 cm2/s,
which is the same as the oxygen diffusion coefficient. Considering the thickness of the E. coli cell wall with
diffusion time ~107 cm2/s, the average lifetime of ROS is 105-106 s. Hence, ROS remains for a sufficient

period to diffuse inside bacterial cells (Wang, 2017).
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A comparison of the possible mechanisms of antibacterial action of silver ions and silver nanoparticles
against Gram-positive bacteria and Gram-negative bacteria is shown in Figure 8-16 (Kedziora et al., 2018).
Initially, pore formation which allowed ions leakage inside cells that will produce denaturation of structural
and cytoplasmic proteins followed by inactivation of respiratory chain enzymes then to an increase in
intracellular reactive oxygen species (ROS) concentration, interaction with ribosome and nucleic acids as

a consequence of inhibition and may possibly cause cell death (Kedziora et al., 2018).

E . 2 Ribosome
Outer Membrane f L

|
| Inner Membrane

Silver lon

X

Cell wall

| Resgiratory Chain
Enzyme

Silver Nanoparticles

Figure 8-16: Comparison of Ag ion (A) Comparison of the silver ions (A) and silver nanoparticles’ (B) mode of action
for Gram-negative (left) and Gram-positive (right) bacteria. (1) Pore formation; metabolites and ions leakage (shown
as plus and minus in the figure above) (2) Denaturation of structural and cytoplasmic proteins; enzymes inactivation.
(3) Inactivation of respiratory chain enzymes. (4) Increase of intracellular reactive oxygen species (ROS)
concentration. (5) Interaction with ribosome. (6) Interaction with nucleic acids. (7) Inhibition (Kedziora et al., 2018).
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The antimicrobial efficacy of the AgNPs has been shown to be shape dependent against the organisms
tested. Truncated octahedral AgNPs (AgNOct) were found to be more active on E. coli and E. faecium
when compared with spherical AgNPs (AgNS). A generation of reactive oxygen species (ROS) can be
produced at the cell wall affecting metabolic processes by damaging DNA reproduction followed by cell
death due to oxidative stress (Vimbela et al., 2017). A dominant oxidant was produced in the reaction of
AgNPs with hydroxy radical (OH). This oxidizing species may lead to the bactericidal properties of AgNPs
(Grumezescu, 2017). Similarly, the difference in shape resulted in differences in efficacy which may be
due to the higher surface area of AgNOct compared to AgNS, and differences in active facets and surface
energies. This higher reactivity may ultimately cause more rapid cell death.

I1- Copper nanoparticles

The interaction between CuNPs and bacteria was investigated by SEM as per method 8.2.6. E. coli exposed
to CuNC for 4 hours shows a physical interaction between the bacterial cell and NPs (Figure 8-17 A),
whereas after 24 hours treatment with CuUNC appear elongation of the cell wall, increased roughness and
deformed with release of intracellular material (Figure 8-17 B).

This was previously reported in studies of copper nanoparticles when treated with E. coli (Diaz-
Visurraga et al., 2011). Low density cells or no E. coli growth following exposure to CuNC for 24 hours,
where only NPs are present under SEM (Figure 8-17 C), whereas exposure to CuNS for 24 hours appear
attached to the cell wall and partial cell wall damage (Figure 8-17 D). In contrast, untreated E. coli (control)
was observed to be well-defined and had a healthy texture (8-17 E).

E. faecium treatment with CuNC after 24h appears to lack uniformity and was ruptured (Figure 8-18 A), as
recently reported in studies of Cu2SnS3 (CTS) nanoparticles when treated with S. aureus (Lokhande et al.,
2017). However, cells exposed to CuNS for 24 hours show partial deformation of some cells (Figure 8-18
B), in contrast to untreated E. faecium (control), which was observed to be well-defined and had a healthy
texture (Figure 8-18 C).
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Figure 8-27: SEM images of E. coli: (A) treatment with CuNC after 4 hours shows NPs attached to cell wall, (B) cells
exposed to CuNC for 24 hours appear rough and deformed with the release of intracellular material, (C) no bacteria
growth after 24hours treatment with CUNC, while only NPs were present, (D) exposure to CuNS for 24 hours shows

the interaction between NPs and bacteria cells and partial deformation of cells, (E) untreated E. coli (control).
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Figure 8-18: SEM images of E. faecium: (A) cells exposed to CuNC for 24 hours lack uniformity and were ruptured,

(B) cells exposed to CuNS for 24 hours show partial deformation of some cells, (C) untreated E. faecium (control).

Schematic diagram of the different pathways inducing cellular toxicity by CuNPs is shown in Figure 8-19
(Chang, 2012). Three potential mechanisms based on ROS, non-homeostasis and coordination effects
which explain why CuNPs exert toxic effects on bacteria. Nanoparticles can diffuse inside cells through
holes present in cell membrane or pass through transporter proteins and ion channels existing on the plasma
membrane. Likewise, NPs can enter cells via endocytosis (the membrane wraps around NPs and then
vesicles transport into cells). Cu2+ ion generated by NPs can produce ROS through chemical reactions to
inactivate DNA function and gene expression. Besides, Cu2+ ions can form chelates with biomolecules or
dislodge the metal ions in specific metalloproteins, as a consequence of functional protein inactivation.
Cu2+ ion generated by NPs nanoparticles can increase their local concentration and interrupt cellular metal
cation homeostasis which cause cell toxicity.

Studies of the antibacterial activity of different CuNPs show that whilst both shapes were effective in

inhibiting the growth of Gram-positive bacteria and Gram-negative bacteria. CUNC had the greatest effect,
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which might be related to (111) facet dominant compared with CuNS. This higher reactivity may be the
principal cause that ultimately led to more rapid cell death in E. coli, suggesting that CuNS have a
bacteriostatic effect, while CuNC become bactericidal after 4 hours. The results indicate that CuNPs can be
used as effective growth inhibitors in different microorganisms, making them applicable to coated medical

devices food preservation and antimicrobial control systems.
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Figure 8-19: Schematic representation of the mechanism of antibacterial activity of copper nanoparticles (Chang,
2012).

I11- Gold nanoparticles

The interaction between AuNPs and bacteria was investigated using SEM as per method 8.2.6. E. coli
treated with AuUNS shows a physical interaction between bacterial cell and AuNS after 24 hours (Figure
8-20 (A)). However, the cellular integrity was lost and cell wall damaged following exposure to AuNOct
for 24 hours, which has been reported previously in studies of gold nanoparticles when treated with E.
coli (Figure 8-20 (B)) (Chandran et al., 2014). Conversely, untreated E. coli (control) appeared rod shaped
and well-defined (Figure 8-20 (C)).

E. faecium treated with AuNS exhibits only interaction between AuNS and bacteria even after 24hours
(Figure 8-21 (A)). Non-uniform or deformed and ruptured E.coli cells appear under SEM after treatment

with AuNOct for 24 hours (Figure 8-21 (B)), which has been reported previously in studies of gold
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nanoparticles when treated with Bacillus cereus, S. aureus and Listeria monocytogenes (Chandran et al.,
2014). However, untreated E. faecium (control) appear round and have healthy cells (Figure 8-21 (C)).
Studies of the antibacterial activity of the different AUNPs indicate that whilst both shapes were effective
in inhibiting the growth of Gram-positive bacteria and Gram-negative bacteria, AUNOct which had the
greatest effect enhanced by (111) facet was more prevalent in the AuNOct compared with AuNS. This
higher reactivity may be the principal cause that eventually led to more rapid cell death in E. coli, suggesting
that AuNS has a bacteriostatic effect, while AuNOct become bactericidal after 4 hours. The results
demonstrate that AuNPs can be used as effective growth inhibitors in different microorganisms, rendering
them applicable to antimicrobial control systems, drug delivery and cancer therapy.
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Figure 8-20: SEM images of E. coli: (A) treated with AuNS, (B) treated with AuNOct, (C) untreated E. coli (control).
All after 24h.
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Figure 8-21: SEM images of E. faecium:(A) treated with AuNS, (B) treated with AuNOct, (C) untreated E. faecium
(control). All after 24h.

8.4 Comparative studies of the efficacy of different shaped metal nanoparticles against E.

coli and E. faecium

Based on the findings of the current study, it would be concluded that AgNOct, CuNC and AuNOct are the
most effective shape against E. coli and E. faecium compared to the spherical shaped (AgNS, CuNS and
AUNS). Among these metals, the MIC of AgNOct against E. coli was the lowest 10ug/ml, followed by
MICs of CuNC and AuNOct 15 pg/ml and 50ug/ml respectively. The MIC of AgNOct against E. faecium
was higher than the MIC against E. coli 55ug/ml, followed by MICs of CUNC and AuNOct 90 pg/ml and
100ug/ml respectively. The MICs of AuNS against E. faecium and E. coli are the highest 250ugl/ml and
230pgl/ml respectively (Table 8.1). These findings are significantly lower than 9000 pg/ml MIC
concentration for a commercially manufactured AgNPs, whenever the antibacterial study had been carried
out at an initial cell concentration of 10° CFU/ml (Acharya et al., 2018; Lara et al., 2011).

The results suggests that AgNOct are the most effective tested metal NPs against E. coli followed by CuNC

and AuNOct respectively, as shown in Table 8.1 (MICs value). The viable count growth data demonstrated
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that the concentrations of 10pg/ml of AgNOct resulted in a significant (p <0.05) reduction of > 8 logo)
CFU/mL against E. coli, followed by the concentrations of 15 pg/ml and 55pg/ml of CuNC and AuNOct
respectively, resulted in >7 and 6 logo) CFU/mL reduction against E. coli, as shown in Table 8-5. However,
the viable count growth data demonstrated that the concentration of 55ug/ml of AgNOct resulted in a
significant (p <0.05) reduction of > 5 log0) CFU/mL against E. coli, followed by the concentrations of 90
pug/ml and 100ug/ml of CuNC and AuNOct respectively, resulted in >3.50 and 3.10 logag CFU/ML
reduction against E. faecium, as shown in Table 8-6. The spherical shape NPs required a higher
concentration, 250pg/ml of AuNS and 125ug/ml of CuNS resulting in >1.9 logue CFU/mL reduction
against E. faecium, as seen in Tables 8-7.

Table 8-5: The loguo) CFU/mL growth inhibition of E. coli treated with AgNOct, CUNC and AuNOct over

24 h (n= 6+ SD)

Time Control growth Growth inhibition of E. coli Growth inhibition of E. coli Growth inhibition of E. coli
counts (no NP treated with AgNOct treated with CuNC treated with AuNOct
metal present)

0 hours 8+0.02 0+0.02 0+0.03 0+£0.04
2 hours 8+0.03 2+0.01 2.35+0.01 2+0.03
4 hours 9+0.05 8 +0.04 6 +0.01 4+0.02
6 hours 10+0.03 8 +0.02 6 +0.03 5+0.03
24 hours 10+0.01 8 +0.01 7+0.01 6+0.04

Table 8.6: The loguo CFU/mL growth inhibition of E. faecium treated with AgNOct, CuNC and
AuNOct over 24 h (n= 6+ SD)

Time Control growth Growth inhibition E. faecium Growth inhibition E .faecium Growth inhibition E. faecium
counts (no NP treated with AgNOct treated with CuNC treated with AuNOct
metal present)

0 hours 8+0.01 0+0.03 0+0.03 0+ 0.03

2 hours 8+0.02 2.05+0.02 0.11+£0.01 0.05+ 0.04
4 hours 9+0.04 4 +0.02 2.32+0.03 2.24+0.02
6 hours 10+0.03 5+0.01 3.32+0.04 217+0.01
24 hours 1040.02 5 +0.04 3.50 +0.02 3.10+ 0.03
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Table 8.7: The logue) CFU/mL growth inhibition of E. faecium treated with AgNS, CuNS and AuNS
over 24 h (n= 6+ SD)

Time Control growth Growth inhibition E. faecium Growth inhibition E .faecium Growth inhibition E. faecium
counts (no NP treated with AgNS treated with CuNS treated with AUNS
metal present)

0 hours 8+0.01 0+0.02 0+0.01 0+ 0.04

2 hours 8+0.02 0.11 +0.03 0.11+0.04 0.04 £0.02
4 hours 9+0.04 2.18 +0.01 1.98+0.03 2.17+0.03
6 hours 10+0.03 3.23+0.02 2.14+0.01 2.10+0.01
24 hours 10+0.02 3.18 £0.04 1.98 £0.04 1.91+0.05

In this study, anisotropic shapes such as the truncated octahedron or cube shape show strong antibacterial
activity compared to the spherical shape. This proves the hypothesis that the efficacy of nanoparticles
against bacteria depends on their shape. The reason behind that could be the geometric structure enclosed
by (111) faceted contains higher atomic density (Acharya et al., 2018; Bao et al., 2016). The truncated face
in the octahedron shape and the edge in the cube shape enabled the NPs to penetrate into the cell more
rapidly and cause damage in the outer membrane (Rojas-Andrade, 2015). However, among these metals,
AgNPs in the form of (AgNOct) was the most effective metal NPs against E. coli and E. faecium compared
to AuNPs and CuNPs. The reason could be established by two different mechanisms of action enhanced
by AgNPs. Firstly, the interaction between released Ag+ ions can bind with thiol groups (~SH) of enzymes
and proteins found in the cell membrane disruption of membrane functionality by the breakdown of the
Adenosine triphosphate (ATP) production pathway. AgNPs may then be deposited in the cell wall causing
holes, which can easily penetrate inside bacteria and interact with intracellular components or proteins
containing sulphur. Secondly, generations of reactive oxygen species (ROS) can be produced at the cell
wall affecting metabolic processes by damaging DNA reproduction followed by cell death due to oxidative
stress (Vimbela et al., 2017). NPs generate different types of ROS by reducing oxygen molecules. For
instance, hydrogen peroxide (H20.), superoxide radical (O2"), singlet oxygen (O) and hydroxyl radical
(OH), that display different levels of dynamics and activity. Ag produces hydroxy radical (OH)
(Grumezescu, 2017) and Cu,O generates the four types of oxidizing species (Wang et al., 2017), while Au
does not generate ROS due to high tolerability of this metal (Grumezescu, 2017). A previous report
illustrates that (H202) and (O2") produce less stress reactions, superoxide enzymes and catalase can be
neutralised by endogenous antioxidants, while (O,) and (OH) can cause acute stress reactions which lead

to microbial death (Malka et al., 2013). It can be concluded that a dominant oxidant was produced in the
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reaction of AgNPs with hydroxy radical (OH). Thus, this oxidising species may cause the bactericidal

properties of AgNPs (Grumezescu, 2017).
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Chapter 9.

Conclusion



9.1 Conclusion

Bionanomaterials is an extensive field in which there is a significant potential for the development of new
technologies and bioscience within all areas of healthcare arenas. Different applications for nanomaterials
have been widely stated in the literature: from antimicrobials to biosensing and drug delivery. Accordingly,
the objective of this study was to synthesis metal NPs of different shape for silver, gold and copper thereby
optimising fabrication conditions to control the NPs size and tailor NPs shape in order to assesses their
efficacy as antibacterial agents against both a Gram positive (E. faecium) and a Gram-negative (E. coli)

organism

Two different shapes of each metal were obtained by chemical reduction method: spherical/octahedron
silver, spherical/octahedron gold and spherical/cube Copper, where the size and shape were controlled via
the precursor or reduction agent, reaction time, temperature and the molar ration between the precursor

and reduction agent.

Ag nano sphere were synthesised using AgNOs as a precursor and Sodium citrate as a weak reduction
agent). The formation of a spherical shape AgNPs related to citrate ion reduces the Ag ion capping the
nanocluster, after the formation of the NPs no further etching afterward resulting in shape of faceted
nanospheres. Ag nano octahedrons have been synthesised using polyol method, the primary step in this
process includes heating a polyol such as ethylene glycol (EG) with a precursor (AgNO3) in the presence
of a polymeric capping agent such as (PVP). The addition of a small amount of Sodium bromide (NaBr)
prior to the addition of a precursor play a role in the etching of the particle seeds, facilitating the formation
of truncated octahedron enclosed by {111} facets. The PVP also works as a shape-control agent prompting

the reduction of AgNO; onto specific crystal faces while preventing reduction onto others.

Cu nano sphere have been synthesised using CuSO4 as a copper salt, PVP was used as a surfactant and
ascorbic acid as a reducing agent. CuSO4 primarily dissociates to Cuz+ and SO, in water, and Cu+ ions are
hydrolysed into Cu(OH). Further reduction of Cu(OHy,) takes place in the presence of ascorbic acid to form
Cu20. Lastly, Cu20 is further reduced to form Cu nano sphere. CuNPs are highly unstable as they oxidise
rapidly but this can be inhibited by the use of ascorbic acid. Cu nano cube have been synthesised using
polyol method, the primary step in this process includes heating a polyol such as ethylene glycol (EG) with
a precursor (CuSOs). The addition of a small amount of Sodium hydroxide (NaOH) prior to the addition of
a precursor play a role in the etching of the particle seeds, facilitating the formation of cube shape. Also,
The molar ratio (1:1) of NaOH:CuS0..5H,0 and high temperature 165 °C played important roles in the

synthesis of copper nano cube.
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Au nano sphere have been synthesised using HAuUCI, as a gold salt and Sodium citrate as a weak reduction
agent. The formation of a spherical shape AuNPs related to citrate ion reduce the Au ions firstly then the
citrate capped the nanoparticles, after the formation of the NPs no further etching afterward resulting in
shape of faceted nanospheres. Au nano octahedrons have been synthesised using HAuUCI, as a gold salt and
Sodium bromide (NaBr) as a reduction agent. AUNPs enclosed by {111} facets octahedrons, when Br-ions

present during reaction truncated octahedron is formed.

All nanoparticles were characterised using UV-VIS spectroscopy, SEM, EDX , XRD and TEM to confirm
the presence of NPs and identify the morphology, elemental analysis, crystalline nature and lastly TEM to
obtain the SAED for assignation of the crystalline nature and HRTEM for elucidation of the d-spacing of
the lattice fringes. Indexing the selected area electron diffraction (SAED) of NPs and compare the calues
of R (d-spacing) with XRD data or data base ICDD is evidence that all produced NPs are crystalline (single
crystal or polycrystalline), which enhance the antibacterial activity of the nanoparticles unlike the
amorphous properties. For example, the crystalline phase of the prepared TiO2—Ag nanoparticles calcined
powder at 300 °C (CB300) had the highest antibacterial properties which inhibited bacterial growth by
90%. However, no major decrease in the number of colonies was reported in noncalcined powder (CB),
because of the amorphous structure of CB. It is reasonable to say that the growth delay of E. coli is due to
the presence of silver nanoparticles and not due to the TiO2 nanoparticles (Amin et al., 2009).

MIC of AgNOct against E. coli was the lowest 10ug/ml, followed by MIC of CuNC and AuNOct 15 and
50pg/ml respectively. The MIC of AgNOct against E. faecium was higher than the MIC against E. coli
55ug/ml, followed by MIC of CuNC and AuNOct 90 and 100ug/ml respectively. The MICs of AuNS
against E. faecium and E. coli were the highest; 250 and 230 pg/ml respectively. The results suggest that
AgNOct is the most effective against E. coli, followed by CuNC and AuNOct respectively. Reductions in
>8 loguo) CFU/mL were observed for E. coli treatment with AgNOct. It can be concluded that the AgNOct
had greatest antimicrobial activity followed by CuNC and AuNOct. However, reductions in the spherical
shaped NPs (AuNS and CuNS) was the lowest inhibition, reduced by >1.9 loguo CFU/mL against E.

faecium.

Growth inhibition was measured using optical density to investigate the growth kinetic curves of bacterial
cells exposed to different concentrations of NPs. Higher concentrations of nanoparticles in solutions
progressively inhibited the growth of E. coli and E. faecium, which observed that both the lag and log phase
were altered by NPs. The concentration 100 pg/ml of AgNOct was found to be strongly inhibitory for E.
faecium, whereas the lower concentration 10 pg/ml of AgNOct was found to be an effective bactericide

against E. coli. The concentration of 100 pg/ml of AgNS was established to be strongly inhibitory for E.
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coli, as it took 10 hours to initiate the reduction in growth, while to initiate the growth of E. faecium in the
presence of 100 pug/ml AgNS, requires 2 hours. The present findings are in good agreement with the work
of other studies (Dehnavi et al., 2013; Badwaik, 2012), who stated higher inhibition kinetics against Gram-
negative bacteria, such as E. coli as compared to Gram-positive bacteria such as Staphylococcus

epidermidis and S. aureus of Ag nanoparticles.

Damage to the E. coli and E. faecium cell wall after 24h treatment with metal NPs was observed in the SEM
imaging. The greater inhibitory effects observed in E. coli than in E. faecium might be attributed to
differences in the structure and thickness of the peptidoglycan layer of their cell walls. The peptidoglycan
layer of Gram-positive bacteria for instance E. faecium (~20-80 nm) is thicker than that in Gram-negative
bacteria such as E. coli (~7-8 nm), as it includes linear polysaccharide chains cross-linked by short peptides
to make a three dimensional rigid structure. This makes it more difficult for NPs to attach and penetrate
(Wang, 2017). In addition, the positively charged AgNPs are attracted electrostatically to negatively
charged lipopolysaccharides and teichoic acids in Gram negative and Gram-positive bacteria respectively;

this may lead to rupture and protein denaturation followed by cell death (Acharya et al., 2018).

The difference in shape resulted in differences in efficacy, which may be due to the higher surface area,
and differences in active facets and surface energies. This higher reactivity may ultimately lead to more
rapid cell death. It has been reported previously that the antibacterial activity of Ag is enhanced by high
atomic density facets such as (111) (Acharya et al., 2018). It was postulated that atoms were more reactive
on the facets of higher surface energy, which may cause them to interact rapidly with oxygen-containing
groups of lipopolysaccharide molecules that can result in enhanced attachment to the cell membrane (Wang
et al., 2017). AgNPs in the form of (AgNOct) was the most effective metal NPs against E. coli and E.
faecium compared to AuNPs and CuNPs, due to the generation of reactive oxygen species (ROS).
Nanoparticles generate different types of ROS by reduction oxygen molecules, for instance hydrogen
peroxide (H20.), superoxide radical (O2"), singlet oxygen (O2) and hydroxyl radical (OH), that display
different levels of dynamics and activity. Ag produce hydroxy radical (OH) (Grumezescu, 2017) and Cu.O
produces four types of oxidizing species (Wang et al., 2017), while Au does not generate ROS due to the
high tolerability of this metal (Grumezescu, 2017). A previous report illustrated that (H-0) and (O2") cause
less stress reactions and superoxide enzymes and catalase can be neutralised by endogenous antioxidants,
while (0O;) and (OH) can cause acute stress reactions which bring about microbial death (Malka et al.,
2013). The results from this study suggests that AgNOct could be a potential alternative antibacterial agent
against E.coli and E. faecium. In this domain, these findings can accelerate the use of AgNOct, CUNC and

AuNOct in biological applications in the future as antimicrobial agents. Based on the above findings, it can
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be concluded that the toxicity of the metal NPs against E. coli and E. faecium depends on the shape of NPs
enclosed by (111) faceted and the concentrations to penetrate into the cell membrane. The actual mechanism

behind the bactericidal effect of metal NPs is not well known and requires further investigation.

9.2 Future work

The next step in the progression of this research will be to further investigation the mechanisms of action
of metal NPs, such as gene expression and DNA fragmentation to obtain the toxicity mechanism of NPs.
Flow cytometry is a technique used to detect and measure the chemical and physical characteristics of a
population of cells or particles. Cells are typically labelled with fluorescent dye (propidium iodide) and
then excited by laser to emit light at varying wavelengths to distinguish dead/live cells. Flow cytometry can
be used in the diagnosis of health disorders and is employed in biomarker detection, protein engineering,
cell sorting and cell counting (Railean-Plugaru, 2016). The advantage of flow cytometry is the ability to

examine data from tens of thousands of cells faster, and to calculate it using computer software.

In the current research, Escherichia coli (NCTC8196) and Enterococcus faecium (NCTC12202) were
selected as a model for Gram-negative bacteria and Gram-positive bacteria respectively. In order to consider
a AgNOct, CuNC and AuNOct as a commercial product in the healthcare arena or use it as a combination
of NPs and antibiotics, the versatility of the suspension should be assessed by testing its efficacy against
other human pathogens-including E. coli (O157:H7), S. aureus, B. subtilis and K. pneumonia, which are

the major cause of infections in children and adults.

The fragment crystallizable receptor (FC receptor) result can be joined with BIOTEM data, which is an
extremely important method in defining NPs internalization via bacteria cells (Acharya et al., 2018).
Visualisation of the interaction between NPs and bacteria using TEM will give us more information as
regards the antibacterial mechanism of NPs and agglomerates around the bacteria, followed by
internalization inside cytoplasm. Finally, damaging the cell membrane and leakage of cellular material lead
to cell death (Espana-Sanchez, 2018). Future research emerging from this project would include further
investigation using the high angle annular dark field (HAADF) technique, can be joined with scanning
transmission electron microscopy (STEM) in order to generate images related to the elemental mapping of
NPs inside bacteria. The electrons generated were scattered at high angles, creating an image with high
contrast associated with the differences in atomic number between organic/inorganic phases (Espana-
Sanchez, 2018). Increasing numbers of NPs agglomerate inside bacteria cells associated with increasing

Phosphorous (P) and Sulphur (S) elements, which suggest possible phospholipid and protein damage
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created by the interaction of NPs with the particular adsorption sites regularly distributed on the

lipopolysaccharide outer cell of Gram-negative (Espana-Sanchez, 2018).

Further research to investigate the relationship between the NPs shape and their antibacterial properties,
such as dissolved oxygen and light irradiation that might have an effect on the catalytic production of ROS
along with different facets is required (Hong et al., 2016). Detecting the ROS can be examined by measuring
the fluorescent intensity using a different type of fluorescent probe such as 2-[6-(4-amino)phenoxy-
3Hxanthen-3-on-9-yl]benzoic acid (APF), hydroethidine-dihydroethidium (DHE) and 2/7-
dichlorodihydrofluorescein (DCFH) dedicated to the quantification of integrated amounts of oxidising
species (Zhao and Riediker, 2014; Misawa, 2011). Recent research that measured ROS on metal oxide NPs
and their bacteria toxicity, the antibacterial activity was attributed to the long-lived O; radicals on the NPs
with the following order of TiO, > ZnO > V,0s > Fe;03 > CeO, > Al,O3 (Wang and Zhao, 2017). Further
research to quantify ROS photogenerated on metal NPs and their bacteria toxicity is required, seeing as
only a few studies were published based on a comparison of the generation of ROS on metal NPs. The
actual mechanism of ROS is not well known as there are conflicting statements concerning the generation
of ROS induced by NPs. For instance, recent research stated that AUNPs have a lower toxicity on bacteria
than other NPs because they do not generate ROS due to the high tolerability of AUNPs (Grumezescu, 2017;
Cui and Wang, 2012). However, previous research reported that AuUNPs generate hydroxyl radical (OH)
and superoxide anion (027) (Misawa, 2011). Specifically, questions as regards whether NPs might be a
possible source of ROS generation should be answered based on a uniform methodology using a specific
DCFH fluorescent probe involving a specific NP shape, rather than different random shapes tested (Zhao
and Riediker, 2014).

Future research as a result of this project would include further investigation into mechanisms of the action
of metal oxide NPs, for example titanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles due to their
antibacterial applications including water disinfection (Li et al., 2008) and coated textile fabric respectively
(Perelshtein et al., 2016).
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Appendices

Appendix A:

Silver Crystal Structures

Suh I-K, Ohta H, Waseda Y

Journal of Materials Science 23 (1988) 757-760

High-temperature thermal expansion of six metallic elements measured

by dilatation method and X-ray diffraction

Locality: synthetic

Sample: at T =293 K

_database_code_amcsd 0013118

CELL PARAMETERS: 4.0860 4.0860 4.0860 90.000 90.000 90.000

SPACE GROUP: Fm3m

X-RAY WAVELENGTH: 1.541838
MAX. ABS. INTENSITY / VOLUME**2:  565.0704150
2-THETA | INTENSITY | D-SPACING H | K | L | Multiplicity

38.15 100.00 2.3592 1 1 |1 |8
44.34 46.77 2.0431 2 0 |0 |6
64.50 25.61 1.4447 2 2 |0 |12
77.74 27.18 1.2320 3 1 |1 |24
81.62 7.69 1.1796 2 2 12 |8

XPOW Copyright 1993 Bob Downs, Ranjini Swaminathan and Kurt Bartelmehs

For reference, see Downs et al. (1993) American Mineralogist 78, 1104-1107.
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Appendix B:

Copper Crystal Structures

Suh I-K, Ohta H, Waseda Y

Journal of Materials Science 23 (1988) 757-760

High-temperature thermal expansion of six metallic elements measured

by dilatation method and X-ray diffraction

Locality: synthetic

Sample: at T =293 K

_database _code_amcsd 0013087

CELL PARAMETERS: 3.6130 3.6130 3.6130 90.000 90.000 90.000
SPACE GROUP: Fm3m
X-RAY WAVELENGTH: 1.541838
2-THETA | INTENSITY | D-SPACING H | K | L [ Multiplicity
42.35 100.00 2.0871 1 1 |1 |8
50.49 45.56 1.8075 2 0 |0 |6
74.20 23.28 1.2781 2 2 |0 |12

XPOW Copyright 1993 Bob Downs, Ranjini Swaminathan and Kurt Bartelmehs

For reference, see Downs et al. (1993) American Mineralogist 78, 1104-1107.
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Appendix C:

Gold Crystal Structures

Suh I-K, Ohta H, Waseda Y

Journal of Materials Science 23 (1988) 757-760

High-temperature thermal expansion of six metallic elements measured

by dilatation method and X-ray diffraction

Locality: synthetic

Sample:at T =574 K

_database _code_amcsd 0013109

CELL PARAMETERS: 4.0910 4.0910 4.0910 90.000 90.000 90.000

SPACE GROUP: Fm3m

X-RAY WAVELENGTH:

MAX. ABS. INTENSITY / VOLUME**2:

1.541838

1764.453631

2-THETA | INTENSITY | D-SPACING H | K | L | Multiplicity
38.10 100 2.3619 1 1 |11|8
44.28 47.97 2.0455 2 0 [0 |6
64.42 28.46 1.4464 2 0 |0 |12
77.36 31.38 1.2335 3 1 |1 |24
81.50 8.96 1.1810 2 2 |2 |8

XPOW Copyright 1993 Bob Downs, Ranjini Swaminathan and Kurt Bartelmehs

For reference, see Downs et al. (1993) American Mineralogist 78, 1104-1107.
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Appendix D

3 pm EHT = 20.00 kV 19 Cu_01 tif Date :30 Oct 2014
I 1 WD = 8.0 mm SE1 Mag= 500KX

SEM image of Copper nanplate

EHT=15.76 KU - Wo= 13 mm Mag- 115 X
188apmn Photo No.-=-3482 Detector= SE1

SEM image of Gold nanowire
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EHT =20.00 kv Ag Sphere 4_06.tif DE MONTFORT
WD = 8.5 mm P!EEI'\!EEHRSITY
| Probe = 100 pA SE1 85.00 KX 14 Oct 2016

SEM image of Silver nanowire

FPa2=111.1nm

EHT = 20.00 kv/ Ag Sphere 4_03 tif DE MONTFORT
WD = 8.5 mm LUE-UgERSITY
| Probe = 100 pA SE1 85.00 KX 14 Oct 2016

SEM image of Traingle nanosilver
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1 pm EHT = 20.00 kV Ag3D0.1M_3h_01 tif 30 Sep 2013
WD = 8.0 mm SE1 Mag= 35.00 KX

SEM image of hexagonal plate AgNPs
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Appendix E

Different between copper NPs produced in vitro (left) and commercial copper oxide NPs
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Appendix F

Explore
Case Processing Summary
Valid Missing Total
N Percent Percent N Percent
72 100.0% 0.0% 72 100.0%
Descriptives
Data Statistic Std. Error
Mean 13.56 .04331
95% Confidence Lower Bound 13.36
Interval for Mean Upper Bound 13.66
5% Trimmed Mean 13.5512
Median 13.3850
Variance 172
Std. Deviation 41468
Minimum 13.00
Maximum 14.17
Range 1.17
Interquartile Range .81
Skewness 249 .283
Kurtosis -1.667 .559
Tests of Normality
Kolmogorov-Smirnov- Shapiro-Wilk
Statistic | df | Sig. Statistic df Sig.
270 | 72 | .000 823 72 .000
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