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Abstract

The aims of this work were to explore novel biosynthetic methods to produce metal
nanoparticles (MNPs) with short synthesis time and focussed particle size
distribution. Current methods for the synthesis of MNPs use potentially hazardous
compounds or extreme synthesis conditions, which raises concerns about their
environmental impact, in-vivo toxicity and cost of synthesis. MNP biosynthesis in
microorganisms have been attempted to lower the environmental impact and cost of
nanoparticle and nanomaterials. Although microbial biosynthesis is inexpensive and
does not involve the use of exogenous capping ligands/dispersing agents for MNP
stabilization, it produces a nanoparticle population with a broad particle size

distribution that is unsuitable for practical applications without further refinements.

In this thesis, the problems of wide size distribution and slow synthesis Kinetics, in
bacterial, fungal and mammalian cell hosts are addressed. The introduction (Chapter
1) provides a broad introduction on nanoscience and nanotechnology, including an
overview of MNP chemical synthesis methods. Chapter 2 describe the material and
experimental methods relevant to this work. Chapter 3 reports MNP biosynthesis in
the dissimilatory metal reducing microorganism Shewanella sp., and discusses the
effect of mild electrochemical reducing potential on the biosynthesis rate and silver
nanoparticles (AgNPs) size and distribution in Shewanella biofilms grown on carbon
electrodes. Results show that the optimal reducing potential is -0.2 V vs. Ag/AgCI.
AgNPs synthesis was slower at higher potential (0 V vs. Ag/AgCl), while
electroplating was the prevalent process at -0.4 vs. Ag/AgCI. The particle size at -0.2
V vs. Ag/AgCl was 61 £ 1 nm.

In Chapter 4, the mechanism of AuNP biosynthesis was studied in the fungi
Rhizopus oryzae. Previous studies showed that redox enzymes located on the cell
surface reduce Au®* ions to AuNPs. A purified cell surface protein extract was used
to generate small, uniform AuNPs. Since protein extraction may influence protein
structure and the resulting AuNP size and shape, the modulatory effects of DTT,
SDS and Triton X-100 extraction buffers on protein extraction and AuNP
biosynthesis by the protein extracts were examined. Results show that 1% v/v Triton
X-100 produces AuNPs with the best size distribution (19 £ 1nm), crystallinity and

antimicrobial activity.



Finally, the biosynthesis of gold nanoparticles (AuNPs) using mammalian vascular
endothelial and smooth muscle cells was examined in vitro in Chapter 5. Cell culture
conditions such as phosphate buffer and foetal bovine serum (FBS) concentration
were optimised as well as initial Au concentration. The AuNPs produced under
optimal conditions were semi crystalline in nature. The average particle sizes were
23 = 2nm for endothelial cells and 23 + 4nm for smooth muscle cells, respectively.
Results suggest that the production of reactive oxygen species during oxidative stress
reduced the Au®* ions, although there may also be some Au®* reducing activity in the

secretome.

Taken together, these studies suggest that MNPs size distribution is an inherent
problem of the biosynthetic process, and that MNP mean size is influenced by
reducing potential, protein structure, and cell type. Crystallinity of the MNPs is
dependent on the temperature of the synthesis, rather than the cell type, reducing
potential or protein structure. Further the protein capping ligands uncovered in this
study is predominantly proteins, although their identity is not yet clear. The use of
fungal protein extracts is the most ideal strategy for MNP biosynthesis, specifically
Triton X-100 protein cell extract, due to the low cost of synthesis compared to the
mammalian cell culture, smaller size compared to the bioelectrochemical synthesis
and repeatability. Bioelectrochemical synthesis is a promising alternative, however
further optimisation is required to lower MNP size and size distribution. Bovine
aortic smooth muscle cells produced a high concentration of AuNPs, may be an ideal
eukaryotic host for the production of biocompatible AuNPs for in-vivo use, however

a comprehensive toxicity study of these AuNPs is required.
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Chapter 1: Introduction

1.1 Nanoscience
Nanoscience focuses on the design, synthesis and utilization of nanomaterials.

Nanomaterials do not have a strict definition in the literature, but is generally
accepted that they are structures that possess at least one dimension under 100nm.
Nanoscience is an interdisciplinary field of study that encompasses physics,
chemistry and biology. Physicists are interested in the atomic and molecular
properties of nanomaterials and their interaction with photons. Chemists are
interested in the catalytic properties of nanomaterials such as gold nanoparticles
Biologists are especially interested as the components of cells such as the flagella,
mtrCAB-omcA cytochrome complex in Shewanella sp. and gap junctions can be
considered as nanomaterials under this definition (Whitesides, 2005). Further,
biomedical researchers are interested in incorporating nanomaterials in the design of
therapeutics and diagnostics as their small size allows the cell to uptake the

nanomaterial for drug delivery and in-vivo or in-vitro imaging (Wang et al., 2009).

The precise origin of nanoscience is not known, Richard Feynman’s inspirational
lecture, There’s Plenty of Room at the Bottom, to the American Physical Society in
1959 has made him the godfather of nanotechnology. Since then, research and
commercial application of nanotechnology have been made possible due to the
increased ability of researchers to analyse and manipulate matter at the nanoscale,
using devices such as atomic force microscopes, scanning tunnelling microscopes
and electron microscopes, among others. One famous example of nanoscience is the
work of Don Eiglers group at IBM in the early nineties, who were able to move
single Xe atoms at low temperatures to spell out the name of the company using

scanning probe microscopy (Fig. 1.1).
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Figure 1.1: Manipulating matter at the nanoscale, Xe atoms arranged by

scanning probe microscope by Don Eiglers group in IBM (idol.union.edu).

Carbonaceous nanomaterials, as the name implies, are materials that are comprised
of a carbon backbone. The first characterised nanomaterials are fullerenes, also
known as Cgp or colloquially as “buckyballs”, where carbon atoms are arranged into
a cage-like fused ring structure (Whitesides, 2005). Although fullerenes have been to
date a disappointment in terms of applications, other carbonaceous nanomaterials
show promises. Graphene is a flat monolayer of carbon atoms, which Fig. 1.2 shows
Is the building block of all carbon nanomaterials (Geim and Novoselov, 2007).
Graphene has gained research interest due to its excellent electrical conductivity,
mechanical strength and ease of functionalization (Shao et al., 2010). Carbon
Nanotubes (CNTSs) are layers of graphene wrapped up in cylindrical structure, and
can be composed of a single layer, known as single wall CNTs (SWCNTSs) or
multiple layers of graphene known as multi walled CNT (MWCNTSs) (Dai, 2002).
As CNTs possess semiconductor properties at room temperature and can be easily
functionalised, CNTs have been explored in recent years for potential application in
nanoelectronics (Dai, 2002) or to functionalise electrodes for increased current
output in microbial fuel cells (MFCs) (Kipf et al., 2013).
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Figure 1.2: Graphene, a flat monolayer of carbon atoms, is used as a precursor to
synthesize other carbonaceous nanomaterials such as fullerenes, which are spheres of
carbon atoms (lower left) and carbon nanotubes (CNTSs), which are open ended
cylinders of carbon atoms which may be composed of one layer, which is termed
single wall CNTs (lower middle) and multiple layers, termed multi walled CNTs

(lower right) (Geim and Novoselov, 2007).

Our ability to study and manipulate nucleic acid has led to the use of DNA to
construct functional nanomaterials, by the synthesis of a single DNA strand, which
can self-assemble into structures, depending on the DNA sequence. The first DNA
structures were relatively flexible branched junction structures and topological
structures, which progressed to 2D lattice structures which are referred to as DNA
tiles, which then could be used to assemble higher order periodic and aperiodic
lattices and nanotubes. Fig 1.3 shows the various structures produced by folding
single stranded DNA molecules to create 2D and 3D nanostructures, which is known

as “DNA origami”.
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Figure 1.3: Various DNA structures, (a) immobile DNA junctions (left) to build 3D

scaffolds that could be used to organize proteins (right) (b) first wire frame 3D cube
(left), DNA origami (centre) and a 3D periodic structure composed of tensegrity
triangles (right). (c) DNA periodic arrays composed of double-crossover tiles (left),
4 x 4 tiles (centre left), three-point star tiles (centre right) and double-crossover-tile-
based algorithmic assembly of Sierpinski triangles (right). (d) Three-dimensional
DNA origami: a hollow box (left pair of images), a multi-layer square nut (centre left
pair), a square-toothed gear (centre right pair) and a nanofask (right pair). (), DNA
nanostructure-directed patterning of hetero-elements: double-crossover tiles for the
organization of gold nanoparticle arrays (left), DNA origami for the assembly of
carbon nanotubes (centre left), biotin—streptavidin protein patterning of 4 x 4 tiles
(centre), aptamer- directed assembly of thrombin arrays on triple crossover tiles
(centre right), and Snap-tag and His-tag mediated orthogonal decoration of DNA
origami (right) (Pinheiro etal., 2011) .
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However, the cost of DNA synthesis, the mechanically fragile nature of long DNA
strands needed, and lack of analytical tools to detect defects in large DNA

assemblies continues to be a challenge (Pinheiro et al., 2011) .

Nanoparticles (NPs) are the simplest nanomaterials. They can be composed of a as
metal-oxides (ceramic), semi-conductor materials, e.g. CdS, CdSe, silicon (quantum
dots) noble metals such as gold, silver or platinum or composites such as gold-silver,
gold palladium or gold magnetite and these take on a wide range of morphologies as
seen in Fig. 1.4.

(%)

Figure 1.4: Different morphology of NPs, using AuNPs as an example. From top
row left to right, small nanospheres (5nm), nanospheres (15nm), nanocages, short
nanorods, “dog bone” nanorods, long nanorods, nanostars, nanotriangles, polyhedral,
nanoshells with inert core, semi nanoshells and hollow capsules (Pissuwan et al.,
2010)

In this project, we focus on the synthesis of metal nanoparticles (MNPs), as their
unique size dependent optical properties, i.e. surface plasmon resonance (SPR), and
their surface chemistry can be easily modified, allowing them to have a wide variety

of application in research, commercial and industrial settings.
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1.2 Metal Nanoparticles
Nanoparticles behave as a whole unit in terms of its transport and properties. Metal

nanoparticles (MNPs), are nanometer sized assemblies of on or multiple metals.
MNPs have size tuneable physicochemical properties, e.g., absorption and emission
wavelength of semi-conductor NPs (quantum dots, QDs) (Fig 1.5), this arises from
the guantum confinement of electrons, where size of the nanoparticle is equivalent to

the de Broglie wavelength of the electron wave function (Andersen et al, 2002).

Figure 1.5: Visual demonstration of the size tuneable properties of nanoparticles. In

this case the photo-fluorescent wavelength of CdS quantum dots can be altered by
changing the nanoparticle diameter. The emission wavelength of the CdS NP can be
increased from blue to red by decreasing nanoparticle size from ~2nm to ~6nm (left
to right in Figure), which covers the visible range of the electromagnetic spectrum

(nanotech-now.com).

Further, MNPs offer greater catalytic activity than their corresponding bulk materials
due to the larger surface area to volume ratio. MNPs synthesized to date include
gold, silver, palladium, platinum and composites such as gold-silver, gold-palladium

to name a few examples. This section will focus on MNPs relevant to this thesis.

1.2.1 Gold Nanoparticles
Gold nanoparticles (AuNPs) are resistant to oxidation, biocompatible and stable in a

wide range of environmental conditions, and so have been studied for therapeutic
uses such as drug delivery and photo-thermal therapy due to their low cytotoxicity
and ease of which their surface can be functionalised.
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AUNP functionalization can occur through addition of a suitable ligand to the
reaction vessel or the molecule may passively absorb on to the AuNP surface due to
electrostatic interactions (Zhou et al., 2009). Antibiotics such as ciprofloxacin,
streptomycin, gentamicin, neomycin, ampicillin, kanamycin and vancomycin have
been conjugated to AuNPs (Pissuwan et al., 2010). Functionalization of antibiotics to
AUNPs improves their activity. The minimum inhibitory concentration (MIC), i.e.,
the lowest concentration of an antimicrobial substance that inhibits microbial
growth , of vancomycin to vancomycin resistant Enterococcus faecalis was lowered
from >128ug/mL to 4ug/mL, when vancomycin was conjugated to AuNPs (Gu et
al., 2003). This improvement in the antibiotic efficiency is likely due to the increased

local concentration of vancomycin as shown in Fig.1.6.
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Figure 1.6: Multivalent interaction between Van-capped AuNPs and vancomycin
resistant strain of E. coli. (2) Van-capped AuNPs on bacterial cell surface (Gu et al.,
2003).

AuUNPs physicochemical properties, such as surface plasmon resonance (SPR),
conductivity and redox behaviour can be altered due to change in surrounding
chemical environment. For example, the binding of an analyte to a specific receptor
bound to the AuNP surface, such as an antigen binding to an antibody (Saha et al.,
2012). This has lead researchers to utilise AuNPs as transducing agents in biological

and chemical sensor technology (Fig. 1.7).
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Figure 1.7: Physical properties of AuNPs and illustration of a AUNP-based detection
system (Sahaetal., 2012).

AuUNPs have been incorporated in sensor design to detect alkali and alkaline earth
metal ions, heavy metals, small organic molecules, detection of oligonucleotides and
proteins with excellent sensitivity. For example when AuNPs-anti protein A IgG
antibody conjugate were utilised as the detection reagent of an
immunochromatographic strip, it was able to detect 25ng.mL™ of protein A in less
than 10 min (Huang, 2007). It is possible to detect as low as 50 fM of methicillin
resistant Staphylococcus aureus (MRSA) DNA using an oligonucleotide specific for
MRSA labelled AuNP (Storhoff et al., 2004).

The phenomenon of SPR has also been exploited in cancer therapy, as upon
excitation, the surface plasmon release energy as heat. When concentrated on a target
cell, such as a cancer cell, exciting the AuNPs causes localised heating which
induces cell death. For this application, Au nanorods (AuNRs) are preferred due to
the longer wavelength of the SPR, which means that the incident light can penetrate
deeper into tissue. When illuminated with NIR, AuNRs increase the temperature of
cell culture media by 15 "C for 38nm sized AuNRs and ~35 "C for AuNRs that were
28 and 17 nm in size, respectively. Upon illumination with NIR laser irradiation for
2 minutes, the viability of HSC cells treated with AuNPs dropped from 100% to
20% and 30% for AuNRs with a length of 28 and 17 nm, respectively, while 38 nm

AuNRs did not affect cell viability, possibly due to the lower temperature change
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(Mackey et al., 2014). AuNRs labelled with anti Her-2 mAb were used for the
photothermal therapy against a human malignant breast cancer (SK-BR-3) cell line
triggered necrosis after 30 minutes of NIR treatment. The authors used a human
hepatic tumor cell line (HepG2) as a control to show the specificity of the treatment
(Wang et al., 2012).
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Figure 1.8: Processes involved in the synthesis of targeted peptide functionalized
gold nanorods with polyacrylic acid (PAA) modification and the selective
photothermal therapy. Cetyltrimethylammonium bromide (CTAB) capped gold
nanorods were modified by a layer-by-layer (LBL) approach, the carboxyl groups of
the PAA layer were activated by incubation 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-Hydroxysuccinimide (NHS),which allowed binding of
the HER-2 peptide to the gold nanoparticle surface (Wang et al., 2012).

1.1.2 Silver Nanoparticles
Silver is an anti-microbial agent, and is effective against both planktonic cells and

biofilms. Silver nanoparticles (AgNPs) have higher antimicrobial activity compared
to silver salts due to the inhibitory effects of the salts and low stability (Mohanty et
al., 2011) and AgNPs ensure continuous release of Ag ions from the NP (Kim et al.,
2007). The anti-microbial mechanism of AgNPs is not clearly understood. The
antimicrobial activity is dependent of the surface charge of the AgNPs. In fact, E.
coli was not affected by zero valent AgNPs, while oxidised AgNPs showed a 90%
decrease in intracellular ATP and cell survival levels (Kim et al., 2007). AgNPs have

been found to generate free radicals that can cause membrane damage, release Ag
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ions that can react with thiol groups of key enzymes and inactivate them. AgNPs
may also react with DNA and cause problems with DNA replication and can
interfere with protein phosphorylation and so can interrupt important intracellular
signal transduction events (Prabhu and Poulose, 2012) .

AgNPs have been found to accelerate wound healing, possibly due to the reduction
of matrix metalloproteinase and increase in neutrophil activation. AgNPs can also
inhibit interferon y and tumour necrosis factor o (TNF a), which are also involved in
inflammation (Prabhu and Poulose, 2012) . Because of these properties companies
such as Smith & Nephew plc utilized AgNPs in wound dressings such as
ACTICOATO®.

AgNPs also have been studied for their catalytic properties, for example spherical
AgNPs of 37 and 26 nm in diameter reduce p-nitrophenol to p-aminphenol, using
NaBH, as an electron donor with a catalytic rate constant of 2.6 + 0.4 X 10 mol.m"
25t and 1.6+ 0.1X10° mol.m?.s™* (Santos et al., 2012) .

Table 1.1: Applications of AUNPs and AgNPs

Applications References

AUNPs

Drug delivery (Ghosh et al., 2008;
Pissuwan et al., 2010)

Gene delivery (Ghosh et al., 2008)

Photothermal therapy (Huang et al., 2007)

Antimicrobial (Das et al., 2009)

Sensing (Sahaetal., 2012)

Degradation of recalcitrant pollutants  (Narayanan and Sakthivel, 2011)

AgNPs

Antimicrobial (Mohanty et al., 2011)

Anti inflammation (Prabhu and Poulose, 2012)
Catalyst Salehi-Khojin et al., 2013
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1.2 Metal Nanoparticle Characterisation
The physicochemical properties and potential cytotoxicity MNPs and their behaviour

in-vitro/ in-vivo depend not only on the core metal, but also their size, shape,
crystallinity, aggregation state and capping ligands. Therefore, thorough evaluation
of these parameters is necessary to understand and predict the properties of the
MNPs

1.2.1 UV-visible Spectrophotometry
MNPs interact strongly with light, due to the SPR, which for most MNPs occurs in

the visible spectrum. In SPR analysis, a MNP sample is scanned from 700 to 350
nm and the absorbance is measured and plotted against wavelength. The presence of
the MNPs is determined by peaks that correspond to their composition, e.g. gold
nanoparticles (AuNPs) have a peak at ~520 nm and silver nanoparticles (AgNPs)
~420 nm. The position and the intensity of the peaks change due to MNP
aggregation, size and shape. The height of the SPR peak corresponds to the

concentration of the MNPs. Fig. 1.9 shows typical U.V. visible spectra for AuNPs
and AgNPs.

Absorption (arb. units)

200 300 400 500 60O 700 8OO e . L) L Lo
Anm Wavelength (nm)

Figure 1.9: Absorption spectra of AuNPs (1: 12, 2: 19, 3: 24, 4: 33 and 5: 41nm)
reported by (He et al., 2005) and AgNPs reported by (Martinez-Castafion et al.,
2008).
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1.2.2 Dynamic Light Scattering
Particles in suspension are constantly in motion (Brownian motion). As light scatters

from the moving particle, its motion imparts randomness to the scattered light. When
scattered light meets scattered light from a second particle, they either constructively
or destructively interfere with each other-leading to time dependent fluctuations in
the intensity of the measured light. The fluctuations are directly correlated with the
speed of the MNP in suspension, and can be used to measure the particles diffusion
constant. The particles diffusion constant can be used to calculate the hydrodynamic

size of the MNP using the Stokes-Einstein equation (Egn. 1.1).

kT
Dy = 6mnD (1.1)

Where Dy, is the hydrodynamic size of the particle, k is Boltzmanns constant, 1) is
the solvent viscosity (e.g., water) and D is the diffusion constant.

1.2.3 Transmission Electron Microscopy
MNPs are too small to be observed using light microscopy, as the wavelength of

visible light is too long (Rayleigh criterion). Instead of using light beams,
transmission electron microscopy (TEM) illuminates a sample with an electron beam
in a vacuum, increasing the resolution limit from 200 nm to 0.2 nm. Depending on
the electron density of the sample, electrons will pass through or interact with the
sample and scatter. Unscattered electrons pass through the sample and strike a
fluorescent screen. The areas where the electrons have scattered are left darkened,
(Fig. 1.10). Biological samples must first be fixed with glutaraldehyde or
formaldehyde and dehydrated in a series of incubations with increasing ethanol
concentration. Cells will not be visible under TEM without an appropriate stain such

as osmium tetroxide that binds to lipids.

34



Figure 1.10: Sample TEM image of AuNPs prepared by Rhizopus oryzae protein
extract (Sujoy Das et al., 2012)

1.2.4 Scanning Electron Microscopy
Similar to TEM, SEM uses a high energy electron beam to determine the surface

morphology of a sample. When the incident beam interacts with the sample, the
electrons are decelerated and produce secondary electrons, backscattered electrons
and diffracted backscattered electrons and photons. The backscattered and secondary
electrons are detected and used to build an image of the sample. As SEM uses
backscattered and secondary electrons from a sample to construct an image, the
resolution is not as high as TEM, and is usually used to analyse surface morphology.

Fig. 1.11 shows that SEM may also be used to study biofilm formation.
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Figure 1.11: SEM of Caldicellulosiruptor saccharolyticus and Caldicellulosiruptor

owensensis dual species biofilm (Pawar et al., 2015)

1.2.5 Atomic Force Microscopy
Atomic force microscopy analyses the topography of a sample, by examining the

interaction between the cantilever tip and the sample surface. There are two modes
of operation for AFM, depending on the nature of the interaction. In contact mode,
the cantilever tip is in constant contact with the sample, while in non-contact mode
the cantilever is vibrated at its natural frequency; interaction between the sample and
the cantilever influences its vibrational frequency, and is affected by its distance.
This change in vibrational frequency is detected by the AFM, and the cantilever
position is raised to obtain the natural vibration frequency by a piezoelectric crystal.
Both techniques require measuring the movement of the cantilever due to changes in
the surface topography. Fig.1.12 shows how the cantilever tip movement is
measured. The cantilever position is monitored by the reflection of a laser from the
cantilever surface and then the information is sent to a computer, which is used to
construct the topography of the sample. For MNP measurements, the sample is

deposited on an atomically flat silica wafer.
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Figure 1.12: Modes of operation for atomic force microscopy (physics.csb.edu).

1.2.5 Energy Dispersive X-Ray Spectroscopy
In electron microscopy a solid sample when placed in the path of an electron beam.

The incident electron beam excites the electrons in the inner shell of the atom,
causing it to eject from the atom, creating an electron hole. Electrons from higher
energy level shells then fills this hole, releasing energy in the form of X-ray photons.
As this technique uses electron beams, it is usually included in the design of TEM
and SEM microscopes. Fig 1.13 shows a representative energy dispersive x-ray
spectra (EDX) form AuNPs produced by Alternaria alternata cell free extract. The
peaks labelled Cy, Ok, Nk and Aup, represent X-ray radiation, characteristic from the
excitation of these electron shells. From this we can determine that carbon, nitrogen,

oxygen and gold are present in the sample.
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Figure 1.13: EDX spectrum of AuNPs produced by Alternaria alternata cell free
extract (Sarkar et al., 2011).

1.2.6 X-ray Diffraction
Atoms periodically arranged in a crystal can diffract light as shown in Fig. 1.14. As

the wavelength of X-rays is similar to distance between atoms, crystals illuminated

with X-rays will cause X-ray diffraction and produce a diffraction pattern that is

dependent on the crystal structure. Amorphous materials such as glass do not have a

periodic array of atoms and so do not produce a diffraction pattern.
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Figure 1.14: X-ray scattering from atomic planes.
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Fig.115 shows XRD analysis of AuNPs produced by the cell free extract of
Penicillium sp. 1-208, the peaks labelled (111), (200), (220) and (311) represent Au
planes Au(111), Au(200), Au(220) and Au(311), respectively.
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Figure 1.15: XRD of AuNPs produced by the cell free extract of Penicillium sp. 1-
208 (Du et al., 2010).

Crystal size of the MNPs can be calculated first calculating the Bragg angle using
Bragg’s law (Eqgn 1.2).

nA = 2dsinf (1.2)

Where A is the wavelength of the X-rays, 0 is the Bragg’s angle, which is the angle
between the crystal surface and the incident X-ray and d is the spacing between
atoms. N is an integer where constructive interference of the diffracted X-rays

occurs.

This can then be used in the Scherrer equation shown in Eqn 1.3.

091
D =
ﬁhleOSQ

(1.3)

Where D is the average crystallite size and B can be calculated in Eqn 1.4.
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Which is the 20 full width at half maximum of the MNP plane after removal of the

instrumental broadening; assuming Gaussian line profiles (Inguva et al., 2015).

1.2.7 X-ray Photoelectron Spectroscopy
In x-ray photoelectron spectroscopy (XPS) the sample illuminated by an X-ray

beam, which causes excitation of the electrons in the inner shells of the atom,
causing it to be ejected from the atom. As electron orbitals of different atoms possess
different binding energies, measuring the kinetic energy of the ejected electrons
gives the identity of the element and what it may be bound to. Fig 1.16 shows the
biosynthesis of AuNPs in pear fruit extract, where Au4fs,, Audf;;,, C, N and O are
detected (Ghodake et al., 2010).
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Figure 1.16: Sample XPS results of AuNPs produced by pear fruit extract (Ghodake
et al., 2010).
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1.3 Conventional Synthetic Methods for the Production of Metal

Nanoparticles
There are two general approaches to synthesize MNPs, top down and bottom up. Top

down utilises large macroscopic structures to control the nucleation nanoparticle,
while bottom up utilizes physicochemical forces to control the size of the

nanoparticle from its metal precursor salt in solution.

1.3.1 Lithography
Lithography controls the morphology of growing nanoparticles. An inert mould is

imprinted with the desired nanoparticle morphology through various methods such
as electron beam, polymer pen based printing, nanoimprint lithography or soft
lithography. The etched mould acts as a template for nanoparticle growth, which
allows for efficient control of the MNP size and shape and is used in nanoparticle
arrays, however these processes are often expensive and laborious (Huang et al.,
2012).
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Figure 1.17: Fabrication of micro discs using optical lithography (Kim et al., 2010)
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1.3.2 Inert Gas Condensation
Widely used in laboratory scale MNP synthesis, the source material is place in the

centre of a furnace and vaporised into an inert carrier gas such as helium or argon at
ultra-high vacuum. The metal ions lose their kinetic energy by colliding with the
carrier gas atoms, and condense to form MNPs. Although this technique is robust, it

is energy intensive and raise MNP cost (EI-Nour et al., 2010).
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Figure 1.18: (a) Schematic of the inert gas condensation instrument (b) diagram
explaining the formation of the nanoparticles during the inert gas condensation

process (Pandya and Kordesch, 2015).

1.3.3 Electrochemical Oxidation
Electrochemical potential is used to oxidise a bulk metal to ions in the presence of an

organic solvent, which acts as a stabilising agent. However, control of the MNP size
and shape is an issue (Starowicz et al., 2006). Related to electrochemical oxidation,
the key difference is that an electrical arch is used to oxidise a metal anode in a

dielectric liquid, rather than an electrochemical reaction (Lo et al., 2007) .

1.3.4 Laser Ablation
A bulk metal plate is decomposed by a laser while immersed in a liquid solution,

forming a plasma plume, MNPs form upon condensation of this plume (Mafuné et
al., 2001). Although laser ablation does not require the use of capping ligands (EI-
Nour et al., 2010) and MNPs can be obtained in a variety of solvents, control of the
size of the MNPs requires optimisation of the background gas pressure and type,
which requires an understanding of the complex gas dynamics and inflight

characteristics (Amoruso et al., 2013).
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Figure 1.19: Schematic formation of tin sulphide nanoparticles (SnS) by laser
ablation; (a) a long pulse width laser ablates bulk tin target in an ethanol solution of
thioacetamide (TAA), (b) ablated high temperature tin nanodroplets react with
ambient TAA to form core-shell SnSNPs (Sun et al., 2012).

1.3.5 Chemical Reduction
In this method, metal ions are reduced to an insoluble zero valent state through the

use of reducing chemical species. There are a variety of reactions that can produce
AUNPs, such as the Turkevich method, which produces AuNPs by the reaction of
Au** ions with sodium citrate, which acts as a reducing and capping ligand. The
Brust-Schiffrin method, Au®* ions are reduced by sodium borohyride in

tetraoctylammonium in the presence of dodecanethiol (Saha et al., 2012) .

Derivatives of this method have been reported, such as Sun and Xias study in 2002,
where the production of AuNPs occurred though the reduction of Au®* ions by
ethylene glycol in the presence of poly(vinylpyrrolidone) (PVP) , which acts as a
capping ligand (Sun and Xia, 2002). The advantage of this technique is the high
uniformity of the MNPs synthesized, however the use of non-polar solvents has
raised concerns about the potential environmental impact of these strategies. H,0,
has been studied as a reducing agent for MNP synthesis, however the reduction rate
is too slow and an additional surfactant such as SDS or Triton X-100 is required to
prevent MNP aggregation (Li et al, 2012). Other commonly used reducers are
ascorbate and H,. Interestingly the use of a strong reductant resulted in small
monodispersed MNPs, while weaker reductants resulted in a wide size distribution
(El-Nour et al., 2010).
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1.3.6 Sol-gel Synthesis
This robust technique has been used to produce a wide variety of structures such as

calcium titanate powder, silica glasses and TiO, NPs. Formation of MNPS occurs
through the gelatinization of the precursor solution, usually initiated by the addition
of an acid to the solution. Sol-gel facilitated the nucleation and growth of MNPs,
resulting in greater control of the size and shape of the MNPs produced than other
physicochemical methods. There are two general sol-gel process, depending on the
solvent used, aqueous vs non aqueous. Aqueous sol-gel does not require an organic
solvent however the procedure is complex and the structures produced are usually
amorphous. Non-aqueous sol-gel processes may address the short comings of the

aqueous sol gel, but this requires the use of organic solvents.

1.4 Biosynthesis of Metal Nanoparticles
Conventional methods for metal nanoparticle synthesis are potentially

environmentally hazardous, laborious and cost intensive. Micro-organisms have been
documented to produce nanomaterials for their physical properties such as

mechanical strength (Beaufort et al., 2008) and magnetism (Yan et al., 2012) .

Figure 1.20: (a) TEM image of biosynthesized magnetite nanoparticles arranged in

magnetosomes in a magnetotatic bacterium (Bazylinski and Frankel, 2004) and (b)

SEM of coccolithophoric algae showing calcite plate exoskeleton (Young, 2003).

44



Metal nanoparticle biosynthesis by micro-organisms in a toxicity defence
mechanism against metal ions in solution. Metal ions in solution can cause up
regulation of reactive oxygen species (ROS) and antioxidant depletion, which leads
to DNA damage and lipid peroxidation. Metal ions may react key sites in important
enzymes, which may inactivate the enzyme causing disruption of cellular
metabolism an nutrient uptake. Further certain metals such as Ag* have been found
to impair membrane function (Lemire et al., 2013). Fig. 1.21 summarises the known

anti-microbial activities of metal ions.
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Figure 1.21: Antibacterial mechanisms of metal toxicity. (a) Metal ion inactivates
enzyme through chemical modification, (b) up regulation of ROS (c) impairment of
membrane function, (d) interference of nutrient uptake and (e) genotoxicity through

DNA oxidation causing double strand breaks (Lemire et al., 2013).
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In order to survive in heavy metal contaminated environments, microbes have
evolved a variety of strategies to lower the toxicity, which are illustrated in Fig. 1.22.
Microbes may utilise strategies that lower the intracellular concentration of heavy
metals such as efflux pumps, or metal ion efflux pumps and lowered activity of
transmembrane metal transport pumps. Microbes may also secrete siderophores
which co-ordinate metal ions, which trap the metal ion and reduce metal ion uptake
or increase metal ion efflux. Some strategies either repair the enzyme or bypass the
affected metabolic pathway by producing proteins which do not contain active sites
that are affected by the heavy metal. Microbes may also chemically modify the metal
to a less toxic form, by modify its oxidation state or covalent modification (Lemire et

al., 2013), which is exploited in the bioremediation of metal contaminated areas.
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Figure 1.22: Defensive mechanism of microbial cells against heavy metals (Lemire
etal., 2013) .
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Microorganisms have been reported to produce MNPs as a defence mechanism
against the toxicity of metal ions in solution. Microbial cells have been reported to
produce noble metal nanoparticles such as gold (Corte et al., 2011), silver (H. Wang
et al., 2009), palladium (Wu et al., 2011) and platinum (Syed and Ahmad, 2012).
Biosynthesis has also been reported for other metals such as uranium (Bargar et al.,
2008), plutonium (Icopini et al., 2009) and bi metallic nanoparticles such as gold-
palladium nanoparticles (Windt et al., 2005) and gold-silver nanoparticles (Castro-
Longoria et al., 2010). Fig. 1.23 shows a selection of TEM images of biosynthetic
MNPs.
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Figure 1.23: (a) AuNPs synthesized by S. oneidensis (Corte et al., 2011), (b) AgNP
synthesized by S. oneidensis (H. Wang et al., 2009), (c) PdNPs synthesized by
Desulfovibrio desulfuricans (Wu et al., 2011) and (d) Pd-AuNPs synthesized by S.

oneidensis (Simon Corte, T. Hennebel, et al., 2011).

Further some papers report an improvement in some microbial processes such as an
increase in extra cellular electron transfer in palladium treated Desulfovibrio
desulfuricans. D. desulfuricans culture produced PdNPs located in the periplasm
upon incubation with tetrachloropalladate for 24 hours, which participated in the
electron transport pathway (Wu et al., 2011). Nakamura et al reported that colloidal
a-Fe,03 functionalised ITO electrodes improved current density by S loihica PV-4
by over forty fold. The authors suggest this improvement in respiratory current is
due to bacterial cell association with the a-Fe,O3 colloid assembly. However Wu et
al reported that when S oneidensis MR-1 cells exposed to Au®* before inoculation
into an electrochemical cell showed a reduction in redox current. Interestingly the
AomcA/AmtrC mutant showed an increase in the oxidation current, which suggests
that the biogenic AUNPs may mimic the role of the omcA/mtrC cytochrome complex

(Wu et al., 2013). In the last 15-16 years, biological synthesis methods have emerged
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as a promising alternative, as these methods possess lower environmental impact and
due to the specific interaction of the biomolecules and the inorganic surface, can
occur at room temperature which lowers cost. However, the reaction is slow, taking
hours to days compared to minutes, and the size distribution of the MNPs is far too
broad for practical applications. The following sections describe the mechanism of
MNP biosynthesis. As the majority of reports focus on AuNP biosynthesis, this
section will tend to focus mainly on AuNPs, however reports for other MNPs will be

included as appropriate.

1.4.1 Bioaccumulation/Biosorption
The first step in bacterial MNP biosynthesis is the bioaccumulation/biosorption of

the metal ion precursor. Bacterial accumulation of metal ions is affected by
metabolic state and solution pH. At pH 8, Au®*" accumulation by a viable
Cupriavidus metallidurans culture was lower than at pH 5-7. Further, metabolically
active cells accumulated more Au®* than inactive or dead cells under all pH
conditions examined. Further inactive/dead cells did not produce AuNPs, suggesting

MNP biosynthesis is a metabolic mediated process.

Bioaccumulation of metal ions is a metabolically driven process and is more efficient
than the passive biosorption. Heat treated S. oneidensis MR-1 cells removed Au**

ions from the medium slower than metabolically active S. oneidensis cells.

Mukherjee et al, ruled out the role of sugars in metal reduction and suggested that
positively charged amino acid residues (e.g. lysine) in cell wall and unidentified
reductase enzymes were responsible for the trapping of Au** ions on the fungal cell

surface and reduction to Au® for the fungi Verticillium sp (Mukherjee et al., 2001).

1.4.2 Metal ion Induced Changes in Gene and Protein Expression
SDS-PAGE analysis of active Rhizopus oryzae incubated with Au** demonstrated up

regulation of proteins at 42kDa and 45kDa, which suggests that Au®* stimulates a
stress response at sub toxic concentrations (15-130puM) while at higher Au*

concentrations (250uM) toxicity of the Au®*" ions inhibits growth and protein
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expression, and may induce protein degradation as a response to the oxidative stress
(Das et al., 2012).

Microarray experiments of Cupriavidus metallidurans cultures exposed to sub-toxic
concentrations of Au®" (10-100pM) showed that out of 6205 transcripts analysed,
52-303 upregulated while 32-229 were down regulated. The gene -cluster
Rmet_3618-3623 was the highest upregulated, which contained the oxidative
resistance genes (ohr, oxyR, ahpC, kata and sodB). Further, the genes for Cu*/Cu®
detoxification on chromosome 1 and plasmid pMOL30 (cup/cop regions) along with
the mercury resistance cluster (mer) was shown to be up regulated (Reith et al.,
2009).

1.4.3 Bioreduction
Bioreduction is a biologically driven reaction where biomolecules such as sugars,

enzymes or vitamins donate electrons to an exogenous electron acceptor. The main
precursor of AuNPs is HAUCI,, which dissociates to Au** ions and AuCl which
dissociates to Au* (Kitching et al., 2014) . The Au** precursor is preferred due to the
higher solubility of Au®" ions, however Au® ion solubility may be improved by
complexation with the appropriate ligand such as alkenes, alkylamines,
alkylphosphines, alkanethiols, and halide ions. For AgNPs, AgNOs is preferred as a

metal precursor due to its solubility in water.

Bioreduction of metal ions can occur in one or two steps, depending on the metal

oxidation state, as shown in Egn 1.5 for Ag, and Eqn. 1.6-1.7 for Au below.

Agt+e = Ag° (1.5)
Audt + 2e” = Ault (1.6)
Ault +e” = Au° (1.7)
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Cupriavidus metallidurans reduces Au®** ions to Au™ in the intracellular
environment. This process was relatively rapid, as 100% of the bioaccumulated Au**
was reduced to Au” in less than 6 hours. Detection of an Au*-C complex lead the
authors to suggest methylation as a possible defence mechanism. Methylation may
also reduce Au®* ions to Au® in the fungi R. oryzae (Das et al., 2012). XPS of a
partially purified R. oryzae protein extract incubated with Au** ions showed that the
concentration of Au'* initially increased. However, over time the Au'* concentration
decreased while the concentration of Au® increased. XPS of the protein extract also
revealed a negative surface charge and shifts in the Cys and Ny after interaction with
the Au®" ions demonstrates that Au** ions bind to cytosolic proteins through covalent
interaction instead of electrostatic interaction; this suggests that Au ions are reduced
by proteins.

As shown in Fig. 1.24, reduction of the metal ions can occur in either the
intracellular or extracellular space, depending on the species examined. Intracellular
reduction is more common for bacterial species, while extracellular reduction is
more common for fungal species (Kitching et al., 2014). Intracellular reduction
occurs at high concentration of the metal ion precursor. A planktonic cell S.
oneidensis culture when exposed to sub toxic concentrations of Ag* (10uM) for 24
hours, the AgNPs formed precipitated on to the cell surface, however when the
concentration of Ag* was increased to 100pM, AgNPs were found mostly in the
cytosol (Wang et al., 2009). Reducing agents for bacterial synthesis of MNPs have
not been thoroughly examined, however for the electroactive bacteria Shewanella sp.
and Geobacter sp. outer membrane cytochrome complexes are known to reduce
metal ions via heme groups which act as an electrical conduit between the periplasm

and the extracellular environment.
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Fig. 1.24: Mechanisms of Au reduction by R. oryzae (Das et al., 2012)

Intracellular metal reduction is not as well understood, as it is unclear how metal
ions diffuse through the cell membrane. Two mechanisms are proposed, either
through active bioaccumulation or passive biosorption, due to the increase of

membrane porosity cause by metal ion toxicity.

The appearance of a peak at 1,735cm™ of the FTIR analysis of viable Phanerochaete
chrysosporium biomass after interaction with Au®* ions suggests involvement of
aromatic amino acids such as tyrosine or tryptophan in the reduction of metal ions
(Sanghi et al., 2011). Au®" reduction by the cowpea chlorotic mottle viruses of
unmodified SubE (yeast) (CCMV) occurred through the hydroxyl groups of tyrosine
residues that extend from the capsid. Further the ratio between tyrosine to histidine
residues in the capsid influences AuNPs, requiring at least a ratio of 2:1 (Slocik et
al., 2004), as histidine has a high affinity towards transition metal ions as the
electron donor groups on the imidazole ring readily forms co-ordination bonds
(Bornhorst and Falke, 2000).

Alkalinity of the solution affects the metal reduction rate, due to the formation of
Au(OH)3 complex. Tyrosine was found to be responsible for Au reduction by the
CCMV virus. Interestingly at pH 10 (pKa of tyrosine) was found to produce

substantially higher amounts of AuNPs for the virus, however due to the formation
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of the insoluble Au(OH); complex, the reduction rate was significantly lowered
(Slocik et al., 2004).

Non protein mechanism for metal reduction has been suggested in the literature such
as riboflavin. Riboflavin is a redox shuttle used in Shewanella sp. for mediated
extracellular electron transfer. Depending on the solution pH, it can be either
positively or negatively charged or found in a neutral state. Nadagouda and Varma
were able to produce AgNPs and PdNPs using purified commercial riboflavin as
both a reducing and capping agent (Nadagouda and Varma, 2008). Au®*" ions in the
presence of glutathione have been shown to induce phytochelatins by Candida
albicans, which have been shown to reduce metal ions. Melanin when secreted in a
phenol form can reduce Au®** to Au’, and is oxidised in the process to its quinone
form (Chauhan et al., 2011) .

1.4.4 Nanocrystal Formation and Capping
At present there are no reports directly examining how the metal nanocrystal forms

during biogenic MNP synthesis. Cell/protein structure has been hypothesized to act
as a template for MNP growth, but this has not been experimentally demonstrated.
The topology of CCMV viral capsid surface did not contribute significantly to AuNP
nucleation, due to the rapid reduction of Au®* ions (Slocik et al., 2004). Although
very few studies examine the nucleation process, XRD analysis (Table 1.2) of the
MNPs show that biogenic MNPs are usually semi crystalline in nature possibly to
the specific interaction of the protein and inorganic surface and low temperature of

the synthesis.
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Table 1.2: Au planes detected by XRD of various viable fungal cell and protein extract synthesized AuNPs reported in the literature

Organism Plane Reference

Extract

intracellular protein extract Pycnoprus sanguineus Au (111), Au (200), Au(220), Au(311) and Au (222) Shietal., 2015
boiled Volvariella volvacea extract Au (111), Au(200) and Au (220) Philip, 2009

blended Pear extract Au (111) and a small Au (200) Ghodake et al., 2010
Secretome of Penicillium sp. 1-208 Au (111), Au (200), Au(220), Au(311) Du etal., 2010

Viable Whole Cells
Phanerochaete Chrysosporium
Metal tolerant fungi isolates
Epicoccum nigrum

Hormoconis resinae

Au (111), Au (200), Au(220), Au(311)
Au (111), Au (200), Au(220), Au(311)
Au (111), Au (200), Au(220), Au(311)
Au (101), Au (200) and Au (220)

Sanghi et al., 2011
Gupta et al., 2011
Sheikhloo et al., 2011
Mishra et al., 2010

53



Small Au® crystals are unstable and can be disturbed by changes in pH and temperature.
The MNPs must be capped by biomolecules derived from the cell (Fig. 1.25a). Capping
proteins may be loosely bound by electrostatic interaction or Vann der Walls forces due to
the small size. Capping proteins may also bind via covalent bonds with phosphate groups
(Fig. 1.25b) or carboxylic acid groups. FTIR is the most commonly used method to detect
the capping ligands. However as microbes produce a variety of enzymes and other
proteins, the individual molecules can’t be identified. FTIR can identify the presence of
organic molecules and the shifting of functional groups to lower frequencies indicates
interactions with other groups. The main FTIR results from the literature are summarised
in Table 1.3.
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Figure 1.25: Proposed mechanism of (a) AgNP formation and (b) AuNP formation in
Stenotrophomonas maltophilia (Durén et al., 2011)
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Table 1.3: FTIR characterization of AUNP capping and stabilizing agents in various microbial species

Species

Main FTIR peaks that
shift following AuNP

formation (cm™)

Groups

Putative biomolecule

Reference

Rhizopus oryzae
Aspergillus  oryzae
viridis
Colletotrichum sp.
Penicillium
brevicompactum

Aspergillus niger

Phanerochaete
chrysosporium

Alternaria alternata

1652.9, 1550 and 1379

1660 and 1530

1658, 1543 and 1240

3100-3350 (broad peak)

1383 and 1112

1367 and 1029

1625, 1425, 874 and 1240

Amide I, Il and 111
Amide | and Il

Amide I, Il and IlI
NH or OH

Aromatic and aliphatic C-N

Aromatic and aliphatic C-N

Amide |,C-H deformation,
C-H aromatic, and Amide
11

Surface-bound protein
Proteins (through
carboxylate groups)
Proteins

Proteins

Proteins

Proteins

Proteins

Das et al., 2009
Binupriya et al.,
2010

Shankar et al., 2003
Mishra et al., 2011

Bhambure et al,

2009
Sanghi et al., 2011

Sarkar et al., 2011
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Thiol groups have been found to be to bind directly to AuNPs by FTIR. FTIR
analysis of Phanerochaete chrysosporium protein extracts revealed the
disappearance of —SH stretching band when the protein extract was incubated with
Au®*" ions (Sanghi et al, 2011). Phosphate groups of proteins have also been
suggested to bind to the surface of AuNPs produced by R. oryzae. Das et al detected
the shift amide groups of these groups in their study of R. oryzae, suggesting free

amine groups may be involved in AuNP capping (Das et al., 2012).

Most reports do not examine band shifting in FTIR, so the detection of function
groups here does not indicate their involvement in MNP binding, but infers the
identity of the bound molecule. Amide I, Il and Il groups are the most commonly
detected group in the FTIR analysis of biogenic MNPs, suggesting proteins are the
main capping agent in MNP biosynthesis. Shankar et al also detected Amide I, 1l and
Il bands in their study of AuNPs synthesis by Colletotrichum sp. Binupriya et al
detected amide | and Il bands in the AuNPs produced by Aspergillus oryzae var
vidis. Suresh et al using viable S. oneidensis cells to produce AuNPs detected Amide

I and 11 peaks, and a small Amide Il peak (Suresh et al., 2011) .

Phenol groups have been detected in Mishras study of AuNP biosynthesis by
Penicillium brevicompactum. Carboxylic acids due to their negative charge may also
be involved in AuNP capping as suggested by studies of AuUNP biosynthesis by R.

oryzae, P. brevicompactum and A. alternata.

In addition to methionine and cysteine, there have been other amino acids suggested
to be involved in AuNP biosynthesis. Aromatic amino acids such as tyrosine and
tryptophan have been suggested to be involved in AuNP capping in Aspergillus
niger, P. chrysosporium and A. alternata.

Few proteins to date have been identified to be involved in MNP capping, however
Zhang et al, 2011 identified proteins involved in energy metabolism (ATPase, 3-
glucan binding protein and glyceraldehyde-3-phosphate dehydrogenase) to be
involved in the capping for AuNPs produced by Fusarium oxysporum, which
suggests reducing proteins may also be involved in MNP capping (Zhang et al.,
2011)
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1.5 Problems with Metal Nanoparticle Biosynthesis
The biosynthesis methods, although cost effective, greener and not as laborious,

suffer from several drawbacks that compromise their use in commercial applications.
MNPs properties are size dependent, chemical reduction production of MNPs
produces a uniform MNP population; the biosynthetic methods produce MNPs with
a too broad size distribution for practical applications, due to the long incubation
time required and the non-specificity of the process (Kitching et al., 2014). Due to
the toxicity of the heavy metal precursor, scale up of the biological synthesis of
MNPs is a challenge. Although the synthesis time is longer from days to hours or
fraction of hours, viable cell synthesis is preferred over cell extracts, as downstream
processing of the effluent increases the synthesis cost, the biological host cannot be
recovered and reused and viable cells may respond with greater reducing potential

due to an active response to Au** ions.

In this context, Shewanella sp. biofilms were utilised for the production of AgNPs
and mammalian cell lines to produce AuNPs. Immobilised biomass has been poorly
examined for MNP biosynthesis, although it is possible, for example Kalathil et al
was able to produce AgNPs between 1-7nm in size within 2 hours using a mixed
species biofilm on carbon paper (Kalathil et al., 2011). Immobilised biomass does
have potential advantages over the planktonic mode of cultivation, which is listed in
Table 1.4.
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Table 1.4: Advantages and disadvantages of using planktonic cells and immobilised

biomass for high value product synthesis

Advantages Disadvantages
Planktonic ~ Lower mass transfer resistance Free cells require separation from
product
Easier scale up
Easier to quantify cell growth and
productivity
Immobilized Easier reuse of biomass (Qureshi Cell growth restricted by matrix
et al., 2005) (Qureshi et al., 2005)
Promotes easier separation of Membrane reactors may foul
product from catalyst (Qureshi et (Qureshi et al., 2005)
al., 2005)
High productivity (Qureshi et al., Increased mass transfer resistance
2005)
1.6 Aims of the thesis

Biological synthesis of MNPs although promising, suffers from limitations that
prevent them from commercial and industrial application, which are the slow
synthesis rate and wide size distribution. Further, the use of microbial hosts raises
concerns about the potential immunogenicity of the biogenic MNPs. The aims of the
thesis were to explore novel strategies to increase the MNP synthesis rate, decrease
the particle size distribution of the biogenic MNPs and to explore the potential of
mammalian cell biosynthesis of MNPs to address the potential immunogenicity of

the biogenic MNPs synthesised by microbial hosts.

Chapter 3 examines the possibility of increasing the synthesis rate of AgNPs by
Shewanella oneidensis MR1. biofilms by the application of a mild reducing
electrochemical potential. This chapter also investigates the effect of the
electrochemical potential on the size and shape of the AgNPs produced by the

biofilm. Chapter 4 will focus on the optimisation of the protein extraction buffer and
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examines the effect of the extraction buffer on the particle size and size distribution

of AuNPs synthesised by cell surface protein extracts from R. oryzae.

Immunogenicity of MNPs synthesised by microbial hosts is a concern for in-vivo
use due to the presence of microbial proteins in the protein corona. As the protein
corona derived from mammalian cells is less likely to be immunogenic, mammalian
cell biosynthesis is explored in Chapter 5. Bovine aortic endothelial cells were
investigated for their ability to synthesise AuNPs. Cell culture conditions such as
synthesis buffer selection, serum concentration and the initial concentration of the
gold salt precursor (HAuCl,) were optimised. Further AUNPs synthesised under the
optimised conditions were characterised in terms of their size, shape, crystallinity

and surface chemistry.
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Chapter 2: Materials and Methods

A comprehensive description of the methods used in this study.

2.1 Cell Culture and Biomass Preparation
Microbial and mammalian cell culture procedures were performed using already

optimised procedures or suppliers recommendations. Media recipes can be found in
Section 2.6.

2.1.1 Microbial Cell Culture
Shewanella oneidensis MR1 was sourced from the Belgian Co-ordinated Collection

of Micro-organisms (BCCM) as a freeze dried culture and was revived by
suspending the pellet in Luria broth (LB) and plating on Luria agar (LA) (50ul of
suspended culture per plate). Escherichia coli was sourced from a previous PhD
student (Monica Epifanio) and revived by scraping surface of culture tube with
sterile inoculation loop and spreading on LA plate. Both species were maintained on
LA, a widely used bacterial culture medium, at 30 °C in an incubator (Lab
Companion, UK) (Fig 2.1). A single colony was used to inoculate a new LA plate

twice per week for both bacterial species.

Rhizopus oryzae was sourced from Dr. Sujoy K Das from the Central Leather
Research Institute, Chennai Province, India, was shipped as an active cell culture on
dry ice. Upon receipt, it was immediately spread on Potato Dextrose Agar in Agar

Slant tubes. R. oryzae was maintain on PDA slants and sub cultured weekly.

All microbiological techniques were carried out under aseptic conditions in a 70%
ethanol cleaned Microflow Laminar Flow Hood, BSL-1 (Astec, UK).
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Figure 2.1: Photograph of Laminar flow hood used for microbial cell work.

2.1.2 Establishment of the Shewanella Biofilm
The inoculum size impacts the growth of a culture, therefore the culture was

standardised before inoculation to increase repeatability. A single colony was used to
inoculate 10 mL of LB in a 50ml culture flask to generate sufficient biomass. The
culture was then incubated at 30 °C for 22 hours at 150 rpm under aerobic
conditions. After incubation the optical density of the culture was measured, and the
culture was diluted to an ODgoonm =1 using LB to standardise the culture. 2 mL of the
culture was used to inoculate 20 mL of Modified M1 media in 100 mL flask, and

incubated for 24 hours at 30 'C and 150 rpm under aerobic conditions.

In order to the retain redox mediators important for electroactive biofilm formation,
20 mL overnight culture was added to the 20 mL of fresh Modified M1. 10 mL of
the culture was inoculated into each bioelectrochemical reactor (Epifanio et al.,
2015). The medium was flushed for 15-20 minutes with humidified N; gas, which
was humidified by passing through sterile water in a closed 100ml serum bottle.
Once anaerobic conditions were obtained in the culture, they were maintained by
flushing the headspace continuously with humidified N,. The cells were then
incubated at 30°C by pumping 30°C water through the heat jacket of the ECs, and
the working electrodes were poised at a potential of +0.2 V vs. Ag/AgCl to promote
bacterial attachment. To reduce mass transfer limitations, the chamber was stirred at
150rpm by a magnetic stirrer.

63



2.1.3 Fungal Cell Cultivation and Protein Extraction
R. oryzae biomass was maintained on potato dextrose agar (PDA). Fungal biomass

was cultivated aerobically in 700 mL Potato Dextrose Broth (PDB) (inoculated in 14
X 50 mL flasks) for 72 hours at 30°C and 150 rpm.

After the 72 hours incubation, the fungal biomass was washed thrice with ice cold
phosphate buffer (50 mM, pH 7.2) and then blot dried with Whatman blotting paper
to remove residual PDB. Dried mycelium was then cut into small pieces and
disrupted by grinding with sea salt with a mortar and pestle in the above mentioned
phosphate buffer until a slurry was formed. The slurry was centrifuged at 12,000 rpm

for 20 minutes at 4 °C.

The pellet was washed thrice with ice-cold 50mM phosphate buffer and then dried
with blotting paper. 3g of the pellet was added to 15 mL extraction buffer (Buffer: 1:
2mM dithiothreitol in 25 mM Tris-HCI, pH 8.5, buffer 2: 0.1% SDS in 0.1 M
phosphate buffer, pH 8.0, or buffer 3: 1% Triton X-100 in 0.1 M phosphate buffer,
pH 8.0), which was then incubated for 6 hours at 4°C for extraction buffer 1 and 30-
35°C for buffer 2 and 3.

2.1.5 Mammalian Cell Culture
All cell culture experiments were carried out under aseptic conditions in a Bio air

2000 Mac laminar flow cabinet (Euroclone, Spain) (see Fig. 2.2). The laminar flow
hood was cleaned with Virkon and 70% ethanol immediately before and after use.

The laminar flow cabinet was also U.V. sterilised on a frequent basis.
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Figure 2.2: Laminar flow hood used for mammalian cell culture experiments.

Bovine aortic endothelial cell line (BAEC) and Bovine aortic smooth muscle cell
line (BASMC) were sourced from the NIH repository. BAECs of passage 11 to 20
and BASMCs of passage 4 to 31 were used in these experiments. BAECs were
incubated in Roswell Park Memorial Institute medium 1640 (RPMI 1640) media
supplemented with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin
(P/S) antibiotic cocktail, which will be referred to as full RPMI 1640 media and
stored at 37 °C, in a humidified atmosphere of 5/95 % COg/air (v/v) in a Hera water

jacket heated incubator (Thermo Scientific, US).

BAEC and BASMC cultures in 6 well plates (Fisher Scientific) were stored in stacks
of a maximum of 3 and T75 flasks (Fisher Scientific, US) were fitted with vented
filtered caps to ensure appropriate gaseous exchange. See Fig. 2.3 for photographs of
culture vessels used in this study. Cell culture plates and flask surfaces were vacuum
gas plasma treated by supplier, which enhances cell attachment. 6 well plates were
used for AuNP biosynthesis experiments, due to the low volume needed for
experiments. T75s were used to grow sufficient amount of cells for AuNP

biosynthesis experiments.
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Figure 2.3: Photograph of culture vessels (a) 6 well flask (socialbiomedial.com), (b)

T75 flasks (eandkscientific.com).

2.1.6 Mammalian Cell Subculture
BAECs and BASMCs were passaged when they reached 90% confluency. Media

was aspirated using a glass pipette connected to a vacuum. BAECs and BASMCs
were then washed twice with 1X phosphate buffer saline (PBS) to remove residual
FBS, which inhibits trypsin activity. Trypsin was used to hydrolyse the surface
proteins of BAECs and BASMCs, which anchor the cell to the surface of the plate. A
1X solution of trypsin was prepared by diluting the 10X stock solution of trypsin in
1X PBS, without Ca and Mg ions, which aid in cell attachment. 2.5mls of the 1X
trypsin was added the BAECs and BASMCs in the T75s flasks, and incubated at 37
°C and 5% CO; for 5 minutes to detach the cells. 5mL of full RPMI-1640 media was
added to each T75 flask to inhibit further trypsin activity, which may lower cell
viability. The cell suspensions were centrifuged at 1,200 rpm for 5 minutes to pellet
the cells. The cells were then counted as described in Section 2.1.7. Once the cell
density was calculated, the original cell suspension was used to inoculate T75 flasks

and 6 well plates were then seeded at 60% confluency

2.1.7 Cell counting
Cells were then counted by haemocytometry, using a Neubauer improved bright line

haemocytometer. Cell pellet was suspended in 1ml of full RPMI media, and an
aliquot of this suspension was diluted by a factor of 10 in full RPMI media. 100ul of
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the diluted cell suspension was loaded onto the haemocytometer, and cells counter
under a light microscope, using a cell counter. Fig 2.2 illustrates the cell counting
grid in the haemocytometer, the four corner squares (one of which is marker in Fig.
2.1). Cells were counted in these 4 squares, and an average cell count was taken. If
the cell count in a single square was over 100, the cell suspension was diluted

further.

Figure 2.4: [lllustration of cell counting grid of a haemocytometer

(hemocytometer.com).

Once average cell count was obtained, it was used in Egn 2.1 to calculate cell density

in suspension.

Cell density = Ave. Cell count X 10,000 X dilution factor 2.1

2.1.7 Long Term Cell Storage
Bacterial cells were grown for 8 hours in LB media, to mid exponential phase, which

is optimal for cell storage. Glycerol is a commonly used additive for bacterial cell
storage, as it prevents the formation of ice crystals during freezing. 0.5 mL of the 8
hours culture was added to 0.5 mL of 80% glycerol stock, to a final glycerol
concentration of 40% (v/v) Cultures were then stored at -80°C. Cell viability was
determined one week later by reviving a vial of the culture, by scraping the top of the

vial with a sterile loop and spreading on a LA plate.
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Mammalian cells were detached from the surface by trypsinisation as described in
Section 2.1.6. Cells were counted as in Section 2.1.7 and 1.5-2 X 10° cells were
added to a single 2 ml vial in full RPMI 1640 media along with 10% v/v
dimethylsulphoxide (DMSO). As the freezing process is a stressful process to
mammalian cells, a slow and constant freezing rate ensures cell viability upon
revival. To ensure this, BAECs and BASMCs were stored in a Mr Frosty™ (Thermo
Scientific, USA) freezing container containing isopropanol at -80°C, which freezes
cells at a constant rate of 1°C/ min™ for 24 hours. Vials were then transferred to a

liquid nitrogen container for long term storage.

Stock viability was checked one week later by reviving a vial of the culture, which
was quickly thawed in a 37°C water bath and 0.5 mL was used to inoculate 12 mL
full RPMI in a T75 cell culture flask. Media was replaced no later than 24 hours
revival, and cell viability was determined by cell attachment under light microscope.
If culture viability was poor, the remaining vials of the particular stock would be
suspended in RPMI and centrifuged to remove DMSO and any soluble apoptotic
factors. The cell pellet was suspended in 1 ml full RPMI media and used to seed 1
T75 flask.

2.2 Electrochemistry
The potential range in the electrochemical techniques was selected to encompass

both direct electron transfer (DET) and mediated electron transfer (MET) of the S.
oneidensis culture. The potential poised during chronoamperometry (CA) was
selected to maximise S. oneidensis attachment. Biofilm electrochemical behaviour
was determined by cyclic voltammetry (CV) and presence of bound redox agents by
differential pulse voltammetry (DPV). All potentials stated are versus an Ag/AgCl

reference electrode.
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2.2.1 Electrochemical Cell Set up
Potentiostat-controlled electrochemical cells (ECs) were chosen for our study. Single

chamber, water-jacketed ECs with a working volume of 10 mL were operated in a
three electrode configuration under the control of a five channel potentiostat (V'SP
Bio-Logic, USA).

The counter electrode was a 0.25 mm coiled titanium wire approximately 20 cm in
length. The working electrode was either carbon felt (CF) or carbon cloth (CC) and
had the dimensions 2 X 1cm. CF electrodes were washed with 1M HCI to removed
metal ion contaminants and rinsed with DI water, while CC electrodes were rinsed
with DI water. The working electrodes were connected to Ti wire current collector
via miniature screw and nuts. The Ti wire current collector consisted of Ti wire
soldered to copper wire in a 6.5mm glass capillary. The resistance of each working

electrode assembly did not exceed 2.5 Q for CF and 2 Q for CC in each experiment.

The counter and working electrode were placed approximately 5 mm apart in the
electrochemical cell. Ag/AgCI reference electrode (E=+0.225 vs. standard hydrogen
electrode, SHE) (Als, Japan) was connected to a 3 mm Vycor frit (Bio analytical
Systems, UK) via a salt bridge consisting of 0.1 M Na,SO, in 1% agar. The Vycor
membrane was boiled in 0.1M HCI to remove the oxide/Ag layer which may develop
during biofilm growth/AgNP synthesis. Electrochemical cells were filled with DI
water and wrapped with tinfoil to keep electrodes moist during autoclaving (121 °C,
1 bar and 15 minutes). Agar salt bridge was added after autoclaving. To maintain
anaerobicity, the top of the ECs were sealed with 2 sections of parafilm (American
National Cam, USA). Fig. 2.5 shows the basic set of the electrochemical cell used in

the study.
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Figure 2.5: Electrochemical cell set up for Shewanella sp. biofilm growth

Before inoculation, the electrochemical cells set up was analysed by CA at -0.8 V,
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) with sterile fresh
modified M1 medium to check the connections in the EC. If electrochemical noise
were observed, the growth medium or the agar bridge was replaced. If the features

persisted, the EC was discarded.

2.2.2 Cyclic Voltammetry
The theory of CV is explained in Chapter 3 and was performed to determine the

electrochemical profile of the attached cells. The electrochemical potential applied to
the system was scanned from E;=-0.8 V to E; =0.2 V at a scan rate of 1.0 mV.s and
current monitored. The reverse scan ranged from Eo = 0.2 V to Ef =-0.8V. CV
analysis occurred without stirring and under anaerobic conditions, to show diffusion

limited reactions and minimise electrochemical noise.
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2.2.3 Differential Pulse Voltammetry
The theory of DPV is explained in Chapter 3 and was performed to analyse bound

redox mediators such as flavins. The potential range examined was between —-0.8 V
to +0.2 V. Pulse height was kept constant at 50mV and pulse width at 200ms, Step
height was 2mV and step time was 400ms. A reverse scan was also performed from
+0.2V to -0.8V. DPV analysis occurred without stirring and under anaerobic

conditions, to show diffusion limited reactions and minimise electrochemical noise.

2.2.4 Chronoamperometry
The potential applied to the working electrode was poised at +0.2 V to favour

electrode bioreduction and cell attachment. As the electroactive S. oneidensis cells
attach to the surface of the working electrode and reduce it, an anodic (oxidation)
current is produced. CA records this current vs. time, which gives a real time
measurement of cell respiration rate. Current was recorded every 60 seconds during
biofilm growth and AgNP synthesis. The reactor was stirred at 150 rpm with

magnetic stirrer to lower mass transfer limitations.

2.3 Nanoparticle Biosynthesis

2.3.1 Bioelectrochemical Synthesis of Silver Nanoparticles
For biofilm mediated electrochemical synthesis, once the current reached a stable

value, the spent growth medium was removed. 9mL of a 100mM HEPEs buffer was
added to cells and flushed with humidified N, for 10 minutes. The headspace of the
reactor was constantly flushed with humidified N, to ensure constant anaerobic
conditions. DPV was then performed once anaerobic conditions were created. 1ml of
an anerobic 1 mM solution of AgNO3; was then injected into the EC, and media
flushed with N, to ensure anaerobic conditions for 5 minutes. The headspace of the
EC was constantly flushed with N, and the working electrode was poised at a
potential of either 0, -0.2 or -0.4V for 100 minutes. Open circuit voltage (OCV) was

used as a control.
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To determine if attached cell biomass is necessary, planktonic cells were examined
for AgNP bioelectrochemical synthesis. 100mls of LB was inoculated with a loop of
S. oneidensis from a 2 day old culture on a LA plate and incubated at 30 °C and 150
rpm for 22 hours. After incubation, the culture was centrifuged at 5,000 rpm for 10
minutes at 20 °C to pellet the cells. The cells were washed thrice to remove residual
soluble flavins with 100 mM HEPEs buffer, and the cells were suspended at an
ODgoonm =2 in 100 mM HEPEs buffer. 9 mL of the resuspended culture was injected
into sterile electrochemical reactors containing CF working electrodes along with 1
mL of a 10 mM solution of AgNQO3, and flushed with humidified N, gas to obtain
anaerobic conditions. The working electrode was poised at a potential of either 0, -
0.2 or -0.4V for 100 minutes.

For the abiotic control experiments, the procedure were carried out as stated before,

only sterile electrodes with no biomass were used in the experiment.

2.3.2 Fungal Cell Surface Protein Synthesis of AuNPs
Following incubation, the surface protein (supernatant) was collected by

centrifugation at 15,000 rpm for 20 min at 4 °C. Protein was analysed by
bicinchoninic acid assay (BCA), and 3 mg of filter sterilised extract was added to a
10 mL solution of 0.5 mM HAUCI, in a 50 mM phosphate buffer (pH 7.2), followed
by incubation at 30 °C for 30-72 h under shaking (150 rpm).

The synthesized AuNPs were collected by centrifugation at 20,000 rpm for 30 min at
4 °C to remove excess unreacted and loosely bound proteins from AuNP surface,
and then the pellet was washed three times with DI water. The AuNP pellet was then

resuspended in deionised water and analysed.

2.3.3 Mammalian Cell AuNP Biosynthesis
Confluent T-75 flasks were used to seed 6 well plates at approximately 60%

confluency. BAECs and BASMCs were incubated in RPMI 1640 media
supplemented with 10% v/v FBS and 1% v/v penicillin/streptomycin (P/S) antibiotic
cocktail at 37 °C and 5% CO, until confluent. The media of the BAECs and
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BASMCs was replaced with full RPMI media 1 day prior before Au exposure to

increase repeatability.

Once confluent, the spent media was aspirated and washed twice with 1X PBS to
remove any residual media, which may contain reducing agents. The BAECs and
BASMCs were exposed to 0, 0.5, 0.75, 1, 1.5 or 2mM Au in or 1X PBS
supplemented with 1% v/v FBS. To determine if the media can reduce Au ions, O,
0.5, 0.75,1, 1.5 and 2mM Au in either RPMI without glucose or phenol red,
supplemented with 1% FBS or 1X PBS supplemented in 1X FBS, were incubated at
37°C and 5% CO, for 48 hours.

2.4 MNP Characterisation
In order to understand the mechanisms of MNP biosynthesis, and predict the

physicochemical activity of the biogenic MNPs, a thorough understanding of the
MNP characteristics is needed. MNPs were characterised by the SPR band,
hydrodynamic size, particle size, crystal size, crystallinity and chemical composition.

The theoretical basis of these techniques is described in Chapter 1, Section 1.2.

2.4.1 Isolation of MNPs
To ensure that the data from our analysis was for the MNP alone and not from the

cell, a cell component or secretome, MNPs after synthesis were isolated in DI water.
Unless stated, MNPs were collected and separated from the cells by centrifugation at
5,000 X rpm for 5 minutes at 4°C and MNPs were isolated by centrifugation at
13,500 rcf for 30 minutes at 4°C. The MNP pellet was rinsed thrice with DI water
and then suspended in DI water.

2.4.2 U.V.visible spectrophotometry
Due to MNPs strong interaction with light, they can be detected due to their SPR

band. Their SPR band position and shape may indicate MNP size and size
distribution. To obtain the MNP spectra, 1.5 mL of the MNP sample suspended in DI
water was analysed on a Cary 50 spectrophotometer (Varian, USA) at a step size of
0.1 nm and a scan rate of 10 nm.s™* at room temperature. For AgNPs, the samples
were scanned between 700-350 nm and for AuNPs, the samples were scanned
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between 800-400 nm. Wavelength range was selected to ensure that the SPR peak of

well dispersed MNPs and MNP aggregates were detected.

To measure AuNPs associated with adhered BAECs and BASMCs, the cell
associated AuNPs were analysing using a Tecan Infinite M200 plate reader

(Tecan,Switzerland), scanning from 400-800m, in 1 nm steps and 25 flashes per step.

2.4.3 Dynamic Light Scattering
Protein capping and aggregation increase the hydrodynamic size of the MNPs. To

measure the hydrodynamic size, 1 mL of the isolated MNPs was analysed in a 3 mL
plastic cuvette using a Beckman Coulter Delsa Nano C Particle Analyser.

2.4.4 Transmission Electron Microscopy
MNPs due to their electron density will interact with an electron beam, and can be

imaged in a TEM, which can be used to measure the particle diameter and observe
the particle morphology. Isolated MNPs from the spent medium were drop dried
onto carbon film coated copper TEM grids. The diameters of the MNPs were

individual measured using Image J software (http://imagej.nih.gov/ij/).

2.4.5 Atomic Force Microscopy
MNP size may also be examined by atomic force microscopy (AFM). AgNPs were

air dried onto 300 nm SiO, thermal oxide on Si wafer. The wafers were first scribed
into 1 x 1 cm chips with a diamond scribe and sonicated for 15 minutes in a
sequence of solvents (Ethyl lactate, Acetone, Methanol, Isopropanol) separately to

remove dust followed by drying in an N, stream before use.

MNPs were analysed under ambient conditions on an Asylum Research Cypher-S
AFM, using Budget Sensors MultiAl-75 silicon cantilevers (resonance 70-75 kHz)
operating in repulsive tapping (AC) mode. Cantilevers were tuned to a frequency
where the drive amplitude is 5% below the free air amplitude on resonance and
imaged at 40-60% of the amplitude when driven at this frequency and imaged at scan

speeds of 1-1.5 Hz. This analysis was done in the University of Nottingham by Alex
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Summerfield. Height of the MNPs was individually measured using Gwyddion
software (http://gwyddion.net/).

2.4.6 High resolution TEM and Selected area electron diffraction
Samples were air dried at RT on carbon film coated copper TEM grids, and

examined under high resolution cryo-TEM (chilled by liquid nitrogen) by Yina Guo.
Selected area electron diffraction (SAED) was also performed using the same HR-
TEM. HR-TEM images were analysed wusing Image J software

(http://imagej.nih.gov/ij/).

2.4.7 Base Piranha etching
In our previous work in Nottingham University, we encountered problems with spin

coating samples on Silica wafers, possibly due to their hydrophobicity, which
encourage material to be spun off the wafer rather than on. Etching the surface of the
samples appeared to decrease the hydrophobicity of the wafer surface, encouraging
material deposition. Silicon wafers were placed in a 3:1 mixture of ammonium
hydroxide (NH,OH) and hydrogen peroxide (H,O,) at 60 °C for 15-20 min. Then the
silicon chips were washed with DI water and blown dry with N; gas.

2.4.8 Fourier transformed infra-red spectroscopy (FTIR)
The chemical nature of the MNP surface was examined by Fourier transformed infra

red spectroscopy (FTIR). The solvent (DI water) was evaporated from the sample at
50 °C overnight. The dried MNP crystals was analysed between 4,500-500 cm™. The
force gauge did not exceed 50%.

2.5 Cell Analysis and Biochemical Analysis
In order to understand the mechanism of MNP biosynthesis, both the MNPs and the

cell should be analysed. Biochemical analyses were performed using standard

protocols.
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2.5.1 Biofilm Fixation and Dehydration

Electrodes post AgNP BES experiment were rinsed with 100mM HEPEs buffer (pH
7) twice to remove loosely bound Ag. The electrodes with biofilm, were fixed with
5% glutaraldehyde in 100mM HEPEs buffer (pH 7) for 30 minutes, and then
immersed in 30%, 50%, 70%, 90% ethanol for 30 minutes and then 100% ethanol
for an hour, twice. Sterile electrodes were air dried and analysed without fixation or

dehydration.

2.5.2 Biofilm Carbon Coating

Electron microscopic analysis of insulating samples results in the build-up of
electronic charge on the sample surface, which distorts the image. There are two
methods to analyse insulating biological samples, either atmospheric pressure is
varied during analysis which is termed variable pressure mode, which removes the
build-up of charge however the image quality is negatively affected. Another option
is to prevent the build-up of charge on the sample surface due, by coating the

sample with a thin layer of a conductive material such as gold, silver or carbon.

A layer of a carbon was coated onto the CF electrodes with biofilm growth. EDX
was also performed to determine Ag deposition. Biofilms on CF electrodes once
fixed and dehydrated, were carbon coated with carbon lace at 0.1 mbarr of air.

2.5.3 Scanning electron microscopy and Energy Diffraction X-ray
Spectroscopy

Scanning electron microscopy (SEM) of the working electrodes occurred in the
School of Engineering in DCU. Samples were analysed by Zeiss EVO LS15 SEM at
100kX magnification. Energy Diffraction X-ray Spectroscopy (EDX) analysis of the
electrodes utilised Panta FET Precission EDX detector, which was positioned at a
30° angle to the sample surface, and data analysed by INCA software. SEM images

were analysed by Image J software (http://imagej.nih.gov/ij/).

2.5.4 Phase Contrast Microscopy
Samples were washed with 1 X PBS twice to remove residual AuNPs. They were

then viewed under a 20 X objective lens.
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2.5.5 Fluorescent Microscopy

4' 6-diamidino-2-phenylindole (DAPI) is fluorescent stain, which binds strongly to
A-T rich regions in the genome, and so is used to dye nuclei in mammalian cells.
The number of DAPI stained nuclei can indicate the amount of cells attached to the
surface of the plate, as most cells possess only one nucleus.

Samples were washed with 1 X PBS twice to remove residual AuNPs and media,
and fixed for 20 minutes with 4% wi/v formaldehyde in 1X PBS at room temperature.
Residual formaldehyde was removed by washing cells thrice with 1X PBS. Nuclei
were then stained with 1 ug/ml DAPI in 1X PBS for 15-20 minutes at room
temperature and then washed thrice with 1X PBS to remove residual DAPI stain.
Samples were immediately examined under blue filtered laser light.

2.5.6 Oxidative stress assay
ROS GLo™ H,0, assay from Promega was used to determine oxidative stress in

BAECs and BASMCs, and the non-lytic assay protocol was performed. Cells were
plated at 60% confluency as in Section 2.1.6 in a 96 well tissue culture plate. Once
confluent, the cells were exposed to 1.5 mM Au in 1X PBS or RPMI without phenol
red and glucose for 18 hours. 20 ul of the H,O, substrate buffer was added to each
well and incubated as before for a further 6 hours. The conditioned media was taken
and 100ul of the Ros_Glo'™ detection solution was added in the wells of a black 96
well plate, and this was incubated in the dark for 20 minutes at room temperature.

Relative luminescence units were recorded using a plate reading luminometer.

2.5.7 BCA Protein Assay
Protein concentration was analysed by the BCA protein assay. The assay works on

the principle of Cu®* reduction by the peptide bonds in proteins to Cu* under alkaline
conditions. The Cu" ions react with bicinchoninic acid to form an intense purple
complex in an alkaline environment, which has a strong absorbance at 562 nm. The
assay is supplied in two separate reagents, an alkaline bicarbonate solution (reagent

A) and a copper sulphate solution (reagent B).
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To prepare a working solution, 50 parts reagent A was added to 1 part reagent B, and
covered with tinfoil to protect it from light. The protein sample was diluted by factor
of 1:10 to dilute any possible interfering agents that may be present in the sample. In
a well of 96 well plate, 20 pL of the diluted protein sample or BSA protein standard
was incubated with 250ul of BCA working reagent and was incubated at 60 °C for
30 minutes wrapped in tinfoil, and was then allowed to cool to RT and absorbance
measured at 562 nm using a Tecan Infinite M200 plate reader, with 25 flashes per
well. A standard curve of known BSA concentrations (0.1-2mg mL™) was used to

calculate the protein concentration

2.5.8 Protein concentrator
The above protein extraction methods resulted in insufficient protein concentration

in the extract. Therefore the protein extracts required concentration, however the
concentration method must not affect protein structure. Centrifugal concentration
uses a selectively permeable membrane in a centrifuge tube to filter a protein
solution, where the proteins higher than the molecular weight cut off point (MWCO)
are retained in the retentate and are concentrated. Fungal protein extracts were
concentrated using a Vivaspin 20 (MWCO 10,000Da) centrifugal concentrator. They
were centrifuged at 4,000 rpm for 30 minutes at 20°C.

2.6 MNP activity
MNPs possess a variety of applications. Our research group is mostly interested in

water treatment, therefore this study focused on the antibacterial activities of the
MNPs produced.

2.6.1 Anti-bacterial assay
As inocula size affects metal toxicity, the E.coli inocula was standardised before the

growth curve assay. A single colony of E.coli was used to inoculate 10mls of Luria
broth and incubated at 30°C and 150rpm overnight. The overnight LB E.coli culture
was brought to an ODggonm and used as 10% v/v inoculum in M9 media. Fungal
protein extract synthesized AuNPs were diluted in DI water to reached a SPR peak
height of 0.1. This was added to the E. coli culture at a 10% v/v dilution and
incubated aerobically for 24 hours at 30 °C and 150 rpm. 10% DI water was used as

78



a control. Samples of the culture were taken at 1, 4, 6, 8, 12 and 24 hours and

ODgoonm Was recorded.

2.7 Data Analysis
Electrochemical cell data was exported as an ASCII file by EC Lab Data (Bio-

Logic). U.V. spectral data was exported as an ASCII file by Varian UV. Software.

ASCII files were analysed by Origin Pro (ver. 8.5) software. U.V. visible spectra and
DPV data were subjected to base line subtraction to standardise the data.

MNP size data was analysed by Origin Pro (ver. 8.5) software. Mean sizes were

averaged over n=3 independent biological replicates.

Exponential microbial growth rate constant was calculated on Excel 2010 software.

2.8 Media Recipes
All media recipes are standard microbiological media and used bacteriological grade

components were possible.

2.8.1 Sterilisation and Glassware preparation
All glassware used for MNP biosynthesis was either washed with 3M Nitric acid for

AgNPs or 3M Aqua regia (3:1 ratio of 3M HCI and 3M Nitric acid) for AuUNPs.
Unless stated otherwise, all buffers, solutions and media were sterilised by
autoclaving at 121 °C for 20 minutes at 1.5 psi, in a Classic Prestige Medical 1L

autoclave (Presige Medical Ltd, UK).

Metal salts (HAuUCI, and AgNO3) were sterilised through a 0.2 um filter instead of

autoclaving to avoid metal ion reduction, and stored at 4 °C in the dark.
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2.8.2 Luria Broth/Agar
Luria Broth or Luria Agar (LB or LA) was prepared by adding the components in

Table 2.1 to DI water. Iron citrate, which was added to indicate the presence of
Shewanella cells, which grew orange/pink (see Fig 2.4). pH of the solution was
adjusted to 7.2 using 1M NaOH and 1M HCI. MgSO,4 and CaCl, were added only
immediately before inoculation (MgSO, and CaCl, stocks were filter sterilised

through a 0.2 um filter).

Table 2.1: Media recipe for Luria Broth and Luria Agar

Concentration (gL ™)

Bacteriological grade tryptone 10
Yeast extract 5
Sodium chloride 5
Iron citrate 0.1
Agar (For LA preparation) 15
Magnesium sulphate 0.024
Calcium chloride 0.001

LA plates were prepared by pouring 20mls of autoclaved LA into a 90 X 15.88 mm
petri dish (Lennox) once cooled to temperature at which it can be handled
comfortably. The plates were allowed to set with lid slightly ajar, to avoid excessive
condensation in the plate, in the Microflow Laminar Flow hood. Plates were then
incubated at 30° overnight to screen plates for contamination. Plates were sealed
with parafilm and then stored at RT, as storage at 4 °C induced condensation in the
plate, which increased the risk of contamination. Excess LA was stored in a water
bath at 60 °C to prevent agar from setting and to avoid agar reboiling which

caramelises the sugars in the medium.
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Figure 2.6: (A) S. oneidensis and (B) E. coli grown on LB supplemented with 0.1

g/L iron citrate

2.8.3 M9 Medium
M9 medium was prepared by adding the components in Table 2.2 to DI water.

Diluted M9 salt solution was sterilised in by autoclaving. Glucose, magnesium
sulphate and calcium chloride were added via a 0.25 pm sterile filter. The media was

stored at 4 °C

Table 2.2: Media recipe for M9 medium

Concentration (mgL™)

5X M9 salt solution 20% viv
Glucose 4
Magnesium sulphate 24
Calcium chloride 1

2.8.4 Modified M1 medium
Modified M1 medium was prepared by adding the components in Table 2.3 to DI

water. The solution pH was adjusted to 7.0 using 1M NaOH and 1M HCI.
Immediately before inoculation, CaCl, stocks were filter sterilised through a 0.2 um
filter.
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Table 2.3: Media recipe for Modified M1 medium

Concentration (g.L™)

HEPEs 7.2
Sodium hydroxide 0.3
Ammonium chloride 5
Potassium chloride 0.1
Sodium dihydrogen phosphate 0.52
100X amino acid solution 1% viv
100X vitamin solution 1% viv
100X mineral stock solution 1% viv
Sodium lactate 20 mM
Calcium chloride 0.001

2.8.5 Potato Dextrose Broth/Agar
Potato dextrose broth (PDB) and agar (PDA) were prepared by adding the

components listed in Table 2.4 to DI water. The pH was adjusted to 5.2 with 1M
NaOH and 1M HCI. For agar preparation, 15g/L agar was added prior to

autoclaving.

Table 2.4: Media recipe for Potato Dextrose broth/Agar

Concentration (gL ™)

Potato extract 15
Dextrose 20
Agar for (PDA preparation) 15

2.8.6 100X Amino acid stock
To create a 100X amino acid stock solution the components listed in Table 2.5 were

added to DI water. Stock was then stored at 4°C
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Table 2.5: Componenets of 100X Vitamin Stock

Concentration (gL ™)

L-Glutamic acid 2
L-arginine 2
DL-serine 2

2.8.7 100 X Vitamin Stock
To create a 100X vitamin stock solution the components listed in Table 2.6 were

added to DI water and stirred for 10 minutes. pH was adjusted to 8.0 using 1M
NaOH and 1M HCI. Stir until all components are completely dissolved. Adjust pH to
7 using 1M NaOH and 1M HCI, if necessary. Stock was stored at 4 °C.

Table 2.6: Componenets of 100X Vitamin Stock Solution

Concentration (mg.L™?)

d-biotin 2
folic acid 2
pyridoxine HCI 10
riboflavin 5
thiamine HCI hydrate 5
nicotinic acid 5
d-pantothenic acid hemicalcium salt 5
B12 0.1
p-aminobenzoic acid 5
thioctic acid 50

2.8.8 100 X Mineral stock
To create a 100X mineral stock solution the components listed in Table 2.7 were

added to DI water and pH adjusted to 7 using 1M NaOH and 1M HCI and stored at
4°C.
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Table 2.7: Components of 100X Mineral Stock Solution

Concentration (g.L™)

Nitrilotriacetic acid
MgSQO,4.7H,0
MnSO,4.H,0O

NaCl
FeS0O,4.7H,0
CaCl,.2H,0
CoCl,.6H,0
ZnCl,
CuS04.5H,0
AIK(SOy)2.12H,0
H3BO;3
Na;Mo0O4.2H,0
Na,WQ,.2H,0

1.5
3
0.5
1
0.1
0.1
0.1
0.13
0.01
0.01
0.01
0.025
0.025

2.8.9 5X M9 salt stock
To create a 100X mineral stock solution the components listed in Table 2.8 were

added to DI water.

Table 2.8: Components of 100X Mineral Stock Solution

Concentration (g.L™)

Disodium hydrogen phosphate

Potassium dihydrogen phosphate

Sodium chloride

Ammonia chloride

64

15

2.5
5
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Chapter 3: Bioelectrochemical Synthesis of Silver Nanoparticles

Biosynthesis of metal nanoparticles (MNP) might provide a suitable synthetic route
for in situ application, such as bioremediation, sterilization, etc. The biosynthetic
process employing cell-free extract produces MNPs with an acceptable size and
shape distribution in short time. However, biosynthetic process using viable cells are
more appealing for in situ application, due to their lower cost and self-sustainability.
In the latter process, size and shape of biosynthetic MNP are hard to control. In this
study, we use electrochemical potential to drive the MNP biosynthetic process, thus
improving size distribution of AgNPs in Shewanella sp. viable culture. We tested the
process in both biofilms and planktonic cells. Results show that the biosynthesis time
is lowered from over 48 hours to 100 minutes. Possible developments for a novel

bioelectrochemical process are envisioned.

3.1 Introduction

3.1.1 Electroactive Bacteria
There are two broad classifications of electroactive bacteria, depending on how they

interact with an electrically charge electrode surface. If the bacterium utilises the
electrode surface as an electron donor, they are classified as an electrotroph.
However if they utilise the electrode surface as an electron acceptor, they are

classified as an electrogen. This chapter will examine electrogens.

The ability of bacteria to generate an electrical current in microbial fuel cells (MFCs)
has been uncovered in organisms such as E. coli (Masih et al., 2012), P. aeruginosa
(Pham et al., 2008), as well as members of the Clostridium (Mathuriya and Sharma,
2009), Desulfovibrio (Cordas et al., 2008), Shewanella (Newton et al., 2009) and
Geobacter (Cordas et al., 2008) genus. While Desulfovibrio, Shewanella and
Geobacter sp. are considered electroactive bacteria, E. coli and P. aeruginosa are not
as their current generation ability is not due to an extracellular electron transfer
(EET) mechanism, but as a result of the secretion of compounds such as phenazines,
whose main biological function is an intracellular signal to regulate biofilm

formation and architecture (Pierson, 2010).
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EET is a mechanism evolved by electroactive bacteria to survive in low oxygen
environments. This mechanism gives the bacteria the ability to transfer its
metabolically generated electrons to terminal electron acceptors such as Ag (Wang et
al., 2009), Au (Suresh et al., 2011), Pd (Windt et al., 2005), U (Marshall et al.,
2006), or organic compound such as DMSO (Gao et al., 2006). Small inorganic
molecules such as nitrate, nitrite or insoluble minerals as Mn (1V) or Fe (111) may be
used as terminal electron acceptors. In nature, these bacteria form a biofilm around
inorganic mineral deposits. This project utilized the bacterium Shewanella
oneidensis MR1, as its EET mechanism is well characterised and is easier to work

with compared to members of the Geobacter genus.

3.1.2 Extracellular Electron Transfer
There are two main mechanism of extracellular electron transfer (EET) utilized by

electroactive bacteria, either through direct contact with outer membrane
cytochromes or through soluble secreted redox mediators such as flavins. Fig. 3.1

illustrates the main mechanisms of EET in S. oneidensis.

(a)

organic (@) -
molecules ’

periplasm
™

cytoplasm

(b)

L]

(<)

S. oneidensis MR-1 mineral (oxy)hydroxide
or electrode

Figure 3.1: EET can occur either through (a) soluble flavins, (b) direct contact with
OMC cytochromes or (c) cytochromes located on outer membrane extensions
nanowires. (A) is termed mediated electron transfer (MET) while (B-C) is referred to

as direct electron transfer (DET) (Breuer et al, 2015).
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Direct electron transfer (DET) occurs through direct contact between the electron
acceptor and the outer membrane cytochrome. In S. oneidensis the cytochrome is a
complex known as the mtrC/omcA cytochrome complex. This complex is
responsible for the transport of electrons through the outer membrane to the
extracellular electron acceptor, as illustrated in Fig. 3.2. The mtrC/omcA is

comprised of 4 protein subunits, mtrA, mtrB, mtrC and omc A (Shi et al., 2009).

MtrC and omcA associate to form a terminal cytochrome complex facing the
extracellular environment. FLASH-labelled mtrC protein extract showed that upon
addition of purified omcA, the steady state fluorescence polarisation increased
progressively from 1.75 mP to a limiting value of 2.3 mP. As a control, mtrA was
added, which did not affect the polarisation, however addition of salt decreased the
polarisation, suggesting the omcA and mtrC binding is both specific and mediated in
part by electrostatic interactions. Further when the bind affinities were calculated
using the Hill equation (Eqn 3.1), the apparent dissociation constant (Kg) was found
to vary between 0.5 and 1.0 depending on salt concentration and the Hill coefficient
(n) was 1.6 (Shi et al., 2006)

[0mcAF, ]

—Kd+[0ch?ree]] X Max + Min (3.2)

OmcApouna = [
MtrA is periplasmic facing decaheme cytochrome, which receives electrons from
CymaA and transports them to the mtrC via electron hopping between the Fe residues
located in the heme groups of the protein. MtrB is a p barrel porin, which spans the
outer membrane and allows the periplasmic facing mtrA to come into contact and

transfer electrons to the extracellular facing mtrC as shown in Fig. 3.2.
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Figure 3.2: Diagram of the omcA/mtrcA cytochrome complex in S. oneidensis (Shi
etal., 2009) .

Shewanella sp. secretes flavins which behave as extracellular redox shuttles, which
transfer electrons from the mtrC/omcA complex to terminal electron acceptors. This
is termed mediated electron transfer (MET). Replacement of medium with fresh
media when the current stabilised showed an immediate decrease in current output of
an S. oneidensis biofilm by 73 + 4.5%, which suggested that soluble mediator was
involved in EET. Current was restored to 94 + 6.1 % of the original value, when the
spent medium was centrifuged to remove planktonic cells and returned to the
chamber. CV showed that the anodic current production decreased with the addition
of fresh medium, while the addition of 250nm riboflavin (RF) to an established
steady state biofilm increased anodic current production. Differential pulse
voltammetry revealed peaks at -0.2 volts (indicative of flavins), which increased
rapidly from OYA to ~200pA after 4 hours. Media exchange of biofilms less than 3
days old, lead to a decrease in the flavin peak by 70% approximately, indicating a
portion of flavins are absorbed on to the electrode surface. However older biofilms
(> 6 days) only showed a 30% decrease in this peak and only 50-60% drop in anodic
current production (Marsili et al., 2008). This suggests that the dominant EET
mechanism in S. oneidensis shifts towards DET from MET as the biofilm increases

in age.
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Figure 3.3: Mediated electron transfer by S. oneidensis (Marsili et al., 2008)

Although biofilms can carry out EET past the diffusion limits of MET, the
mechanism has been a topic of much discussion. Nanowires have been proposed to
address this problem, although the existence and identity of nanowires has been a
topic of much debate in the literature. Studies have indicated the identity of the
bacterial nanowires were bacterial appendages such as pili or flagella, due to their
decreased current generation ability upon knock out of these structures. CV analsysis
of wild type S. oneidensis and knock out mutants of the type IV pilus (ApilM-Q),
flagella (Aflg) ,AmtrC/AomcA, mannose sensitive hemagglutinin pilus (AmshH-Q)
and a double knock out of ApilM-Q/ AmshH-Q , which showed that the max current
density for the wild type was 7.9 + 1.5 pA.cm™. Only the Am#rC/AomcA, AmshH-Q
and ApilM-Q/ AmshH-Q showed significantly decreased current density. While the
Aflg knockout increased the current density to 9.5 + 2 pA.cm™, this is not statisically
signficant. CV of the biofilms under non turnover conditions show that all mutants
showed a decrease in anodic current production except the AmshH-Q mutant, while
all mutants with the exception of AmshH-Q and ApilM-Q showed a decrease in
cathodic current production. For turnover conditions, CV reveals that anodic current
generation was lower for all mutants except the ApilM-Q and Aflg, which is in
accordance to the max current density recorded by chronoamperometry. Interstingly
the cathodic current did not decrease for any mutant, further the cathodic current
increased for the ApilM-Q mutant. The relative contribution of DET and MET to
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current generation did not significantly change between mutants and the wild type
(Carmona-Martinez et al., 2011).

However further study reveals that, these appendages are not involved in electron
transfer and that the observed decrease in current density was due to their role in
bacterial cell attachment to the electrode surface. NanoOrange in vivo staining of S.
oneidensis under oxygen limited conditions shows that S. oneidensis forms
nanofilaments between adjacent cells which contain proteins. Co-staining with the
FM 4-64FX (lipid dye), reveals that these filaments are outer membrane extensions.
MtrC and omcA were show to present in these extensions by immunocytochemistry
(Fig 3.4b) (Pirbadian et al., 2014). Although their existence has been demonstrated,
the relative contribution of these nanowires to current production in MFCs is still

relatively unknown.

Fyyssssy

Figure 3.4: (a) SEM images of S. oneidensis nanowires and (b) proposed structural

model for these nanowires (Pirbadian et al., 2014).

3.1.3 Biofilm Formation
In nature, microbes exist in a complex microbial community attached to a large

surface known as a biofilm. Up until recently biofilms were considered a detriment
for biotechnological processes. A summary illustrating the formation of a biofilm is
shown below in Fig. 3.5. However in recent years, the use of biofilms for
bioremediation (Singh et al., 2006) and potential for industrial biocatalysis
applications (Rosche et al., 2009) has attracted much research interest. However in

order to predict and control biofilm activity and structure, we must first understand
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how the biofilm develops. This section summarises what is known about the

development of S. oneidensis biofilms.
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Figure 3.5: Illustration of the general mechanism of biofilm formation

The first step in biofilm formation is the release and detection of a threshold
concentration of an intercellular signal, which is termed quorum sensing. This has
been very well studied in medically relevant biofilm forming species such as P.
aeruginosa. Acyl-homoserine lactone (AHL), a commonly used quorum signal in
gram negative bacteria, was found to not be present in the supernatant of both an
aerobic and anaerobic S. oneidensis culture using A. tumefaciens
NTL4(pCF218)(pCF372) and E. coli MG1655(pJWP01s) reporter strains. In the
same study, mutation of the luxS decreased the adhered biomass of S. oneidensis by
34%, as measured by crystal violet staining. Upon the reintroduction of luxS by
plasmid bourne luxS complementation, the adhesion of S. oneidensis biomass was
recovered to the same level as the control experiments. Aerobic and anerobic growth
curves of the mutant show that the growth rate was not affected, and the mutation
specifically affected biofilm formation. Supplementation with synthetic Al-2 did not
restore biofilm forming ability of the mutant, however supplementation with
homocysteine (HCY) seemed to complement biofilm formation for the mutant,
which seems to suggest that the luxS mutant negatively impacts S-
ribosylhnomocysteine (SRH) conversion to HCY and 4,5-dihydroxy-2,3-pentanedione

(DPD). Growth curves of S. oneidensis in sulphur limited media show that
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methionine metabolism in the activated methyl cycle (AMC) of the luxS mutant is
disrupted (Learman et al., 2009).

Nitric oxide has been demonstrated to induce biofilm formation. H-NOX, a sensor
protein for NO inhibits autophosphorylation HnoK leading to inactivation of HnoB,
which increases intracellular c-di- GMP, which is an intracellular signal involved in
biofilm formation. Addition of a NO release compound, DETA NONOate lead to a
significant increase in biofilm formation for wild type S. oneidensis, 1.3 + 0.3
(ODs70/ODggo) with 200uM DETA NONATE v.s. 0.6 = 0.1 control OuM DETA
NONATE. AhnoX, Ahnok and AhnoD deletion mutants showed significant decrease
in biofilm formation when stimuated with 200uM DETA NONATE, with an
ODs570/ODgpp 0f 0.8 £ 0.2, 0.8+ 0.2 and 1 * 0.2 respectively, which is comparable to
their OuM DETA NONATE control. Further when unstimulated with OuM DETA
NONATE, the knock outs except AhnoD showed no significant difference when
compared to the wild type unstimulated. This indicates that AhnoX and Ahnok are
specific for NO. Fig. 3.6 shows the hypothesized model of NO induction of S.
oneidensis biofilm development (Plate and Marletta, 2012). This NO induction of S.

oneidensis biofilm formation may be a defense mechanism against the free radical.
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Figure 3.6: Model of NO induction of biofilm formation in S. oneidensis (Plate and
Marletta, 2012)
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Bond formation between the mtrC and omcA cytochromes and hematite was
demonstrated by AFM. Interestingly the attractive force between the omcA and
hematite was twice the attractive force than the mtrC and hematite, however the
mtrC bond is more resilient (Lower et al., 2007). Further biofilm architecture of S.
oneidensis was disrupted when the mannose sensitive hemagglutinin type 1V pilus
(mshA) and pilus retraction (pilT) genes were mutated (Thormann et al., 2004).
These results suggest there are multiple attachment factors on the surface of S.

oneidensis cells.

3.1.4 Bioelectrochemistry and Bioelectrochemical Reactors
Bioelectrochemistry examines redox reactions in biological systems such as proton

transport, cell membrane potentials and EET. For our purposes, we will be focusing
on the topic of microbial EET. There are many experimental factors that influence
EET, which are the microbial inoculum, temperature, pH, presence of oxygen and
reactor configuration. This section outlines the basic configuration of the

electrochemical cell and examines the influence of reactor design on EET.

3.1.5 Electrochemical Cell Set Up
The basic electrochemical reactor configuration is illustrated in Fig. 3.7. A reference

electrode is used to keep potential of the working electrode constant. During the
course of the experiment, the ionic strength of the solution decreases, leading to a
decrease in current. A salt bridge is added to ensure that the ionic strength of the
solution is kept constant. The microbial consortia attach to the working electrode and
generate electrons, bicarbonate and protons. The cations produced diffuse to the
counter electrode and are reduced by the electrons generated by the microbial
consortia. The reactions at the anode and cathode are summarised in Eqn 3.2 and in
Eqgn 3.3 respectively (Logan et al., 2006).
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Figure 3.7: Electrochemical cell set up for Shewanella sp. biofilm growth (Marsili

et al., 2008)

CH;C00~ + H,0 => 2HCO3 + 9H™* + 8e~

0,+ 4H" 4+ 4e~ => 4H,0

The operational principle of current generation is outlined in Fig. 3.8.

—p H*

Anode  Bacterium Membrane Cathode

Figure 3.8: Operation principles of a MFC (Logan et al., 2006) .

(3.2)

(3.3)
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The bioelectrochemical reactions can be influenced by a variety of factors such as
temperature, applied electrochemical potential and electrochemical cell set up. This

section shall examine the key design choices and their influence on BES.

3.1.5.1 Electrode Material
The electrode material is one of the most important parameters in a

bioelectrochemical experiment. The ideal electrode should be highly porous for
maximum biomass attachment, conductive for low over potentials and have low cost
for cost effective scale up for industrial applications. Carbon materials are preferred
as anodes due to their low cost and high biocompatibility. Graphite coated with
carbon nanotubes (CNTs) offers the best performance to date, however the cost
associated with the production of CNTs is too high for commercial applications.
Graphine sponge has a lower cost, but is less conductive. Carbon felt, due to its large

surface area produces high current density in MFCs.

3.1.5.2 Electrode Pretreatment
Electrode pretreatment has been examined to decrease over potentials and increase

productivity in MFC and BES systems. The ideal treatment should be cheap, fast and
safe while producing high current density. Plasma pretreatment is a cheap and safe
method for the deposition of functional groups onto inorganic surfaces, such as
electrodes and has been shown to increase cell attachment. Nitrogen and oxygen
plasma pretreatment of a glassy carbon electrode increased anodic current
generation. The lag phase of biofilm development also decreased from 4.8 days to
4.5 days for oxygen plasma pretreatment and 3.3 days for nitrogen plasma
pretreatment (Flexer et al., 2013). Atmospheric air plasma treatment of graphite and
carbon felt anodes increased maximum current production from Shewanella loihica
PV4 biofilm during the early biofilm development stage. This was due to the
increased hydrophobicity favouring cell attachment, however the columbic
efficiency (CE) decreased by 60% (Epifanio et al., 2015).
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3.1.5.3 Electrochemical Cell
The standard dual chamber electrochemical cell is used primarily in BES

experiments under anaerobic conditions to prevent the H* ions reacting with O, to
produce H,O (Croese et al., 2014), (Zhan et al., 2014), (Sasaki et al., 2012). The
anode and cathode are usually separated by a proton (Sasaki et al., 2012) , anion
(Zhan et al., 2014) or cation (Croese et al., 2014), (Sakai and Yagishita, 2007)
exchange membrane to maintain redox gradients and prevent crossover reactions
(Krieg et al., 2014), where mixing of the anode and cathode compartments leads to
the formation of mixed potentials and internal currents which causes the
depolarisation of the electrode (Harnisch et al., 2009) as observed for Pt based

cathodes in methanol fuel cells (Ren et al., 2000).

In certain cases, membranes can be eliminated, to simplify the design and to reduce
costs. Saski et al demonstrated that the membraneless H-type dual chamber
electrochemical reactor produces biogas with similar H, content to the anode
compartment of a H-type dual chamber cell with a proton exchange membrane (54.4
+ 9.5% v/v vs 42.6£4.5% v/v respectively ) when the working electrode was poised
at -0.9V (vs. Ag/AgCl) (Sasaki et al., 2012) .

A single chamber is a simpler design for scale up, and shows similar performance as
the H type dual chamber. A single chamber electrochemical reactor (Fig. 3.9) had a
H. bioelectrochemical production rate of 2,196 mL ™ day™ for a single chamber vs.
2,445 mL*day™ for the H type dual chamber cell. The electrodes were only 2 cm
distant in the single chamber MEC, thus resulting in higher current and H,
production (Sasaki, Morita, D. Sasaki, et al., 2012). This relationship between
electrode spacing and BES performance production was also demonstrated by Cheng
and Logan, using single chamber MECs, fitted with graphite fibre anodes and carbon
cloth anodes (Cheng and Logan, 2011). Small distance between electrodes should be
taken into consideration for MEC design, due to the decrease in ohmic resistance and

the resulting increase in current.
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Figure 3.9: Schematics of electrochemical designs used in BES reports. (a) Dual
chamber electrochemical cell fitted with proton exchange membrane (Villano et al.,
2012), (b) H type dual chamber membraneless bioelectrochemical reactor (Sasaki et

al., 2012) and (c) single chamber electrochemical reactor (Sasaki, et al., 2012).
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3.1.6 Introduction Electrochemical Methods
Redox reactions of bioelectrochemical systems can be investigated using

electrochemical methods. This section summaries the basic theory of the

electrochemical methods utilised by this study.

3.1.6.1 Cyclic Voltammetry
Cyclic voltammetry is used in bioelectrochemistry to probe the electron transfer

mechanism of the attached microbial community to/from the electrode surface
(Carmona-Martinez et al., 2011; Epifanio et al., 2015). For our purposes, CV is
performed upon inoculation of the electrochemical cell and under non-turn over
conditions to determine if the attached biomass culture is sufficiently

electrochemically active.

In this technique the potential of the working electrode is varied between two
arbitrary potentials, E;-E, (forward scan) which covers the region of interest. Once
E, is reached, the potential is swept back from E, — E; (reverse scan). Current is then
plotted as a function of the applied potential, in which fully electrochemical
reversible behaviour may be determined through the appearance of peaks in the

forward and reverse scan that are within 60mV of each other.

This technique is performed under non stirring conditions; therefore diffusion may
affect the intensity of the current measured for homogenous conditions, depending
on the nature of the electrochemical reaction, reversible vs. non-reversible
behaviour. To illustrate the difference, for a simple homogenous electrochemical
reaction A + e => B, before the start of the peak, the potential is not sufficient to
significantly reduce A to B, therefore current is low. At the start of the peak, A is
beginning to be reduced to B, creating a diffusion layer, where the concentration of
A is low. At the peak maximum, the diffusion layer has thickened, leading to a
subsequent decrease in current as the diffusion becomes the rate limiting step in the

reaction. As the diffusion layer increases, the diffusion of solute A decreases as

J= DTAAA (3.4)
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J= mass transfer flux (moles.m?s™), Da= diffusion coefficient (m?.s™) of A, AA=
concentration difference of A between the interface of the diffusion layer and bulk
solution and the interface of the surface of the electrode and diffusion layer
(moles.m™) and y= diffusion layer thickness (m). For irreversible behaviour, the
electrode kinetics are too low, which causes diffusion to become a rate limiting step.
In this case, a significant potential over the thermodynamic limit is required to
reduce A or oxidise B. However for reversible electrochemical behaviour, the
electrode kinetics are sufficient to allow the system to follow the Nernst equation
(Eqn 2.2).

_ RT [B]

B
2 [4]o

Cyclic voltammetric analysis under non turn over conditions is used to determine the

inherent anodic and cathodic current of the attached biomass.

3.1.6.2 Differential Pulse Voltammetry
In this technique, the potential is initially held at a predetermined potential, to allow

the system to equilibrate. The potential is then increased in a stepwise manner with
time. Current is recorded before and after each step, and the difference is plotted
against the potential. DPV is a more sensitive technique than CV, as the effect of the

charging current is minimised.

DPV was utilised in this study to determine the presence of absorbed flavins on the

electrode surface.

3.1.6.3 Chronoamperometry
Electroactive biofilms transfer metabolically generated electrons to the surface of the

working electrode (See Section 3.1.2), for Extracellular electron transfer (EET)).
Chronoamperometry holds the potential applied to the working electrode at a
predetermined constant that is optimal for biofilm formation (+ 0.2V vs Ag/AgCl).
EET generates a measureable current, which is used to generate real time

information on biofilm formation and metabolic activity.
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AgNP BES was also performed using CA, where the potential of the working
electrode was held at a constant potential and current monitored over the course of

the experiment, which allowed for real time monitoring of Ag reduction.

3.1.7 Bioelectrochemical Synthesis
Bioelectrochemical systems (BES) have been utilised in the past to produce

electrical energy as microbial fuel cells (MFC), however the current generation
reported to date is not viable for electrical power production for commercial
purposes alone. BES increases the reaction rates of biological synthesis. The increase
in reaction rate occurs through the donation of electrons from the electrode to oxido-
reductases on the microbial cell surface. BES systems have been used to produce a

variety of high value products reported in Table 3.1.

Table 3.1: High value products produced by BES in literature

Inoculum Substrate Electrode Material  Reference
Acetate Activated sludge  Hydrogen  Carbon felt Jiang et al., 2013
Hydrogen S. oneidensis Lactate Carbon fiber fabric Rosenbaum et al.,
2010
Ethanol E. aerogenes Glycerol Carbon cloth Sakai and Yagishita,
2007
Hydrogen MFC enriched Hydrogen  Graphite Rozendal et al., 2009

peroxide culture

Methane  Activated sludge  Hydrogen  Carbon felt Jiang et al., 2013

Although mixed species electroactive biofilms have been used to produce AgNPs
prior to this report (Kalathil et al., 2011), the effect of the application of an
electrochemical potential has not been examined to date. Mixed inoculum is usually
preferred for BES synthesis, as mixed microbial consortia offer higher flexibility
than single species in terms of substrate utilization for BES and do not require sterile

or clean feed.
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3.1.8 Aim of Chapter
Biological synthesis of MNPs suffers from poor synthesis kinetics, due to the low

reduction rate of the host organism. The oxidation state of the enzymes of the mtr
pathway in S. oneidensis biofilm can be influenced by the application of an
electrochemical potential (Ross et al. 2011). As the first step in MNP biosynthesis is
metal ion reduction, we hypothesize that the application of a mild reducing
electrochemical potential may increase the reduction kinetics of the Ag ions and
consequently AgNP synthesis, as Shewanella sp. biofilms may accept electrons from
the electrode surface and then utilise these electrons to reduce Ag" ions. Ag has a
relatively low redox potential Ag* + e = Ag®, E® = 0.7996V, compared to Au which
has a redox potential of Au®* + 3¢ =Au® E’=1.498V. Therefore, to avoid
electroplating the working electrode Ag was chosen as a model MNP for this

research.

3.2 Materials and Methods
All methods were conducted in accordance with standard protocols and materials

were of the highest grade possible (See Appendices 2).

3.2.1 Establishment of Shewanella Biofilm
A 3 electrode, 10ml working volume electrochemical cell was set up as described in

Chapter 2, Section 2.2.1. A S. oneidensis biofilm was established as described in
Chapter 2, Section 2.1.2.

3.2.2 Electrochemical Analysis of Biofilm
Electrochemical analysis of sterile electrodes and electrodes with biofilm growth as

described in Chapter 2, Section 2.2.

3.2.3 Bioelectrochemical Synthesis of Silver Nanoparticles
Silver nanoparticles (AgNPs) were synthesized as described in Chapter 2, Section

2.3.1, and isolated and analysed by U.V. visible spectrophotometry, DLS, TEM,
AFM, XPS and XRD as described in Chapter 2, Section 2.4.
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3.2.4 Electrode Analysis
Sterile carbon felt (CF) electrode and CF electrode with biofilm after AgNP

synthesis were analysed by SEM and EDX as described in Chapter 2, Section 2.5.1

3.3 Results
Electrochemical cell data such as CV are presented in this section as per the IUPAC

convention. All references to potential are in reference vs. an Ag/AgCl reference

electrode.

3.3.1 Biofilm Establishment
As discussed in Section 3.1.2, electrode material is an important decision in

electrochemical cell design. Prior experience in our group has shown that carbon felt
(CF) and carbon cloth (CC) show the greatest current generation for Shewanella
loihica PV4. Prior to inoculation, the electrochemical cells were analysed by CA,
CV and DPV (Fig 3.10) to ensure that the connections in the electrochemical cell
were secure, the electrochemical cell was anaerobic and there were no chemical
impurities present on the working electrode (e.g. HCI from the carbon felt
preparation or metal impurities). There is no detectable signal arising from the CV
and DPV analysis for the sterile ECs, which indicates that the ECs are well
constructed and any signal generated in the course of the experiment is due to the
electrochemical activity of the S. oneidensis inoculum.
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Figure 3.10: Electrochemical analysis of sterile electrochemical cell fitted with (A,

C, E) carbon felt and (B, D, F) carbon cloth working electrodes containing M1
growth medium. (A, B) chronoamperometry at -0.8V (C, D) cyclic voltammetry and
(E, F) differential pulse voltammetry.
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After 22 hours of aerobic incubation in LB media, the ODgoonm Of the S. oneidensis
culture was 2.4 + 0.1, after which the cells were diluted in M1 media to an ODggonm
of 1. 2mls of the standardised culture was used to inoculate 20mls of M1 media and
incubated for 24 hours at 30°C and 150rpm. After 24 hour incubation, the ODggonm Of
the culture was 1.5+ 0.05. CA of the S. oneidensis culture with CF working electrode
showed that the cells adhered to the surface of the CF immediately upon introduction
into the electrochemical cell, while bacterial attachment to the CC electrode appears
to be more gradual (Fig. 3.11a). The current output reached a stable value after
approximately 10 and 16 hours of incubation for cultures incubated with CF and CC
working electrodes respectively. Comparing the anodic and cathodic peaks in the CV
analysis of the S. oneidensis culture on CF and CC, the biofilm on CF shows a
greater anodic current, while there is not a significant difference in the cathodic

current.
DPV reveals the presence of microbially produce flavins, which increased over the

course of biofilm development (Fig 3.11e and Fig. 3.11f). The flavin peak (~0.4 for
the CF is higher than the height of CC.
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Figure 3.11: Electrochemical analysis of S. oneidensis MR1 biofilm established on a
(A, C, E) carbon felt or (B, D, F) carbon cloth working electrode. (A, B)
chronoamperometry at -0.8V (C, D) cyclic voltammetry and (E, F) differential pulse

voltammetry.
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Table 3.2: Maximum current density produced by S. oneidensis cells attached to

each electrode

Current density uA.cm™
Carbon Felt 313 + 77 uAcm™
Carbon Cloth 343 + 65 uUA/cm™

3.3.2 Silver Nanoparticle Bioelectrochemical Synthesis
The flavin peaks are reduced after replacement of the media with 100mM HEPES

(Fig. 3.12).
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Figure 3.12: DPV of biofilm on (A) carbon felt or (B) carbon cloth after removal of
spent media and injection of 100mM HEPEs, and prior to 1mM Ag addition

After AgNP formation, the AgNPs were isolated from planktonic cells by
centrifugation at 5,000 rpm for 10 minutes, and soluble flavins by centrifugation at
13,500rpm for 30 minutes as both the mtrC and omcA absorb light at 408nm (Shi et
al., 2006) and flavins at (450nm), which is in the range of the SPR of AgNPs. The
AgNP pellet was suspended in DI water and analysed by U.V. visible
spectrophotometry (Fig. 3.13). The visible spectra of each potential showed a peak at
~414nm and ~525nm for CF and at ~ 525nm and ~ 600nm for CC. The peak at
~414nm corresponds to well dispersed AgNPs, while at ~525nm and ~600nm
corresponds to AgNP aggregates, due to the overlapping of surface plasmon, which

has been described previously for AuNPs (Fernandez-Blanco et al., 2012) and
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AgNPs (Tseng et al., 2010) . In order to examine if the applied potential may reduce
Ag ions in solution, abiotic experiments were performed. Fig 3.13d, shows that the
applied potential does not produce AgNPs. As S. oneidensis attached to CF produced
a greater abundance of well dispersed AgNP than CC, therefore CF was chosen as

the electrode material for future experiments.
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Figure 3.13: UV-visible spectra of the AgNP pellet produced by a S. oneidensis
biofilm grown on a (a) CF or (B) CC working electrode, which was exposed to 1mM
AgNO; and poised at 0, -0.2 or -0.4 volts for 100 minutes with 150 rpm stirring

under anaerobic conditions. (c) CF and (d) CC abiotic control experiments,

The spectra for the AgNPs produced by the control appear to not be affected by
applied potential. Therefore it was hypothesized that the HEPEs buffer may be
responsible for these peaks. To test this, 100mM HEPEs buffer was incubated at
30°C under anaerobic conditions without the electrode under sterile conditions. Fig.
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3.14 demonstrates that HEPEs buffer produces two small peaks ~525nm and

~600nm, which can be attributed to experimental noise.
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Figure 3.14: UV-visible spectra of 100mM HEPEs buffer incubated at 30°C with
1mM AgNO; for 100 minutes under aerobic conditions.

el a
u

Further we were interested in AgNP bioelectrochemical synthesis formation by
planktonic cells, therefore we injected 2 ODggonm culture into sterile ECs and poised
the CF at fixed various potentials for 100 minutes. Fig 3.15 shows that the AgNPs
produced by planktonic cells are similar to the abiotic control peaks and is
unaffected by applied potential
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Figure 3.15: UV-visible spectra of the supernatant of a 2 OD600nm planktonic cell
culture. Both were incubated with 100mM HEPEs buffer, spiked with 1ImM AgNO3,
and poised at a fixed potential for 200 minutes with 150 rpm stirring under anaerobic

conditions.

Absolute charge transferred can be converted to moles of electrons transferred by
faradays equation (Egn. 3.6).

e =& (3.6)

Where e is the moles of electrons transferred, C is the charge transferred and F is
Faradays constant. This can be then converted to the amount of silver ions reduced
by the redox equation in Eqgn. 3.7.

Agt+e” =Ag° (3.7)

Fig. 3.16 shows that as the potential applied decreased, the rate of electron transfer
increased. Further when the potential is poised at a high potential (0 - -0.2volts), the
amount of electron transfer is low for the biotic experiments, however this value
dramatically increases when the potential is poised at -0.4volts. Further the amount
of electrons transfer is greater for the abiotic experiments than the biotic. It should

also be noted that at -0.4 volts, the amount of electrons transferred is larger than the
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amount of Ag ions present, indicating that there are other components in the buffer

and in the biofilm that are reduced.
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Figure 3.16: Rate of charge transfer from (A) carbon felt or (B) carbon cloth
working electrode with 1mM Ag in 100 HEPEs with S. oneidensis biofilm.

3.3.3 Silver Nanoparticle Analysis

Table 3.4: Hydrodynamic size of AgNPs synthesized by a 24 hour S. oneidensis
biofilms grown on carbon felt electrode (n=3).

Potential (V) Size (hnm)  PDI

0 363 + 16 0.455
-0.2 295 +7 0.411
-0.4 290+ 1 0.408

DLS measurements of the AgNPs isolated from the spent medium, indicates that the
AgNPs are large and have a wide poly dispersion index (PDI), indicating a wide size

distribution. However the size and PDI decreases as the potential decreases.

AgNPs isolated from the spent medium were then analyzed via atomic force
microscopy (AFM) (Fig. 3.17) and transmission electron microscopy (TEM) (Fig.
3.18). AFM images show the AgNPs are small and have a narrow size distribution at

0 volts and -0.4 volts, while the AgNPs were large and had a wide size distribution.
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Figure 3.17: Atomic force microscopy images and size distributions of AgNPs in the
spent medium from S. oneidensis grown on carbon felt electrodes for 24 hours,
poised at (A) 0 volts, (B) -0.2 volts or (C) -0.4 volts in a bioelectrochemical reactor
at 30 °C under anaerobic conditions and 150 rpm stirring. Nanoparticle distributions

plotted on a histogram for S. oneidensis (D). Images taken by Alex Summerfield.

The TEM images show that the AgNPs are most spherical, and Image J analysis
demonstrates that AgNP size and size distribution increases as potential applied to
the biofilm decreases. The histogram of the TEM sizes also shows that the histogram

is skewed towards larger AgNPs as size distribution increases.
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Figure 3.18: Transmission electron images and size distributions of AgNPs in the
spent medium from S. oneidensis grown on carbon felt electrodes for 24 hours,
poised at (a) OV, (b) -0.2 volts or (c) -0.4 volts in a bioelectrochemical reactor at 30

°C under anaerobic conditions and 150 rpm stirring.

Crystalline structure of the AgNPs was investigated by XRD. XRD analysis (Fig.
3.19) reveals an Ag (111) plane, for all 3 samples. However at -0.2 volts, the XRD
reveals Ag (200) and (311) planes. This indicates that the AgNPs synthesized at -0.2
volts posses a fcc structure, in accordance with other reports (Singh and Khanna,
2007). There were also a number of unrelated peaks detected and highlighted in Fig.
3.16. Silica (004) arises from the silica substrate used to mount the AgNP samples,
the * labelled peak is due to the adhesive tape and # from the Cu Ky and tungsten L,
radiations from the X-ray tube.
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Figure 3.19: XRD analysis of AgNP synthesized by S. oneidensis biofilms grown on

a carbon felt electrode for 24 hours poised at various fixed potentials for 100 minutes
at 30°C and 150 rpm. * is due to the adhesive tape and # arises from XRD Cu Ks

and tungsten L, radiations from the X-ray tube. XRD analysis performed by

Saikumar Inguva.

Table 3.5: Statistical analysis of the size of the AgNPs synthesized by S. oneidensis

on carbon felt at each electrochemical potential applied, measured by TEM and

AFM (n=3).

Ovolts -0.2volts -0.4 volts
TEM Measured AgNPs (Diameter)
Mean (nm) 45+1 614 78 +2
AFM Measured AgNPs (Height)
Mean (nm) 9zx1 69+ 6 11+1
d spacing (A) 23+1 23+1 23+1
Crystal size 4+1 4+ 6+1
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AgNP mean height (AFM) and diameter (TEM) were measured, and reported in
Table 3.5. These measurements do not agree between the different analysis methods.
The large DLS suggests a large hydrodynamic size. The lattice spacing (d) and
crystallite size was calculated from the Ag (111) plane

The XPS data of the Ag nanoparticles synthesized at different voltages is shown in
Fig 3.20, which shows the wide scan of samples synthesized at 0V, -0.2V and -0.4V.
In all the samples, the most prominent peaks were corresponding to Ag3d, Nals,
Zn2p, O1s, N1s, Ca2p, Cls and P2p in addition to the S12p from the substrate.

— 0 volts
—-0.2 volts
—-0.4 volts

70000
60000
50000

40000

CPS

30000 +

20000 +

=

0

rrr1r 1 rrrTrrTrrTrrTTrTrTTrTTTrTTUrT
100 200 300 400 500 600 700 800 900 100011001200 130014001500
Binding Energy (eV)

Figure 3.20: Wide scan XPS of AgNPs of S. oneidensis biofilms developed on CF
electrodes exposed to 1mM Ag and poised a 0, -0.2 and -0.4 volts for 100 minutes.

At 0 volts, the binding energies corresponding to Ag3d3/2 and Ag3d5/2 were 365eV
and 371eV, respectively. The peaks corresponding to -0.4V had the highest intensity,
which indicates larger quantities of Ag synthesized at -0.4V. The presence of other

elements is in accordance with the reaction condition utilized.
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Figure 3.21: High resolution XPS analysis of AgNP synthesized by S. oneidensis
biofilms grown on a carbon felt electrode for 24 hours poised at a fixed potential for
100 minutes at 30°C and 150 rpm. (a: Ag, b: C, ¢: N, d: P, e: O, f: S). XPS analysis
by Emily Smith.
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3.3.4 Biofilm Analysis
Metal deposition on the electrode surface was examined by SEM-EDX (Fig. 3.15).

SEM images of the biofilm suggest that at OCV and 0 volts, the biofilm is disrupted
by the high concentration of Ag*™ ion. At -0.2 volts, the rate of Ag reduction
decreases the concentration of Ag*™ ion to a sub toxic concentration. However at -0.4
volts, the low potential disrupts the biofilm. SEM of the control electrodes show that
Ag deposition onto the electrode surface increased as potential applied to the

electrode decreased.
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Figure 3.22: SEM images (1k X) of (A-D) a S. oneidenesis biofilm grown on a carbon felt electrode for 24 hours and (E-H) a sterile carbon felt
electrode exposed to ImM Ag in 100mM HEPEs buffer (pH 7) for 100 minutes a 30°C and 150 rpm, poised at (A, E) open circuit voltage, (B,
F) 0 volts, (C, G) -0.2 volts or (D, H) -0.4 volts.
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EDX was performed to determine Ag deposition on to the electrode (Fig. 3.23a). As
carbon felt is not an ideal surface for EDX, these results are only to compare
between the various experimental conditions (biotic vs abiotic at various potentials).
Interestingly Ag deposition did not significantly increase for the biotic experiments,
until the electrode was poised at -0.4 volts. EDX on the abiotic electrodes shows
greater Ag deposition than the biotic at the same potential. Biotic experiments were
carbon coated before SEM-EDX analysis, which may account for some of the
difference between samples. Interestingly there is a correlation between the charge
transferred and Ag deposition on the electrode surface (Fig. 3.23). OCV experiments

showed 0 = 0.0% Ag deposition for the biotic and abiotic control.
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Fig.3.23: (a) Relative weight of Ag deposited (measured by EDX) on CF electrode
with biofilm (biotic) and without biofilm (abiotic) and (b) total amount of electrons

transferred after CF electrode poised at either 0, -0.2 and -0.4V for 100 minutes.

3.4 Discussion
Anodic current production between the CF and CC electrodes during S. oneidensis

biofilm development showed no significant difference. However, the CA during
biofilm development shows that S. oneidensis cells rapidly attach to the CF
electrode, while cell attachment to the CC electrode proceeds at a slower and gradual
rate. CV analysis of the S. oneidensis biofilm developed on CF and CC electrodes
shows no significant difference in the cathodic current between the electrode
materials. This indicates that the cathodic reaction rate of the biofilm would be

similar between the CF and CC working electrodes, which turned out to be the case
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as there was no significant difference in the current generated during AgNP synthesis
between the CF and CC electrodes.

Similar cathodic current generation between the two electrode materials indicates
that there would be no significant difference in the Ag reduction rate and
consequently AgNP synthesis by the S. oneidensis cells attached to either the CF or
CC working electrodes. Comparing the spectra of the AgNPs produced by the S.
oneidensis biofilm developed on either CF or CC electrodes, CF produced a greater
abundance of well dispersed AgNPs than the CC, which produced a low amount of
large AgNPs. This suggests the electroactivity of the biofilm, does not affect AQNP
synthesis. This is unusual for a BES process, where electroactivity of the microbial
community is correlated with BES productivity (Lu et al., 2011). The difference in
AgNP synthesis between the electrode materials may be due to the greater amount of
biomass present on the CF surface, which has been reported to influence MNP
synthesis (Das et al., 2012). Comparing the amount of electrons donated by CF
working electrodes, with and without biofilm development, to electron acceptors
during CA suggests that the attached cells inhibits charge transfer. In order to
determine the role of biomass in the process, 2 ODgoonm planktonic S. oneidensis cell
culture was utilized with sterile CF electrodes. The culture was unable to produce
AgNPs, which suggests that attached S. oneidensis cells facilitate Ag reduction and

structures/biomolecules in the biofilm act as nucleation sites for AgNP formation.

The spectra of the AgNPs show a SPR peak position of 414nm, which is
characteristic of well dispersed AgNPs of approximately 40nm (Rogers et al., 2012),
however the AgNPs possess a very large hydrodynamic size. Large DLS
measurements in previous reports have been assigned to MNP capping by
biomolecules such as proteins (Das et al., 2012). The disagreement between the
AFM and TEM size may be due to residual biofilm, which would explain the very
large hydrodynamic size. TEM shows the AgNP particle size, which agrees with the
spectral data. Interestingly the particle size and size distribution increased as the
potential applied to the electrode decreased, which was not predicted by DLS. The
polydispersion index (PDI) as measured by DLS, suggests the size distribution

would decrease with decreasing electrochemical potential. This disagreement may be
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due to the lower amount of AgNP aggregation in suspension upon decreasing

electrode potential.

The mean size and size distribution of the AgNPs increased upon decreasing the
electrochemical potential applied. The histogram of the AgNP distribution shows
that as potential decreases, larger AgNP production is favored. The mean AgNP size
is much larger than has been reported prior. An overnight planktonic S. oneidensis
cells synthesized AgNPs that had an average size of 4+1nm, and a range between 2-
11nm (Suresh et al., 2010). However, when 100uM Ag was added during S.
oneidensis planktonic cell growth, TEM images of the culture show Ag deposits of
20-50m in diameter within the cytoplasm. However, for a lower (10pM) nontoxic
concentration of Ag, the mean particle size of the biogenic AgNPs produced was
10nm, the majority of which was found on the cell surface. This suggests that
intracellular reduction, due to high Ag toxicity, results in large AgNPs located in the
cytosol, while the extracellular reduction results in small AgNPs (Wang et al., 2009).
The lower abundance of biomass in this study may explain the difference between
the AgNP sizes reported. Further as the cells were suspended in DI water during
synthesis in Suresh’s report, the AgQNPs may arise via Ag reduction by intracellular
components released by cell lysis. As this project utilized 100mM HEPEs buffer,
reduction by intracellular components, released into the spent media due to cell lysis
is less likely. The increase in AgNP size upon decreasing the electrochemical

potential is not clear.

XRD of the AgNPs shows the crystal size of the AgNPs is smaller than the particle
size and is not influenced by electrode potential. This suggests the AgNPs are quasi
crystalline in nature. Further XRD of the AgNPs produced at -0.2 volts show Ag
(111), Ag (200) planes and a small Ag (311) plane, which has been reported for
planktonic S. oneidensis cell cultures prior (Suresh et al., 2010). However, the
AgNPs produced at 0 and -0.4 volts are missing the Ag (200) and Ag (311) plane.
The disappearance of these planes may be related to biofilm disruption. The
dominant plane is Ag (111) for AgNPs produced at all potentials. XRD of AgNPs
prepared by electrochemical reduced Ag", reveals the presence of Ag (111), Ag
(200) and Ag (220) planes but not Ag (311) (Roldan et al., 2013) ; (Singaravelan
and Alwar, 2015). However XRD of AgNPs synthesized by a mixed species
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electroactive biofilm under non electrogenic conditions reveal Ag (111), Ag (200),
Ag (220) and Ag (311) peaks (Kalathil et al, 2011). The presence of these planes
have been reported for AgNP biosynthesis by Brevibacterium casei viable cells
(Kalishwaralal et al., 2010) , dried crushed Cinnamomum camphora tree leaf
biomass (Huang et al., 2007) , nitrate reductase purified from Fusarium oxysporum
(Kumar et al., 2007) and Rhiozpus stolonifer cell free filtrate (Binupriya et al.,
2010) The absence of the Ag (311) peak may be unique to electrochemical reduction
method, and may indicate direct electrochemical reduction, while the appearance

may indicate biofilm mediated reduction.

XPS shows the capping agents are not significantly affected by applied potential.
The Ag3d3/2 and Ag3d5/2 peaks corresponding to -0.4V had the highest intensity,
which indicates larger quantities of Ag synthesized at -0.4V. At a voltage of -0.4V,
two peaks are observed for the O1s spectrum, which arises from the strong oxidation
of the silver, yielding the Ag,O phase of a cuprite structure. This may indicate poor
AgNP capping at this potential.

EDX analysis of the biotic and abiotic experiments shows lower Ag deposition on
electrodes with attached cells than sterile electrodes, due to the lower charge transfer.
At -0.4 volts, the biofilm is disrupted, due to the low potential applied to the
electrode, which was accompanied by a significant increase in electron transfer and
Ag deposition, possibly due to an increase in the electrochemically active surface
area. Examining Fig. 3.11a suggests that biofilm disruption may occur gradually
over the course of the experiment, as a sudden disruption of the biofilm may result in

a sudden decrease in the slope of the graph.

3.5 Conclusions
We accomplished our aim to increase the synthesis rate of AgNPs by S. oneidensis

biofilms by the application of a mild electrochemical potential.

Electrode material was an important factor in AgQNP BES, as CF electrodes due to
their greater surface area resulted in higher AgNP BES than the CC electrode,

possibly due to greater amount of attached biomass. S. oneidensis biofilms inhibit
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Ag reduction, resulting in an increase in over potential, size and size distribution of
the AgNP. Application of a mild electrochemical potential, although lowers the
amount of aggregates in the spent media, increases AgNP size and size distribution
of the core size. However, the AgNPs produced are semi crystalline, due to the
ambient synthesis temperature, and AgNP crystallinity is not affected significantly

by electrode potential.

3.6 Future work
This research lays the ground work for future research on more versatile MNP

synthesis.

AgNP size and size distribution are quite large. Application of a reductive —oxidative
potential cycle has been shown to decrease the size and size distribution of AuNPs
produced by electrochemical reduction, as each cycle decreased the AuNPs size and
created new AuNP nuclei (Fernandez —Blanco et al, 2013). Utilisation of reductive —
oxidative potential cycles may decrease AgNP size; however, the capping ligands

may prevent AgNP oxidation.
AgNP activity should be examined to determine if the MNPs produced could be

utilised in commercial or industrial settings. Potential activities of the AgNPs that

should be studied are their anti-microbial activity, catalytic activity and toxicity.
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Chapter 4: Fungal Protein Extraction of Gold Nanoparticles

Fungi are underexplored in MNP biosynthesis. Cell surface proteins of Rhizopus
oryzae produced small AuNPs (~15nm), a purified cell surface protein extract was
therefore hypothesized would produce small AuNPs with a narrow size distribution.
However different protein extraction methods affect protein stability. The aim of this
Chapter is to examine the effect of DTT, SDS and Triton X-100 on protein
extraction on the synthesis, size, shape and antimicrobial activity of the AUNPs
produced.

4.1 Introduction

4.1.1 Bacteria vs Fungi
AUNP biosynthesis is well characterised in bacteria, however less than 30 fungi

species have been investigated to date for AUNP biosynthesis. In general, the biology
of fungi is not as well studied compared to bacteria, as their structure complicates the
microscopic and mechanistic studies required for MNP characterisation. Under
laboratory conditions, fungi grow to a similar biomass density than bacteria. A
Rhizopus oryzae culture using glucose as a carbon/energy source achieved a biomass
yield of 0.55g.g™", compared to 0.31g.g™ for an Escherichia coli culture under the
same conditions (Xu et al., 1999). However fungi have many advantages over
bacteria for MNP biosynthesis, such as greater secretion of proteins with diverse
functions (Girard et al., 2013). Table 4.1 lists the various pros and cons of the
conventional, bacterial and fungal synthesis methods. Fungi have been reported to
have a greater metal biosorption ability than bacteria, for example Aspergillus sp.
absorbed 92% Cr? and 90% Ni*? while Micrococcus sp. absorbed 90% Cr? and
55% Ni*? at their optimal pH (Congeevaram et al., 2007).
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Table 4.1: Pros and cons of physicochemical, bacterial and fungal methods of MNP
synthesis (Kitching et al., 2014)

Method

Pros

Cons

Top-down synthesis

Bottom-Up synthesis

Bacteria

Fungi

Highly controlled particle size

distribution and shape

Cost-effective.
Highly controlled particle size

distribution and shape.

Cost-effective and environmentally
safe.

Biological capping agents for MNP
stabilisation

Cost-effective and environmentally
safe.
High concentration of extracellular

redox enzymes and capping agents for

MNPs stabilization. Smaller size than

bacterial-synthesized MNPs.

Easy scale up.

Extreme conditions,

High tech facilities,

High cost.

Potentially hazardous
capping ligands and residual
toxins add to environmental
toxicity.

Large nanoparticles with
broad particle size
distribution.

It is not possible to obtain
pure nanoparticles without
any organic components.
Broad particle size
distribution, low
repeatability.

It is not possible to obtain
pure nanoparticles without

any organic components.

Due to their high secretion of extracellular proteins and small MNP size produced

and ease of scale up, biosynthesis by fungi merits further study.

4.1.2 Rhizopus oryzae

The fungus chosen for this study was Rhizopus oryzae, a filamentous fungus from

the family Zygomycetes. R. oryzae is ubiquitous in nature and often found on

decaying organic material and has a large substrate utilisation capacity and can grow

on glycerol, ethanol, lactic acid, glucose, mannose, fructose, xylose, cellobiose, fatty

acids and oils. R. oryzae has been reported to produce ethanol, lactic acid and
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fumaric acid, and is often used in Asia for food fermentation and to produced
alcholic beverages such as ragi or tempeh. Although generally regarded as safe, it is

known as an opportunistic human pathogen for patients with already weakened
immune systems (Meussen et al., 2012).

As shown in Fig. 4.1, at low Au** concentrations, Au** ions are reduced by cell
surface proteins, however at higher Au®" concentrations (>250uM), the Au®* ions
diffuse through the cell membrane and are reduced in the cytosol. Further at 250uM
Au**, protein expression was suppressed, due to toxic effect of the high Au*
concentration. Further the authors observed an intermediatory Au® formation,
possibly by methylation (Das et al., 2012).
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Fig. 4.1: Mechanisms of Au reduction by R. oryzae (Das et al., 2012)

Further partially purified protein secretome showed that the ratio between the protein
and Au** ions present in the solution affects AuUNP size, as solutions with a higher
proportion of Au®* resulted in a larger mean AuNP size, while a higher proportion of
protein resulted in a small mean AuNP size (S. Das etal., 2012) .

4.1.3 Protein Extraction
The 3 dimensional structure of a protein influences its function, and is affected by

pH, temperature, ionic strength, presence of denaturing agents and solvent. The
detergent used for protein extraction may affect protein confirmation, for example
SDS linearizes proteins into peptide chains with a net negative charge, while DTT

and  mercaptoethanol reduces disulphide bonds which reduces protein stability.
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The efficiency of protein extraction is dependent on detergent, temperature, ratio of
biomass to extraction buffer. Raising the extraction temperature from 4°C-37°C
increased the extraction efficiency of cell surface proteins from Saccharomyces
cerevisiae cells from 27ug.g™ to 118 pg.g™ after 30 minutes with p mercaptoethanol
extraction buffer. Further they show that 0.1% w/v SDS has greater protein
extraction efficiency than p mercaptoethanol, as SDS at 30°C extracted 5,500 ug. g'l,
while p mercaptoethanol at 30°C extracted 118 pg.g™.

4.1.4 Aims
As reduction of Au** occurs at the cell surface, using cell surface protein extracts

may produce high concentration of AuNPs. However the extraction method may
denature the extracted proteins and lead to poor AuNP synthesis ability of the
resulting protein extract. In this chapter we compare different extraction buffers in
their ability to extract cell surface proteins from R. oryzae and the resulting protein
extracts for their ability to produce AuNPs.

4.2 Materials and Methods
All methods were conducted in accordance with standard protocols and materials

were of the highest grade possible (See Appendices 2).

4.2.1 Fungal Cell Biomass Cultivation and Protein Extraction
R. oryzae was maintained as described in Chapter 2, Section 2.1.1. Fungal biomass

was cultivation and cell surface protein extraction was carried out as described in
Chapter 2, Section 2.1.3.

4.2.2 Gold Nanoparticle Biosynthesis
AUNP biosynthesis was performed as described in Chapter 2, Section 2.3.2

4.2.3 Gold Nanoparticle Analysis
AUNPs were isolated and analysed by U.V. visible spectrophotometry, DLS, TEM,
HR-TEM, XRD, SAED and FTIR as described in Chapter 2, Section 2.4
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4.2.4 Antimicrobial Activity
The antimicrobial activity of the AUNPs was determined by analysing their effect on
the growth of an E. coli culture, as described in Chapter 2, Section 2.7

4.3 Results

4.3.1 Protein Extraction
The weight of blot dried biomass was 90 + 4g. The BCA standard curve yielded a

linear equation, of which is shown below in Eqgn 3.1.
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Figure 4.2: Example BCA Standard curve

Abs = 0.539(Protein Conc.) + 0.1178 (3.1)

Table 4.1: Protein extraction efficiency for various detergents examined

Detergent Protein Concentration (mg/ml)
2mM DTT 0.32+0.15
0.1% SDS 0.88+0.25
1% Triton X-100 0.67 £0.16

The BCA assay shows that the SDS and Triton X-100 detergents have higher protein
extraction efficiencies than DTT. Triton X-100, a non-ionic surfactant, also had

comparable extraction efficiency to SDS.
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4.3.2 Gold Nanoparticle Synthesis
Protein extracts were concentrated using a centrifugal concentrator. 3mg of each

protein extract was used in each experiment. After incubation with the Au®* ions we
see that the Triton X-100 protein extract produced the greatest amount of AuNPs
(Fig. 4.3). SDS produced a small amount of AuNPs with a broad size distribution.
The SPR bands are 545nm, 556nm and 540nm for AuNPs produced by DTT, SDS

and Triton X-100 protein extracts respectively.
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Figure 4.3: UV- Visible spectrophotometry of AuNPs synthesized by R. oryzae cell

surface extracts, prepared by various detergents.

4.3.4 Gold Nanoparticle Analysis
XRD analysis (Fig. 4.4) of AuNPs produced by all extracts showed Au (111), and

Au (222) plane, Triton however showed an additional Au (311) plane. The Au (111)
plane was the most dominant plane for AUNPs examined.
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Figure 4.4: XRD of AuNPs synthesized by R. oryzae cell surface extracts, prepared

by various detergents.

TEM images (Fig 4.5) of the AuNPs show that the AuNPs prepared by DTT and

Triton X-100 protein extracts are mostly spherical and approximately the same

diameter. While the AuNPs prepared by the SDS protein extract possses a

nanoflower morphology. AuNPs diameters were measured using Image J and
reported in Tabe 4.2. HR-TEM image analysis by Image J showed that the d spacing
in the AuNPs are also reported in Table 4.2. The SAED of the AuNPs confirm the
XRD results, which showed that the AuNPs produced by DTT and SDS extracts
posses Au (111) and Au (220) planes while AuNPs produced by Triton X-100
extract posses Au (111), Au (220) and Au (311).
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Figure 4.5: TEM, SAED and HR-TEM of AuNPs synthesized by fungal cell surface
protein extracted prepared by (A) 2mM DTT, (B) 0.1% w/v SDS and (C) 1% v/v
Triton X-100 detergents.
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AUNPs produced by SDS protein extract were large and had a wide size distribution,
as predicted by their SPR band. AuNPs produced by Triton X-100 and DTT extracts
similar in size and size distribution, however the AuNPs prepared by the DTT extract

has a significantly wider size distribution (Fig. 4.6).
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Figure 4.6: Histogram of AuNP sizes produced by 2mM DTT, 0.1% w/v SDS and
1% v/v Triton X-100 extracts.

SDS protein extracts had the largest hydrodynamic and particle size. However all

protein extracts had the same d spacing and crystal size.

Table 4.2: Hydrodynamic size (DLS), particle size (TEM and crystal size (XRD) for
the AuNPs synthesized by protein extracts prepared by various detergents (n=3).

Hydrodynamic Particle size d spacing (A) Crystal
size (nm) (nm) size (nm)
2mM DTT 412+ 4 16 £2 24 51
0.1% SDS 244 + 35 43+1 2.4 5+1
1% Triton X-100 62+4 19+1 2.4 51
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4.35 Antimicrobial Activity of the Gold Nanoparticles
To determine the AuNP anti-microbial activity, a growing E. coli culture was

incubated with the AuNPs. The AuNP dosage was standardised by their SPR peak
height, while the 1ml of autoclaved sterilised DI water was added to the culture. The
growth curves in Fig. 4.7 shows that the ODggonm Of the culture incubated with the
AUNPs prepared by Triton X-100 extract was constant around 0.3. While the cultures
incubated with AuNPs prepared by DTT and SDS extracts were similar to the
control culture until after 12 hours incubation. After 12 hours the ODgoonm OFf the
DTT and SDS AuNP treated cultures decreased.
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Figure 4.7: Growth curve of E.coli in M9 medium with 0.1 OD of AuNPs prepared
by various protein extracts.

Table 4.3: Absorbance of E.coli incubated with AuNPs produced by the different
protein extracts for 24 hours.

AuUNP Sample Absorbance @ 600nm
Control (vehicle) 0.41 +0.02
DTT 0.28 +0.01
SDS 0.20+0.01
Triton X-100 0.34 £0.02
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4.4 Discussion
2mM DTT has a poor protein extraction efficiency (0.32 + 0.15 mg.ml™) compared

to 0.1% w/v SDS (0.88 + 0.25 mg.ml™) and 1% v/v Triton X-100 (0.67 + 0.16
mg.ml™), possibly due to the lower temperature that the DTT extraction occurs
(4°C).

The SPR of the AuNPs show that the average size of the AuNPs would be >60 nm
nm for DTT and Triton extract prepared AuNPs and >80 nm for the SDS extract
prepared AuNPs. However the particle sizes as measured by TEM are much smaller,
50-66% of the size predicted by the SPR peak height. This difference in the SPR
predicted size and TEM measured diameter suggests that the AuNPs aggregate in
solution. The hydrodynamic size is also larger than the particle size, which is due to
the presence of a protein corona which caps the AuNP growth and stabilises the
AUNP. Interestingly the SDS extract synthesized AuNPs protein corona is much

larger than expected, which indicates the presence of AuNP aggregates.

TEM of the AuNPs produced by the DTT and Triton X-100 protein extracts were
small and spherical, however the SDS protein extract produces a small amount of
large AuNPs nanoflowers with a wide size distribution, which suggests denatured
proteins produce large AuNPs. As an equal amount of protein from each extract was
used in the AuNP synthesis, the difference in AuNP abundance and structure arises
from the difference in protein structure. Comparing the particle size of the AuUNPs
generated in this study to AuNPs synthesized by R. oryzae secretome at
approximately the same protein to Au®* ratio, the secretome produces AuNPs of
around 5 + 1nm which is significantly smaller the AuNPs generated by the cell
surface extract, which may be due to residual electron donor (e.g. NADH). Further
the protein corona decreases in size as the AuNP size increase, possibly due to the
low protein concentration (Das et al., 2012). SDS extract produced large Au
nanoflowers which indicates that proteins extracted by 0.1% w/v SDS are poor
capping agents as reported for trypsin synthesized AuNPs and is illustrated in Fig.
4.8.
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Figure 4.8: Proposed mechanism for gold nanoflower formation by trypsin (Li and
Weng, 2010).

XRD shows that the Triton X-100 AuNPs possess the Au (111), Au (220) and Au
(311) planes, while the AuNPs synthesized by DTT and SDS extract are missing the
Au (311) plane. This indicates that the method of protein extraction influences AUNP
crystallisation. The Scherrer ring patterns in SAED of the AuNPs confirm the XRD
results. The Scherrer ring pattern associated with the Au (311) plane is poorly
visible, possibly due to the low peak in the XRD. The broad XRD peaks are
indication of the semi crystalline nature of the AuNPs, due to the ambient
temperature of their synthesis. Table 4.3 shows the Au planes detected by XRD
analysis of AuNPs produced by various viable fungal cell and protein extracts. The
broad XRD bands suggest that the AuNPs are semi crystalline in nature, due to the

low temperature of their synthesis.
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Table 4.3: XRD analysis of various viable fungal cell and protein extract synthesized AuNPs reported in the literature

Organism Plane Reference

Extract

intracellular protein extract Pycnoprus Au (111), Au (200), Au(220), Au(311) and Au (222)  Shietal., 2015
sanguinascs

boiled Volvariella volvacea extract Au (111), Au(200) and Au (220) Philip, 2009
blended Pear extract Au (111) and a small Au (200) Ghodake et al., 2010
Sectrome of Penicillium sp. 1-208 Au (111), Au (200), Au(220), Au(311) Du etal., 2010

Viable Whole Cells

Phanerochaete Chrysosporium Au (111), Au (200), Au(220), Au(311)
Metal tolerant fungi isolates Au (111), Au (200), Au(220), Au(311)
Epicoccum nigrum Au (111), Au (200), Au(220), Au(311)
Hormoconis resinae Au (101), Au (200) and Au (220)

Sanghi et al., 2011
Guptaetal., 2011
Sheikhloo et al., 2011
Mishra et al., 2010
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AuNP dosage was standardised by the SPR peak height, therefore any difference in
antimicrobial activity by the AuNPs is due to the physicochemical properties of the
AUNPs and not the AuNP concentration. The AuNPs produced by DTT and SDS
extracts appear to possess anti-microbial activity, as they appear to reduce the E.coli
growth rate. However the anti-microbial is for DTT and SDS protein extract prepared
AUNPs (32% and 49% decrease in absorbance after 24 hours compared to the control
respectively). The cultures incubated with AuNPs produced by Triton X-100 extract
showed a high optical density after 2 hours, which may be due to cell lysis, as the
ODgoonm remains constant during the experiment. This suggests that the Au (311) plane
may be responsible for cell lysis, however it may be due to the effect of the protein
corona. AuNP induced cell lysis of E.coli has been reported before by Zhou et al, who
observed cell lysis of an E. coli culture after 3 hours of incubation with
polyallylaminehydrochloride (PAH) capped AuNPs with a mean size of 22nm. They
also show that the negatively charged cell surface of E.coli attracts positively charged
AuUNPs, which cross the cell wall barrier and is involved in the breakdown of the cell
wall (Zhou et al., 2012).

Figure 4.8: Au NPs uptake into bacterial cells followed by lysis (Zhou et al., 2012).

4.5 Conclusions
The optimal extraction buffer for protein extraction is SDS, while the optimal buffer for

AUNP synthesis is Triton X-100. Protein structure may affect Au crystallisation, which
affects Au size, shape and crystallinity. The antibacterial activity of the AuNPs is also

dependent on the AuNP crystallinity and possibly the protein corona.
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4.6 Future Study
As stated above, the difference in the AuNPs produced by the cell surface extract and

the partially purified secreted protein extract may be due to residual NADH. Future

experiments should examine adding in exogenous NADH during AuNP synthesis.

AUNP also possess catalytic activity, the Triton X-100 AuNPs should also be examined

for their potential to degrade recalcitrant pollutant such a 4 —nitrophenol.
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Chapter 5: Vascular Cell Biosynthesis of Gold Nanoparticle

Biosynthesis of gold nanoparticles (AuNPs) using mammalian vascular endothelial and
smooth muscle cells was examined in vitro. Cell culture conditions such as buffer
selection (PBS) and FBS concentration (1%) were first optimised as well as Au
concentration. Following optimisation, the AuNPs produced were semi crystalline in
nature and 23 £ 2nm for endothelial cells and 23 £ 4nm for smooth muscle cells. The
potential synthetic mechanism responsible for AUNP biosynthesis was examined and
suggests that the production of reactive oxygen species during oxidative stress reduced
the Au®* ions, although there may also be some Au** reducing activity in the secretome.

5.1 Introduction

5.1.1 Arterial Structure
The vascular system is comprised of a network of various types of blood vessels, which

are essential to distribute oxygen and nutrients to tissues and collect and deliver waste
products for processing in vertebrates. The structure of a blood vessel is illustrated in
Fig. 5.1, which is comprised for 3 main layers, the outermost layer-tunica adventitia,
the intermediary layer- tunica media and the innermost layer- tunica intima (Lilly
2014). The tunica intima is a monolayer of endothelial cells, and is important for
vascular tone regulation, mediating the inflammatory response and regulating transport
of molecules into the media later. The media layer is comprised of vascular smooth
muscle cells (VSMC) and elastic fibres. The primary role of the VSMC is to regulate
blood pressure, as the endothelial layer in response to stimuli, influences vascular tone
and produces vasotransmitters such as nitric oxide (NO), The release of these
vasotransmitters cause VSMC relaxation, though the opening of Ca®* channels. The
adventitia is comprised of extracellular matrix (ECM), fibroblasts and nerve cells.
Recent studies have also suggested that stem cells may also reside in this layer (Tigges
et al. 2012; Majesky et al. 2011).
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Figure 5.1: Arterial structure (Pah-info.com)

5.1.2 Biosynthesis of AuNPs in Mammalian Cells, in-vitro and in-vivo
At present mammalian cell biosynthesis of metallic nanoparticles is understudied, most

focus on tumor cell biosynthesis and at the time of submission, there nothing in the
literature reporting endothelial cell biosynthesis of AuNPs. Deposition of 10ul of a
10mM and 100mM HAuUCI, salt solution on the epithelial cells of a finger produced
AUNPs. AuNPs were 14 + 11nm for 10mM HAuCI, treatment and 49 + 21nm for
100mM HAUCI, treatment. Although the AUNPS located predominantly in the cytosol
of the epithelial cells, they did not account for the fact that human skin is covered in
sweat, which contains lysozyme and other salts, which have been shown to produce
AUNPs (Larios-Rodriguez et al. 2011) (Wei et al. 2011; Larios-Rodriguez et al. 2011) .

HEK-293 (embryonic cell line) HeLa and SiHa (cervical epithelial cancer cell lines)
and SKNSH (neoblastoma cell line) were recently examined on their ability to
biosynthesize AuNPs (Anshup et al. 2005). The authors incubated the cell lines at 80%
confluency with ImM HAuUCI, in 1X PBS. They found that AuNPs were detected in the
conditioned media for all cell lines after 55 hours. After 96 hours, the cells were lysed
and it was found that the lysate contained more AuNPs than the spent media. AUNPs
present in the spent medium was found to be the highest in HEK 293 cell line and
lowest in the SKNSH cell line. The observation of higher AUNP abundance in the cell
lysate suggests that the cells accumulated Au (I11) ions and then AuNPs were formed in
the intracellular environment and are exported to the conditioned media. An important

point to note is they state that the samples from the spent media were diluted by a
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dilution factor of 1:5, however it is not clear if the lysate was also diluted. Further they
found that the SPR band of the AuNPs was shifted to a longer wavelength and
broadened for the cell lysates, indicating that large, widely dispersed AuNPs were not
exocytosed by the cells. TEM analysis of the cells confirms that large AuNPs are
located in the cytosol which aggregate, possibly due to the presence of various salts.
TEM images also show that AuNPs located in the nucleus are smaller than those found
in the cytosol, which suggests that the nucleus has greater reducing ability (Anshup et
al. 2005).

The finding that non tumor cells produce more AuNPs than tumor cells is contradictory
of another recent study study of AuNP biosynthesis in vitro using HepG2 (human
hepatocarcinoma) and K562 (leukemia). These cell lines were exposed to 0.0001,
0.001, 0.01, 0.1, 1.0 mM Au for 48 hours, which showed greater AUNP production than
the non-tumor control cell line, LO2 (human embryo liver cell strand), which did not
produce AuNPs. TEM analysis also suggests that AuNPs are synthesized in the
cytoplasm and migrate to the nucleus during the experiment. The report also shows that
it is possible to synthesize AuNPs in-vivo using a BALB/c athymic nude mouse model.
AUNP synthesis occured specifically in tumors. From this the authors propose using the
AuNP generation ability of tumor cells as a diagnostic tool to detect cancerous cells
(Wang et al. 2013). The disagreement the studies on the ability of non-tumor cell lines
may be due the difference in media, as Wang utilized DMEM, while Anshup used 1X
PBS in their study, which would indicate that buffer choice influences AuNP
biosynthesis.

5.1.3 Oxidative Stress Response by Vascular Cells
Au®* has been reported to induce oxidative stress response genes in mircobes such as

Rhizopus oryzae (Das et al. 2012). Oxidative stress occurs when the balance between
reactive oxygen species (ROS) and anti oxidants is disrupted in favor of ROS.
Increased production of ROS has been implicated in pathogenesis of cardiovascular
diseases such as artherosclerosis, restenosis, hypertension, diabetic vascular
complications and heat failure (Cai 2005) . Studies of oxidative stress on vascular cells
mainly utilize hydrogen peroxide, which has been reported to induce a variety of
effects such as vascular endothelial cell (VEC) and vascular smooth muscle cell
(VSMC) proliferation and migration, activation of inflammatory signals such as NF-xB
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and formation of peroxynitrite (ONOQO) (Coyle and Kader 2007) . Fig. 5.2 illustrates
the general response of VECs to H,O, induced oxidative stress, and shows that low
concentrations of H,O; induces cell growth and proliferation, while high H,0, induces

apoptosis.
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Figure 5.2: General scheme of the response of VECs to oxidative stress imposed by
H.0,. H,O, depending on concentration may promote growth or induce apoptosis (Cai
2005) .

Porcine aortic endothelial cells (PAEC) exposed to 100uM H,O, for 1.5 hours
increased the numbers of dihydro-ethidium (DHE) positive stained nuclei increased
from 1.6 £ 0.9% (control) to 50.3 + 4.1%, indicating O, production. Further when cells
were transfected to over express SOD2 and exposed to a Tiron (a non enzymatic
superoxide scavenger), DHE fluorescence upon H,0, exposure dropped to 26.4 + 3.2%
and 16.2 £ 7.6% respectively. This demonstrates that oxidative stress such as H,0;
induces PAEC synthesis of O, as an oxidative stress response. Further eNOS
overexpression did not show any change in the DHE staining, while treatment with the
NOS inhibitor, N®-nitro- L-arginine methyl ester (L-NAME) with 100uM H,0O, ,
showed a drop in DHE fluorescence from 54.6 + 10.3% to 24.9 + 8.9%, suggesting
NOS contribution to H,0O, induction of O, synthesis. Apocynin treatment (an inhibitor
of NADPH oxidase) with 100uM H,O, decreased DHE fluorescence from 54.6 *
10.3% to 25.3 = 4.7%, which indicates that NADPH is an enzymatic source of Oy
(Coyle and Kader 2007). Tsaryk et al reported that human dermal microvascular
endothelial cells (HDMEC) grown on PS and Ti6Al4V substrate and treated with
0.25mM and 0.5mM H,0; for 1 hour showed an increase in DCF fluorescence. Further
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HDMEC grown on Ti6Al4V and exposed to 0.5mM H,O, produced higher DCF
fluorescence than HDMEC grown on PS, which indicates higher ROS formation and
suggests the strength of the oxidative stress response is dependent on the substrate
(Tsaryk et al. 2007).

Although Au has not been examined for O, production by vascular cells, the heavy
metal lead (Pb) has been shown to increase cellular O, and H,O, of human coronary
artery endothelial cells (HCAEC) and human vascular smooth  muscle cells
(HVSMC) exposed to 30uM Pb for 30 hours by flow cytometry. Long term exposure
(60 days) resulted in cellular O, levels dropping back to the basal level, while H,O;
remained high. Further western blot analysis shows that the abundance of Cu Zn SOD
increased upon Pb exposure for HYSMC and HCAEC (NI et al. 2004) . Interestingly
while Ni et al did not detect glutathione peroxidase induction upon Pb exposure. SOD
activity for HDMEC on PS increased upon exposure to 0.5mM H,0, for 24 hours,
while catalase activity increased for HDMEC on PS upon exposure to 0.25mM H,0,,
however this decreased at exposure to 0.5mM H,0,, SOD or catalase activity did not
change for HDMEC grown on Ti6Al4V substrates (TSARYK et al. 2007) .

Glutathione is an important antioxidant in the cell, and is synthesized in a two step
process, as shown in. In the first step y-glutamylcysteine synthetase (y-GCS) combines
glutamate and cysteine to form gamma-glutamyl cysteine (y-EC). Glutathione
synthetase (GS) catalyzes the condensation reaction between the y-EC and glycine
(Gly) to formed reduced glutathione (GSH). To maintain a health redox homeostasis,
the balance between GSH and oxidized glutathione (GSSG) is strictly maintained.
Upon the introduction of oxidative stress by ROS, glutathione peroxidases utilize GSH
to neutralize the the ROS, which in turn converts GSH to GSSG) (Liu et al. 2015) .
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Figure 5.3: Gluthatione synthesis and recycling (Liu et al. 2015) .

Interestingly Ni et al western blot analysis of HVSMC and HCAECs exposed to Pb
shows that the level of glutathione peroxidase 1 (GPX-1) did not change, while
upregulation of the gp91°"™ subunit of NADPH oxidase occurred in the HCAEC but
not HVSMC, as HVSMC does not express gp91P"™ (NI et al. 2004) . This may imply
that the production of the enzyme is not upregulated, but it’s activity may increase.
Tsaryk et al showed that GPX activity was increased for HDMEC exposed to 0.5mM
H.O, PS but not Ti6AI4V substrate, suggesting that GSH response may be context
specific (Tsaryk et al. 2007) .

Méthy et al demonstrated using Fe3 + —8-hydroxyquinoline complex (FHQ) induced
oxidative stress of rat cerebromicrovascular endothelial cells (RCEC) that for 30
minutes of mild oxidative stress (10:20uM FeCl3/8-HQ) increased manganese
superoxide dismutase (MNnSOD) mRNA levels up to 4 hours post treatment eventually
declining to basal (vehicle control) after 6 hours, while the MnSOD protein abundance
increased 6 hours post treatment and dropped below the control at 24 hours, possibly
due to proteolysis. Mild oxidative stress increased heme-oxygenase-1 (HO-1) mRNA
levels and protein abundance up to 6 hours post treatment, however the HO-1 protein
concentration decreased after 24 hours post treatment, but still remained above the
control. However for 30 minutes of moderate oxidative stress (20:40uM FeCl3/8-HQ)
did not significantly affect MnSOD mRNA levels or protein abundance, it down
regulated HO-1 mRNA and protein levels. HO-1 mRNA levels did recover after 6

hours, the abundance of the HO-1 protein however did not increase after 6 hours, in
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fact it was not detectable after 24 hours post treatment, possibly inhibition of its
transcription factor to bind and proteolysis due to the oxidative environment (Méthy et
al. 2004) .

5.1.6 Aims
The aim of this chapter is to optimize the cell culture conditions for AUNP synthesis by

bovine vascular cells, and thoroughly characterize the AuNPs produced. Finally we aim

to develop a synthetic mechanism for AuNP biosynthesis by vascular cells in-vitro.

5.2 Materials and Methods
All methods were conducted in accordance with standard protocols and materials were

of the highest grade possible (See Appendices 2).

5.2.1 Cell Culture
All cell culture techniques was performed as described in Chapter 2, such as

mammalian cell culture in Section 2.1.5 and subculture in Section 2.1.6.

5.2.2 AuNP Biosynthesis
AUNP biosynthesis experiments were carried out as described in Chapter 2, Section

2.3.3, with the exception of cell culture optimisation optimisation. For the media
optimisation, the BAECs were exposed to 0, 0.5, 0.075, 1, 1.5 and 2mM HAuUCI, in
either DMEM, without phenol red or glucose or 1X PBS, supplement with 1% v/v FBS
and incubated for 48 hours at 37°C and 5% CO,.

For FBS optimisation the BAECs and BASMCs were exposed to 0.75mM HAuUCI, in
1X PBS and supplemented with 0, 0.5, 1, 1.5 and 2% v/v FBS and incubated for 48
hours at 37°C and 5% CO,.

5.2.3 AuNP Isolation and Analysis
AuUNPs were isolated as described and analysed via U.V. visible spectrophotometry,

DLS TEM, HR-TEM, SAED, XRD and FTIR as described in Chapter 2, Section 2.4.
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5.2.4 Pre-treatments
BAECs and BASMCs were pretreated with 0, 1 and 2mM BSO in full RPMI-1640

media for 16 hours at 37°C and 5% CO,. AuNP biosynthesis experiments were carried
out as described in Chapter 2, Section 2.3.3, isolated and analysed by U.V.
spectrophotometry as described in Chapter 2, Section 2.4.1 and Section 2.4.2.

BAECs and BASMCs were also pretreated with 0, 0.01, 0.05, 0.1, 0.5, 1 and 2mM
H,0; in full RPMI-1640 media for 24 hours at 37°C and 5% CO,. AuNP biosynthesis
experiments were carried out as described in Chapter 2, Section 2.3.3, isolated and
analysed by U.V. spectrophotometry as described in Chapter 2, Section 2.4.1 and
Section 2.4.2

5.3 Results:

5.3.1 Optimisation
Cell culture media is necessary for the maintenance of cell lines; however they contain

a variety of salts and nutrients which may complex or reduce Au** ions. DMEM media
lacking in glucose (which reduces Au®" ions) and phenol red (which absorbs light at
560nm, which is in the range of AuNPs) was first examined as a synthesis buffer.
DMEM was found to be unsuitable as a synthesis buffer (Fig 5.4A and Fig. 5.4C), as
sterile DMEM incubated with high Au** concentrations (1.5mM and 2mM Au) after 48
hours at 5% CO, and 37°C produced AuNPs without BAECs. PBS was then utilised as
a synthesis buffer, as it is relatively simple in composition. Incubation of Au®* ions
with sterile 1X PBS did not result in the abiotic production of AuNPs (Fig. 5.4D).
However when 1X PBS containing 0.5mM-2mM Au was incubated with BAECs,
AuNPs were produced after 48 hours. This demonstrates that PBS is suitable for
synthesis buffer, as it does result in the abiotic production of AuNPs and does not
inhibit biosynthesis of AUNPs.
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Figure 5.4: U.V. visible spectra of the AuNP isolated from BAECs which were
exposed to various concentrations of Au in (a) DMEM (no phenol red or glucose) and
(b) 1X PBS for 48 hours at 37°C and 5% CO, under static conditions. Both were
supplement with a low concentration of FBS (1%). Detached cells were removed by
centrifugation at 5,000 rcf for 10 minutes at 4°C and AuNPs isolated by centrifugation
at 13,500 rcf for 30 minutes. The AuNP pelleted was then re-suspended in 2 mL of DI
water. Experiments without BAECs (abiotic) were also performed for (c) DMEM and
(d) 1 X PBS as before.

FBS is an important essential supplement in mammalian cell culture media, deprivation
of which induces apoptosis. However, serum proteins such as albumin may complex or
bind Au ions from solution. Therefore, the concentration of FBS should be minimised
to increase AuNPs formation. Results show that the optimal FBS concentration is 1%
w/w (Fig. 5.5). At this concentration, the height of the cell-bound AuNPs peak in the
spectrophotometry at 530 nm is maximum. At lower FBS values, BAEC and BASMCs
are less metabolically active, thus producing less AuNPs, at higher FBS concentration

serum proteins bind to Au®* ions, preventing AuNPs formation.
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Figure 5.5: U.V. visible spectra of the AuNP isolated from (a) BAECs and (b)
BASMCs which were exposed to 0.75mM Au in 1X PBS for 48 hours at 37°C and 5%
CO, under static conditions. Detached cells were removed by centrifugation at 5,000
rcf for 10 minutes at 4°C and AuNPs spun down at 13,500 rcf for 30 minutes. The
AUNP pellet was re-suspended in 2 mL of deionized water.

Au*" is toxic to the BAEC and BASMCs at high concentrations. Therefore, the optimal
Au** concentration for the AuNPs biosynthesis process needs to be determined. Figure
5.6 shows the spectrum of the AuNPs located in the spent media after 48 hours of the
biosynthesis process. The Au peak at 525 nm increases with Au concentration up to
0.75-1.5mM. Further increase of Au concentration to 2mM Au decreases SPR peak
intensity. Interestingly, the BASMCs appear to produce a greater abundance of AuNPs
than the BAECs.
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Figure 5.6: U.V. visible spectra of the AuNP isolated from BAECs and BASMC which
were incubated with various concentrations of Au in 1X PBS supplemented with 1%
FBS for 48 hours at 37°C and 5% CO,. AuNPs were isolated from detached cells by
centrifugation at 5,000 rcf for 10 minutes at 4°C and AuNPs spun down at 13,500 rcf

for 30 minutes. The AuNP pellet was then re-suspended in DI water.

BAECs and BASMCs were examined by phase contrast microscopy to examine the
effect of the Au salt on the cell lines. Fig. 5.7 and Fig 5.8 show that BAECs and
BASMCs detach in the 0mM Au control , but did not for the solutions containing Au*?
ions. There is less detachment for the BASMCs than the BAECs.
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Figure 5.7: Phase contract microscope images of BAECs exposed to (A) OmM Au, (B)
0.5mM Au, (C) 0.75mM Au, (D) 1mM Au, (E) 1.5mM Au and (F) 2mM Au in 1X PBS
and 1% FBS with ImM Ca and Mg for 48 hours at 37°C and 5% CO,. Cells were

examined using phase contrast light microscopy at 100X magnification
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Figure 5.8: Phase contract microscope images of BASMCs exposed to (A) 0OmM Au,
(B) 0.5mM Au (C) 0.75mM Au, (D) 1ImM (E) 1.5mM Au and (F) 2mM Au in 1X PBS
and 1% FBS for 48 hours at 37°C and 5% CO,. Cells were examined using phase

contrast light microscopy at 100X magnification.
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PBS lacks Ca and Mg ions, which is an important allosteric regulator of the adhesion
proteins of BAECs and BASMCs. Upon supplementing the synthesis buffer with 1ImM
MgSQO, and 1mM CaCl,, the SPR peak increased by approximately a factor of 1/3 (Fig.
5.9).
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Figure 5.9: Addition of ImM Ca and Mg to (A) BAEC and (B) BASMC culture.
Confluent BAEC were exposed to 0, 1.5 or 2mM of Au with or without 1mM Ca and
Mg ions.

Stability of AuNPs generated by the BAECs and BASMCs is unknown at present,
therefore to examine cell associated AuNPs, the cells were washed with 1X PBS twice
to remove loosely bound AuNPs and dead cells and spectra obtained by using a plate
reader. Fig. 5.9 shows that AUNPs concentration is much lower than the cell associated
AuUNPs and does not significantly change upon Ca and Mg supplementation. As the
examining secreted biosynthesized AuNPs in the spent media is easier to obtain, much
more cost effective, less destructive on the AuNPs and shows a greater response in
treatment that the cell associated fraction, we will compare AuNP abundance in the

spent media as an indicator of AuUNP biosynthesis.
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Figure 5.10: Examination of cell associated AuNPs produced by BAECs and BASMCs.
Confluent BAECs and BASMC plates were incubated with various concentrations of
Au in 1X PBS, 1mM MgSO, and 1% FBS for 48 hours at 37°C and 5% CO,. Loosely
bound AuNPs and detached cells were removed from the cells by washing with 1XPBS.
Intracellular AuUNPs were measured by Tecan Infinite M200 Plate reader.

The BAECs and BASMCs were also examined by phase contrast microscopy to ensure
that the cells remain attached to the cell culture plate. Fig 5.11 and Fig. 5.12 show that
BAECs and BASMCs remain attached to the surface of the well after 48 hours
incubation with and with Au®* upon the introduction of ImM Ca and Mg ions into the

synthesis buffer.
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Figure 5.11: Phase contract microscope images of BAEC exposed to (A) OmM Au
without CaCl, and MgSO,4 (B) OmM Au with ImM CaCl, and 1mM MgSQO, (C) 1.5mM
Au without CaCl, and 1ImM MgSQ,, (D) 1.5mM Au with 1ImM CaCl, and 1mM
MgSO, (E) 2mM Au without CaCl, and MgSO, and (F) 2mM Au with 1mM CaCl, and
1mM MgSO, in 1X PBS and supplemented with 1% FBS for 48 hours at 37°C and 5%
CO,. Cells were examined using phase contrast light microscopy at 100X

magnification.
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Figure 5.12: Phase contract microscope images of BASMCs exposed exposed to (A)
OmM Au without CaCl, and MgSO, (B) OmM Au with ImM CaCl, and 1mM MgSO,
(C) 1.5mM Au without CaCl, and 1ImM MgSOy, (D) 1.5mM Au with 1mM CaCl, and
1mM MgSO, (E) 2mM Au without CaCl, and MgSO,4 and (F) 2mM Au with 1mM
CaCl, and ImM MgSO, in 1X PBS and supplemented with 1% FBS for 48 hours at
37°C and 5% CO,. Cells were examined using phase contrast light microscopy at 100X

magnification.
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4.3.2 AuNP Characterisation
AUNPs were characterised in terms of their size, shape, crystallinity and surface

chemistry. Fig. 5.13 below shows that AuNPs produced by BAECs and BASMCs are
mostly small spheres. The SAED shows that the AuNPs produced by the BASMCs
posses more crystal faces than the BAEC produced AuNPs.

Figure 5.13: SAED and HR-TEM of AuNPs produced by BAECs (A) and BASMC
(B) Analysis by Yina Guo.
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Fig. 5.14 shows the size distribution of the AuNPs produced by BAECs and BASMCs
plotted on a histogram. It reveals that AuNPs although similar, possess subtle
differences. The AuNPs produced by BAECs are skewed towards the smaller AuNP
size, while the BASMC produced AuNPs are skewed towards the larger AuNPs.
Further the size distribution is slightly narrower for the BASMCs than the BAECSs.
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Figure 5.14: Histrogram of AuNP particle sizes (measured by TEM) produced by
BAECs and BASMCs

XRD analysis of AuNPs produced by BAEC and BASMCs (Fig. 5.15), showed that
AUNPs produced by BAECs have Au (111), Au (220) planes, while the AuNPs
produced by BASMC have Au (111), Au (220) and Au (311) planes.
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Figure 5.15: XRD of AuNPs isolated from the spent media of BAECs and BASMCs

(n=3). * is due to the adhesive tape and # arises from XRD Cu K and tungsten La

radiations from the X-ray tube. XRD analysis performed by Saikumar Inguva.

Table 5.1: Hydrodynamic sizes (DLS), particle size (TEM), d spacing and crystal size
of the AuNPs produced by BAECs and BASMCs (n=3).
DLS (nm) TEM (nm) dspacing () Crystal size (nm)
BAEC 75 +5 23 + 2 23+1 6+1
BASMC 74+6 23 + 4 23+2 5+1

I+

+

The lattice spacing (d spacing) of the AuNPs were calculated using Image j analysis,
and used to calculate the crystal size along with the data for the Au (111) facet detected
by XRD. Table 5.2 shows that that d spacing of the AuNPs produced by both cell
phenotypes. However the crystal size is much lower than the particle size calculated by
TEM.

FTIR analysis reveals bands at 3,400-3180, 2,914, 1,059 and 9,38cm™, which in the
literature has been ascribed to NH or OH function groups, aldehydic C-H stretching
Amide | bands, aliphatic C-N and D-H deformation (Kitching et al. 2014) . These

bands are similar between cell phenotypes.
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Figure 5.16: FTIR of powdered AuNPs produced by BAECs and BASMCs

4.3.3 Mechanism of Synthesis
In the media optimisation experiments, for low concentrations of Au®* there were no

AUNPs produced in DMEM but there were produced in PBS. A key difference between
PBS and DMEM is the osmotic pressure; DMEM is isotonic while PBS is hypotonic.
The effect of the osmotic pressure on AuNP biosynthesis was examined by alteration of
the salt concentration by adding various amounts of NaCl. Fig. 5.17 shows that adding

NaCl had no clear effect on AuNP biosynthesis.
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Figure 5.17: Effect of salt concentration on AuNP biosynthesis by (A) BAECs and (B)
BASMCs
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As osmotic strength does not play a clear role in AuNP, the oxidative stress response
was then examined. The oxidative stress assay (Fig. 5.18) showed that the addition of
Au did not induce oxidative stress, however the assay relied on the detection of H,0, as
a marker of oxidative stress, it is possible that AuNPs produced catalysed the

decomposition of H,O, as reported previously (He et al. 2012) .
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Figure 5.18: Oxidative stress assay of BAECs and BASMCs exposed to 1.5mM Au in

PBS and RPMI. H,0, was utilised as a control experiment.

Glutathione (GSH) is an important regulator of oxidative stress in the cell, and is
important for tumour cell resistance to cis-platin. Buthionine sulphoximine (BSO) is an
irreversible inhibitor of gamma-glutamylcysteine synthetase, and consequently lowers
cellular GSH levels. BAECs and BASMCs were pretreated for 16 hours with 1 and
2mM BSO before Au** exposure to determine the role of GSH on AuNP biosynthesis.
Fig. 5.19 shows that BSO pre-treatment did not affect AUNP biosynthesis.
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Figure 5.19: U.V. visible of AuNPs isolated from BAECs and BASMCs pretreated
with 1 and 2mM BSO for 15 hours and then exposed to 1.5mM Au in 1 X PBS with
1mM Ca and Mg ions supplemented with 1% FBS.

BSO pre-treatment does not appear to have an effect in AUNP biosynthesis by BAECs
and BASMCs, however the ROS produced by oxidative stress may play a role in AUNP
biosynthesis. To induce the ROS production, BAECs and BASMCs were pretreated
with various concentrations of H,O, for 24 hours before Au®*" exposure. Fig. 5.20
shows that for BAECs, low levels of H,O; (up to 0.05mM) do not induce AuNP
biosynthesis, however above this concentration, the abundance of AuNPs increases
significantly. For BASMCs, there is an increase at 0.05mM H,0,, however this drops
at 1mM H,0,, possibly due to H,0, toxicity.
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Figure 5.20: U.V. visible of AuNPs isolated from BAECs and BASMCs pretreated
with various concentrations of H,O, for 24 hours and then exposed to 1.5mM Au in 1

X PBS with ImM Ca and Mg ions supplemented with 1% FBS.
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5.4 Discussion
AUNP biosynthesis appears to be influenced by media selection, FBS and presence of

Ca and Mg ions, which indicate that the cell is actively involved in the AuNP
production. AuNPs were not produced in the cell culture media (DMEM) at low Au**
concentrations, but AuNPs were produced at high levels of Au®*, which were
indistinguishable from the abiotic control. Further AuNPs were produced at all
concentrations of Au®* for the PBS for the biotic experiment, but not for the control.
This suggests that either DMEM contains Au®* binding components or that the BAEC
must be under stress to produce the AuNPs. The optimal FBS concentration is low for
cell culture (1%v/v), which is not unexpected as although FBS is important to maintain
cell metabolism and prevent apoptosis, however FBS also contains anti oxidants and
metal binding proteins. In other studies focusing on oxidative stress, FBS is usually
kept low, for example Takahashi et al used 2% FBS when examining the effect of BSO
on methylglyoxal induced apoptosis of BAECs (Takahashi et al. 2010). The role Ca
and Mg ions on the role of AuNP biosynthesis may be due to their role in cell adhesion,
as they act as allosteric regulators of cell surface adhesions. Interestingly, Au®*" ions
may also play a role in cell adhesion, however the mechanism of how Au** aids in cell

attachment in-vitro is not understood at present.

AUNPs produced by BAECs and BASMCs SPR peak position was 530nm, which is
characteristic of AuNPs size of 30nm (Agarwal et al. 2014) , however the TEM images
show that the particle sizes were 23 = 2nm and 23 + 4nm respectively. This
disagreement possibly arose from the large size distribution of the AuNPs, and some
amount of AuNP aggregation. DLS analysis shows a large hydrodynamic size, however
biogenic AuNPs are capped by biomolecules such as proteins which increases the
particle hydrodynamic size. The size distribution of the biogenic AuNPs is wide for
both BAEC and BASMC, between 5-60nm, which is typical for AuNP biosynthesis
(Kitching et al. 2014) . Wang et al, showed that AuNPs produced by HepG2 had a
diameter of 2nm and a range between 2-3nm, which suggests a higher intracellular
concentration of ROS produces smaller AuNPs (Anshup et al. 2005). Although the
mean size both AuNPs produced for both BAECs and BASMCs are similar, the
histogram of the AuNP sizes are either skewed towards the either small AuNPs for
BAEC or large AuNPs for BASMC, which suggest that cell phenotype has a subtle
influence on AuNP biosynthesis, possibly due to the difference in the level of ROS
production.
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XRD analysis of the AuNPs show that AuNPs produced by BASMC have an Au (111),
Au (220) and Au (311) plane, while BAEC produce AuNPs are missing the Au (311)
plane. SAED analysis confirms that the BASMCs have the Au (111), Au (220) and Au
(311) plane and BAECs are indeed missing the Au (311) plane. XRD analysis on the
intracellular AuNPs produced by HEK-293 and HeLa cells showed Au (111), Au (200),
Au (220) planes and were missing the Au (311) plane. As with this report the Au (111)
plane is the most dominant in the XRD analysis of the AuNPs produced by HEK-293
and Hela (Anshup et al. 2005). These results suggest that cell phenotype may have a
subtle effect of AUNP crystalisation.

HRTEM analysis shows that the d spacing for the AuNPs is 2.3 + 1A for BAEC and
2.3 + 2 A for BASMC, which was used along with the data for the Au (111) plane to
calculate crystal size (as Au crystals have a cubic structure, the Au (111) plane is
sufficient). The crystal size is much smaller than the particle size, and along with the
wide XRD peaks demonstrate that the particles are semi crystalline in nature, due to the

ambient temperature of their synthesis.

FTIR suggests that proteins are the main capping ligand and that cell phenotype does
not affect AuUNP capping. However FTIR is a broad characterisation technique, and

would not be able to show the differences in proteins that make up the capping layer.

Also media selection influenced AuNP biosynthesis, we hypothesized that the PBS
induced some sort of stress response, which also produce AuNPs. A key difference
between the DMEM and the PBS, is that PBS has a lower osmotic strength than
DMEM, which induces hypotonic stress. This hypotonic stress has been shown to
induce ERK1/2, SPAK/JNK in a spontaneously immortalized human keratinocyte cell
line (HaCaT) by in vitro kinases assay. The authors also found that hypotonicity also
led to a rapid dose dependent phosphorylation of elk-1, PKB/Akt and upregulation of
E-cadherin mRNA and protein levels (Kippenberger et al. 2005) . The upregulation of
ERK1/2 and JNK kinases has also been reported to also be induced by H,O, (Romero
and Lamas 2014) . This would suggest that hypotonic stress and oxidative stress share a
subset of cell signalling pathways. However when we altered the osmotic strength of
the buffer, we found that AuNP biosynthesis was not affected. This suggests that
1.5mM Au®* alone is enough to induce a cell response.
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BSO pretreatment, which has been reported to promote oxidative stress and cell death
upon methylglyoxal exposure, did not produce AuNPs, which suggests that GSH may
have no role in AuNP biosynthesis in BAECs or BASMCs or this result may suggest
that the GSH levels in BAECs and BASMCs prior to Au>* exposure is sufficient to
produce AuNPs, as GSH may be recycled from GSSG rather than synthesized new

GSH from the condensation reaction between y-EC and glycine.

H,0, induces ROS generation, such as O, and H,0, which may reduce Au®* ions and
produce AuNPs. H,O, pretreatment did appear to induce AuNP biosynthesis at high
H,O, concentrations. This finding supports the conclusion of Wang et al, that the
increased levels of ROS production in cancer cells increased AuNP biosynthesis
(Anshup et al. 2005).

5.5 Conclusions
AUNP biosynthesis in mammalian cells is optimised in 1X PBS, 1% FBS with 1mM Ca

and Mg ions, which is a balance of mammalian cell activity and concentration of Au
complexing agents. AuNP particle size is not affected by cell type, however cell type
does affect AuNP abundance and crystallinity. This difference may be due to the

different Au®* reduction rate between the cell types.

5.6 Future Work
Future work should examine the cell associated AuNPs in terms of size and

crystallinity. As the mechanism of AuNP synthesis remains unclear, future work should

focus on understanding the mechanism of AuNP biosynthesis.
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Chapter 6  Concluding Remarks

This thesis examined noble metal nanoparticle biosynthesis from 3 different organisms,
bacteria, fungi and mammalian cells. Due to the wide variety in the response
mechanisms these cell types employ in response to metal ion toxicity, MNP

biosynthesis in each organism has its associated pros and cons.

The application of a mild electrochemical potential increased the synthesis rate of
AgNPs by Shewanella oneidensis biofilms. AgNPs produced were expected to be under
10nm in diameter with a small size distribution, as reported for extracellular
synthesized AgNPs produced by planktonic cell S. oneidensis cultures (Wang et al.
2009, Suresh et al. 2010). However, the AgNPs produced were large (45 + 1nm) and
had a broad size distribution which only increased with decreasing applied potential.
Further optimisation is needed to improve particle size and distribution before this
technique is viable for scale up. MNP synthesis may be improved by the application of
an oxidation-reduction cycle and examination of other electroactive bacterial species,

such as Geobacter and utilisation of other materials as a working electrode.

The fungal cell surface protein extracts produced small spherical AuNPs of
approximately 20nm, with a narrower size distribution; with the exception of the SDS
protein extract synthesized AuNPs. Future work should optimise the ratio of protein
concentration to initial Au** concentration, to improve AuNP mean size and size

distribution.

Bovine aortic endothelial cells (BAECSs) produced a lower abundance of the AuNPs
than the Bovine aortic smooth muscle cells (BASMCSs). The distribution of the AuNPs
produced by BAECs favours larger AuNP synthesis compared to the BASMC, which
suggests a faster reduction rate. Subtle differences in AuNP crystallinity may also be
due the difference in the metal reduction rate. The mechanism of AuNP synthesis in
mammalian cells remains elusive, although the generation of ROS may be involved.
Future mechanistic study should focus on protein extracts to eliminate variables

inherent in live cell experiments.

Overall MNPs synthesis is affected by biomass concentration and buffer selection.
MNP physicochemical properties such as size and aggregation are dependent on cell

type and reducing potential. However, crystallinity is subtly affected by protein
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structure, cell type and reducing potential, possibly due to the temperature of the
synthesis being the predominant factor in MNP crystallisation. Particle of the
bioelectrochemically synthesized AgNPs suggests that a faster reduction rate increases
MNP size. MNP shape was not altered significantly by the reducing potential or cell

type, however denatured proteins did produce large nanoflowers.

The high cost of mammalian cell culture is a major drawback, especially when the
physicochemical properties of the Triton X-100 extract synthesized AuNPs are
identical to the BASMC synthesised AuNPs. Further the protein extracts offer a more
controllable biosynthesis of the MNPs than using viable mammalian cells. Therefore,
fungi may be the most suitable host for the biosynthesis of MNPs at an industrial scale.
However, mammalian cell synthesis may offer to produce AuNPs with lower
immunogenicity. Future experiments for mammalian cell AuNP synthesis should
examine Chinese Hamster Ovary (CHO) cultures, as due to their relative low cost of
culture are already utilised in the synthesis for other biopharmaceutical products in

industrial scale.
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Appendix 1 Visit to Singapore Centre on Life Science Engineering

In the first year of this PhD project, | was a visiting student in the Singapore Centre on
Life Science Engineering in Nanyang Technology University, Singapore for three
months. During my visit, | was trained in basic electrochemical techniques and
nanoparticle biosynthesis by both my external supervisor Dr. Enrico Marsili and
Assistant Prof. Cao Bin. Also I began the preliminary work in the bioelectrochemical
synthesis of silver nanoparticles (see Chapter 3), where | investigated the effect of
electrochemical potential on the biosynthesis of silver nanoparticles by Shewanella

oneidensis MR-1 biofilms grown on carbon felt working electrodes.
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Figure 1: UV visible spectra of 10mM HEPES buffer with 1M Ag" at 30°C with a young
Shewanella oneidensis biofilm in an bio-electrochemical cell at (a) 0V, (b) -0.2V, (c) -0.4V and
(d) -0.6V over the course of 100 mins.
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Appendix 2 Materials and Regents

All chemicals (Table 2.3), cell culture reagents (Table 2.4) , assay kits (Table 2.5) and

primers used (Table 2.4) were of the highest quality available, expiry date routinely

checked before use and cell culture grade where appropriate.

Table 2.3: Chemicals used and their suppliers

Chemicals

Supplier

Agar

Aluminum potassium sulphate
Aminobenzoic acid
Ammonia chloride
Arginine

Biotin

B nicotinic acid

Boric acid

Bovine Serum Albumin
Calcium chloride
Colbalt chloride
Copper sulphate

DAPI

Dextrose

Dithiothreitol

Dimethyl sulfoxide
d-pantothenic acid
Folic acid
Glutaraldehyde
Glutamine

Glycerol

Hydrochloric acid
HEPEs

Hydrogen tetrachloaurate trihydrate
Iron citrate

Iron sulphate

Magnessium sulphate

Oxoid

Acros Organics
Fluka

Fisher
Lancaster
Acros Organics
Acros Organics
Acros Organics
Sigma Aldrich
Merck

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Santa Cruz
Thermo Scientific
BDH Chemicals
Fisher

Acros Organics
Sigma Aldrich
Merck

Fisher

Fisher

Santa Cruz
Fisher

Fisher

Fisher

BDH Chemicals
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Manganese sulphate
Nitilotriacetic acid

Nitric acid

Phosphate buffer saline tablets
Phosphate buffer tablets
Potassium chloride

Potato extract

Pyridoxine

Riboflavin

SDS

Serine

Silver nitrite

Sodium chloride

Sodium dihydrogen phosphate
Sodium hydroxide

Sodium lactate (60% w/w)
Sodium molybdate

Sodium tungstate

Thiamine HCI hydrate

BDH Chemicals
Fisher

Fisher

Fisher

Fisher

Fisher

Sigma Aldrich
Acros Organics
Acros Organics
Santa Cruz
Merck

Fisher

Fisher

Merck

Merck

Fisher

Acros Organics
Fisher

Acros Organics

Thioctic acid Acros Organics
Tris-HCI Sigma Aldrich
Triton X-100 Fisher
Tryptone Sigma Aldrich
Yeast extract Oxoid
Zinc chloride Acros
Table 2.3: Cell Culture Reagents
Reagent Supplier
FBS Sigma Aldrich
Penicillin/streptomycin cocktail ~Sigma Aldrich
RPMI 1640 Sigma Aldrich
DMEM Sigma Aldrich
Trypsin 10X Sigma Aldrich
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Table 2.4: Assay kits

Supplier

BCA assay Pierce
ROS Glo Oxidative Stress assay =~ Promega
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