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Abstract

This work reports on the coupling of light activated antimicrobial (LAA) agents with
gold nanoparticles to provide new materials that displayed enhanced antimicrobial
properties. A versatile and robust approach to the synthesis of
gold-thiol-photosensitiser light activated antimicrobials has been developed. In the
synthetic approach the thiols attached to the gold nanoparticles were tiopronin and
glutathione. The photosensitisers attached to the thiols were toluidine blue and tin
chlorin e6 respectively. It was found gold-tiopronin-toluidine blue nanoparticles at 1
uM concentration were efficient as light activated antimicrobials, that had a reduction of
colony forming units (cfu) of S. aureus by 4.5 logjy compared with, 0.5 log;o for
toluidine blue at the same concentration. The attachment of photosensitisers to thiol
protected gold nanoparticles enhanced the lethal photosensitisation of bacteria. The
second approach was mixing of charge stabilised gold nanoparticles with various
photosensitisers. When charge stabilised gold nanoparticles when mixed with toluidine
blue (20 uM), showed a reduction in colony forming units (cfu) for S. aureus of 2.5
logio compared with 1.5 logjo for only toluidine blue at the same concentration. This
established that covalent attachment of the photosensitiser was not necessary for the
enhancement in the lethal photosensitisation of bacteria. Also, it was discovered that
certain dyes which have basic, cationic natures have different interactions with charge

stabilised gold nanoparticles.

A separate study focusing on semi-conductor quantum dots and the photosensitiser
toluidine blue was undertaken to investigate any relationship between nanoparticles and
photosensitisers. It was found that semi-conductor quantum dots enhance the effect of
toluidine blue in the lethal photosensitisation of bacteria. An excess of a 1.7 logj
enhancement in bacterial kill was observed with quantum dot concentration of 0.0075
UM and toluidine blue concentration of 20 pM. In summary, the efficacy of

photosensitisers can be enhanced by the presence of nanoparticles of gold and CdSe.
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Chapter 1 Introduction

Chapter 1 Introduction

This thesis presents the results of an investigation into the interactions between Light
Activated Antimicrobial Agents (LAAA) and nanoparticles. Light Activated
Antimicrobial Agents utilise incident radiation to produce reactive oxygen species
which are toxic to bacteria. Charge stabilised gold nanoparticles mixed with LAAAs’
were investigated, along with monolayer protected gold nanoparticles with LAAAs’
covalently attached. The nature of the protecting monolayer and LAAAs’ were
modified and their effect on the lethal photosensitisation of bacteria assessed.
Additionally the size of the gold core was modified in an attempt to find an optimum
size at which lethal photosensitisation of bacteria would be at its most efficient.
Finally, in order to uncover details of the mechanism by which this enhanced kill
operates, the composition of the core was changed from gold to a cadmium selenide.
These semiconductor quantum dots were used in conjunction with LAAAs’ in singlet

oxygen detection experiments to quantify the production of toxic oxygen species.

1.1 Overview

Lethal photosensitisation of bacteria is an emerging and promising treatment, which
utilises light in combating microbial infections. Its main advantage is the reduced
possibility of resistance. This thesis focuses on established photosensitisers such as
methylene blue, toluidine blue and tin chlorine e6, all of which have been widely

recognised as effective light activated antimicrobials.

Two different types of ligand stabilised nanoparticles have been synthesised: tiopronin
and glutathione, each attached to a different photosensitiser (toluidine blue and tin
chlorine e6). Additionally, charge stabilised gold nanoparticles have been investigated
with a wide variety of photosensitisers. Lastly, to understand the mechanisms observed
for the enhanced microbial kill, the core metal was changed to CdSe semi-conductor

quantum dots and singlet oxygen detection experiments were performed.
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This introduction focuses on the properties and synthesis of gold nanoparticles. A brief
overview on the historical aspects of colloidal gold is presented, followed by a detailed
description of surface plasmon resonance (SPR). Various syntheses of gold
nanoparticles are discussed along with nucleation and growth mechanisms. Finally, the

lethal photosensitisation of bacteria is reviewed.

1.2 Gold

Gold has been the subject of investigation since ancient times. Its recent renaissance
has lead to an exponentially increasing number of publications, especially in the field
of nanoscience and nanotechnology.'” The extraction of gold started in the 5
millennium B.C. near Bulgaria and reached 10 tons per year in Egypt (around 1200 -
1300 B.C).> Known and highly valued since ancient times, gold is found in nature as
the free metal and in tellurides. It occurs naturally in veins and alluvial deposits, and is
often separated from rocks and other minerals by sluicing and panning operations. The
metal is recovered from its ores by cyaniding, amalgamating and smelting processes,

while refining is carried out by electrolysis.4

Gold in its pure state is considered to be beautiful and rare, hence a valuable metal. It
has a yellow colour when in bulk, though when finely divided it may be black, red, blue
or purple. In the bulk form gold is a soft yellow metal, which has a face centred cubic
crystal structure, and a melting point of 1064 °C. Gold is soft, ductile and malleable
and is usually alloyed to improve strength and durability. Gold’s reflectivity at
ultraviolet and visible light wavelengths is low; however it has high reflectivity at red

and infrared wavelengths.

Gold is a good conductor of heat and electricity, and is mostly unaffected by air, nitric,
hydrochloric, or sulphuric acid. However, a solution of aqua regia (3:1 of hydrochloric
acid:nitric acid) dissolves gold. Common gold compounds are auric chloride (AuCls)

and chloroauric acid (HAuCly).
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1.3 Colloidal Gold

A colloidal dispersion is a system of particles which are dispersed in a continuous
phase of a different composition or state.” Suspensions in liquids form the basis of a
wide variety of systems of scientific and technological importance, including paints,
ceramics, cosmetics, agricultural sprays, detergents, soils, biological cells, and in many
food preparations.5 A colloidal system is composed of two separate phases: a dispersed
phase (or internal phase) and a continuous phase (or dispersion medium). The

dispersions can have the appearance of a solution when dispersion is homogeneous.

Colloidal gold was used to colour glass and ceramics. A famous example of this is the
Lycurgus Cup (Figure 1-1) which is currently on display at the British Museum. This
is an extraordinary item, assumed to be made in Rome around the 4t century AD,6 and
is an example of dichroic glass. Dichroic glass changes colour when held up to light.
The Lycurgus cup appears green in daylight or reflected light, changing to red when
illuminated from the inside or in transmitted light. These unusual optical properties are
attributed to the presence of tiny amounts of colloidal gold — silver alloy present in the
glass. Although this colouring of glass was described in Roman times, the production
of gold — ruby glass was not rediscovered in Europe until the 17" century, when
sizeable red glass vessels were manufactured by adding ‘Purple of Cassius’. Purple of
Cassius is a colloid resulting from the heterocoagulation of gold particles and tin
dioxide and was named after Andreas Cassius who described it in his treatise De auro

in 1685.°

In the manufacture of Purple of Cassius, a solution of auric chloride (AuCl;) was
treated with tin chloride (SnCl;). AuCl; is reduced to colloidal gold and SnCl, is
oxidised to SnCly. The SnCly formed undergoes hydrolysis to form Sn0O,.2H,O. The

overall reaction can be thought of as:

2 AuCl; + 3 SnCl, + 6 H,O » 2 Au + 3SnO, + 12 HCI
1-1
Purple of Cassius is colloidal SnO, with absorbed colloidal Au.
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Figure 1-1 The Lycurgus cup, appears red in transmitted light (right) and green in reflected light
(left) due to the presence of gold/silver colloids.

An early book on finely divided gold which has been preserved, was published in 1618
by Francisco Antonii.” This book contained considerable information on the formation
of colloidal gold, the medical uses of colloidal gold sols and successful cases where
these gold sols had been used for treatment. The synthesis involved the use of plant
extracts which, unbeknown to the alchemists stabilised the sols. The sols were
supposedly infused with medicinal virtues, which could cure disease and improve
strength. Johann Kunckels, a German chemist published a book in 1676 describing
“drinkable gold that contains metallic gold in a neutral, slightly pink solution that exert
curative properties for several diseases”. These diseases included heart and venereal
problems, dysentery, epilepsy, and tumours. Colloidal gold was used for the diagnosis
of syphilis. By the mid eighteenth century it became apparent to alchemists that
‘aurum potable’- drinkable gold was just finely divided gold in a liquid, and was devoid

of any magical, medicinal or at that point therapeutic qualities.7

1.4 Clusters vs. Nanoparticles vs. Bulk

The properties of materials change as their size approaches the nanoscale, and as the
percentage of atoms at the surface of a material becomes more significant. Bulk
materials possess relatively constant physical properties regardless of their size, but at

the nanoscale this is often not the case. As the material becomes smaller the percentage
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of atoms at the surface increases relative to the total number of atoms of the material
bulk (Figure 1-2). This can lead to unexpected properties of nanoparticles which are
partly due to the surface of the material dominating over the bulk properties. Size-
dependent properties are observed such as quantum confinement in semi-conductor
particles,® surface plasmon resonance in noble metal particles® and superparamagnetism

. . . 9
1In magnetic materials.

In 1981 Schmid ef al.™® reported the synthesis of the cluster [Auss(PPh3);2Clg], which
was unique with its low size distribution (4.0 + 0.4 nm). The synthesis of this cluster is
difficult, and it was not until 1993 that the stabilisation of nanoparticles with
alkanethiols was first reported by Mulvaney and Giersig.11 The particles synthesised
by Schmid er al."® displayed quantum confinement properties, where the band gap is
sufficiently increased and there is quantisation of discrete electronic energy levels.
These well defined phosphine stabilised particles were less than 10° m in diameter.
Particles this small are better thought of as clusters of metal atoms.'” Schmid’s group
reported that the [Auss(PPhs)2Clg] cluster had discrete energy level spacings of 170

meV which was attributed to the Auss gold core.?

If the diameter of a gold clusters is above 3 x 10 m the electronic structure of the
particles shifts towards the band structure of bulk gold. The number of atoms in each
particle increases and so they are not easily countable. The crystal structure becomes
cubic closed packed as in bulk gold and each particle can be made up from more than
one crystallite.3 Gold particles between the size interval of 3 x 10° mand 5 x 107 m
have interesting optical properties, the most dominant being surface plasmon
resonance."* The surface plasmon resonance is a strong absorbance at a specific
frequency, which induces the collective oscillation of electrons at the surface of the
gold particle that gives gold colloids their characteristic colour. Particles above 5 x 10°
7

m no longer display the surface plasmon resonance in the visible part of the

electromagnetic spectrum and gradually move towards the properties of bulk gold.°
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Figure 1-2 Graph illustrating the relationship between the radius of the particle and the surface to
bulk ratio. As the particle becomes smaller the surface to bulk ratio increases. Inset is a
representation of face centred cubic structure of most metals as small particles. A cuboctahedral
cluster of 792 atoms has 50% contributing to the surface, and a cluster of 10 atoms has 100% of the

atoms contributing to the surface.”

Gold particles between the size interval of 3 x 10° m and 5 x 10”7 m have a large
surface to volume ratio. A significant proportion of atoms in this structure are surface
atoms (Figure 1-2). Therefore any reactions that occur at the surface are amplified due
to the large expanse of exposed surface. A detailed review of small gold nanoparticles

and their reactions has been presented by Daniel and Astruc.’

Nanoparticles are often described as structures with a diameter in the range of 10 — 100
nm.® This description is often arbitrary as some nanoparticles with larger diameters
display behaviour exclusively associated with nanoparticles. Gold particles about 100
nm in diameter still display the surface plasmon, albeit with the Tyndall effect.'® The
Tyndall effect results from the scattering of light waves from the surface of a particle.
When the wavelength of incident light is the same size or smaller than the particle a
haze is observed from the suspensions of these particles in air or liquids.”’18 Shorter
wavelengths of light (blue) are reflected or scattered whereas longer wavelengths (red)
pass straight through. In the work reported in this thesis, the gold nanoparticles

synthesised typically have a diameter less than 30 nm. These particles are not large
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enough to display the Tyndall effect, but did have a surface plasmon resonance in the

visible part of the spectrum.

1.5 Surface Plasmon Resonance

At the nanometer scale, particles display properties that are not inherent in individual
atoms or to those in the bulk macroscopic material. The optical properties of gold
nanoparticles are decidedly dependant on":-

e Particle size

e Interparticle distance

e Type of surfactant

e Shape of the nanoparticle

e Dielectric constant of the dispersion medium

In a nanoparticle many of the atoms are located on the surface, hence unusual
properties are observed which are not present in the bulk or in individual atoms. One
of these optical phenomena is surface plasmon resonance. The deep coloured nature
from orange through to deep purple, of colloidal gold is a result of the surface
plasmon.” At this nanometer scale the ‘quantum size effect’” becomes significant as the
de Broglie wavelength of the valence electrons is in the same size range as the particle
itself. The particles are then considered to be zero-dimensional quantum dots or
quantum boxes, and are subject to quantum mechanical rules. Freely mobile electrons
are trapped effectively in quantum boxes and hence exhibit a collective oscillation
frequency associated with the plasmon resonance in the presence of light. In gold
nanoparticles there is a gap between the valence and the conduction bands. Hence
there is a size induced metal-insulator transition where size dependent quantisation

effects occur. This leads to standing electron waves with discrete energy levels.’

Surface plasmon resonance manifests itself when the electric field of the incoming
radiation induces a dipole on the nanoparticle. There is a restoring force that tries to
compensate for this dipole, so that a unique resonance frequency is formed which

matches the electron oscillation frequencies within the particle (Figure 1-3). This
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frequency of oscillation is equal to the frequency of resonant light, and as the particle is
much smaller than the wavelength of incoming light it is homogeneously polarised.
The plasmon resonance band is observed at approximately 530 nm for gold

nanoparticles of diameter 5-20 nm.°

Surface electron density (e” cloud)

g

LY
Direction of light

propagation

+

Electric field

Spherical metal particle

Figure 1-3 Illustration of the excitation of a dipolar surface electron oscillation, surface plasmon

resonance by the electric field of incoming light on gold nanoparticles.

As mentioned above, a result of the surface plasmon effects is that the sols appear
coloured. When particles are small (~10 nm) they appear ruby red due to the
absorption of green light at around 520 nm. If these particles are allowed to coalesce in
a controlled fashion by the addition of electrolytes, a colour change is observed. The
red goes through pink and violet to blue as the nanoparticles grow. This is due to a
change in the absorption spectrum upon aggregation, causing the increased absorption

of red light.'

1.6 Theoretical Approaches to the Surface Plasmon Resonance

Existing theories that describe the interaction of light and matter have been applied to
spherical and non-spherical gold particles. Mie described the surface plasmon

resonance quantitatively by solving Maxwell’s equations.” Mie theory relates the
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surface plasmon resonance to the complex dielectric constant of the metal. The total
extinction cross section (dex) composed of absorption and scattering is given as a
summation over all electric and magnetic multiple oscillations. Mie theory is

conceptually simple and has been applied in explaining experimental results.”’

In particles where the wavelength of incident radiation is much smaller than the particle
itself, the polarisation of the particle is such that only dipolar surface plasmons are
excited. In these cases the wavelength (A) of incident light is ( A >> 2R) where R is the
radius. In the case of gold where 2R < 25 nm only the dipole absorption of the Mie
equation contributes to the extinction cross section of the nanoparticles (c.y). Mie
theory is then reduced to a dipole or quasi—static approximation where the surface
plasmon resonance frequency is largely size independent:
Ve’ we, (o)

o, = —X
¢ [81 (a)) + 28m ]2 + 82 (a))2

1-2
where V is the volume of a spherical particle, ¢ is the speed of light, «® the angular
frequency of the exciting frequency, and ¢, is the dielectric constant of the surrounding
medium (assumed to be frequency independent).  g;(w) and &x(w) are the real and
imaginary parts respectively of the frequency dependant dielectric function of gold.14
The imaginary part of the dielectric function of the surrounding medium is assumed to
be zero. This is a reasonable approximation for most non metals at visible frequencies.
From equation (1-2) it is deduced that resonance occurs when g;(w) = — 2 g, if & is
small. With this dipole quasi—static approximation, the size of the particle is not
explicitly included in the equation, but inferred through the volume (V) which is solely
dependant on the radius (R). '* Nonetheless, experimentally it has been found that there
is a strong size dependence of the surface plasmon band width and position. The
position of the absorption maximum is affected through a blue shift as the particles get

smaller and a red shift as the particle grows.20

Modifications of Mie theory can be
made, to take into account the size dependence using the Drude model.® The dielectric
function of the gold nanoparticle is assumed to become size dependant [¢ = ¢ (w, R)].

This results in a size absorption cross section even within the dipole approximation.
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Equation (1-2) can be used to describe the lifetime of the surface plasmon resonance.
The decay of surface plasmon oscillations mostly occurs through non-radiative
pathways, such as scattering from the metal surface, electron—phonon and electron—
electron scattering or transfer of energy from the collective electron oscillations to
individual electron excited states. Additionally, radiative decay through electron—

photon decay also occurs.”

1.7 Synthesis of Colloidal Gold Nanoparticles

Gold nanoparticles were largely overlooked by research chemists before the 1850’s;
however they were used to decorate ceramics and glass. In 1857, Michael Faraday
performed the first reliable systematic investigation of gold colloids.” The methods of
producing colloidal gold solutions involved using single phase and two phase systems
with different solvents and reducing agents, some of which were extremely hazardous.
Faraday synthesised gold nanoparticles by the reduction of AuCl; by phosphorous. The
paper was innovative because it contained the first mention of the sensitivity of gold
nanoparticles to electrolytes. Another important feature in this paper was the account
of using macromolecules as ‘protective agents’ or surfactants to stabilise these
nanoparticles against aggregation. As a testimony to the accuracy of his paper, several
of Faraday’s original nanoparticle solutions still exist today, and are kept at the Royal
Institution where he worked. Subsequently, the solution phase synthesis of gold
nanoparticles has been almost exclusively achieved by the reduction of hydrogen

tetrachloroaurate.

[HAuCL] + 3¢ — > Au’ + H' + 4CI
1-3
Hydrogen tetrachloroaurate is a fairly strong oxidising agent (E° = +1.002 V),
therefore mild reducing agents can be used to reduce the gold to Au(0). When
synthesising gold nanoparticles, the main emphasis has been placed on keeping the
reaction simple to produce uniform particles that are of controllable diameter. A
variety of methodologies have been reported using different reducing agents, stabilising

agents and solvating media.® All methods vary considerably but have in common the

10
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use of hydrogen tetrachloroaurate (HAuCly). Hydrogen tetrachloroaurate can be
prepared by dissolving gold in aqua regia and evaporating the acid by heating. A few
cycles of HCI addition followed by evaporation are required. Afterwards, some cycles
of water addition followed by evaporation are needed to remove the excess acid. The
final product is a hygroscopic yellow/orange solid which has a pH of ca. 1 when
dissolved in water.”> A solution of hydrogen tetrachloroaurate in methanol or water is
usually used to synthesise gold nanoparticles. Typical reducing agents used to form

gold nanoparticles include citrate, tannic acid, amino acids and sodium borohydride.

Improvements in analytical techniques throughout the 19" and 20" century have
stimulated interest in nanoparticular science. In the late nineteenth century
breakthroughs in the synthesis of colloidal gold were made by Zigsmondy, as colloidal
gold was the main experimental subject used when developing the ultramicroscope.’
He described methods for the synthesis of colloidal gold with different particle sizes,
using hydrogen peroxide, phosphorus and amines as reducing agents. In 1925
Zigsmondy was awarded the Nobel Prize in Chemistry ‘for his demonstration of the
heterogeneous nature of colloid solutions and for the methods he used, which have
since become fundamental in modern colloid chemistry’.” 1In 1924 Ostwald®®
synthesised gold nanoparticles using an electrical arc. Around this time the
composition of colloidal gold was determined to be an elemental gold core with an

anionic protective double layer of charges (Figure 1-4).%

Figure 1-4 Crystalline core of elemental Au with adsorbed AuCly ions which make up the inner layer

of the ionic double layer on a gold nanoparticle, synthesised by a citrate reduction.

11
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A straight forward synthesis of gold nanoparticles was reported by Turkevich et al. in
1951.% Their study focused on the process of nucleation and growth in the synthesis of
nanoparticles. The synthesis required the use of inexpensive sodium citrate as the
reducing agent, in a solution of chloroauric acid. This method produced gold
nanoparticles of about 20 nm with 12.5% standard deviation in particle size. The
synthesis involved dissolving gold chloride in water and boiling the solution. Another
solution of trisodium citrate in water was prepared and added to the boiling water and
dissolved gold chloride. The gold ions were reduced by the citrate and gold particles

are stabilised against aggregation by the citrate:

HO, ,COONa o]
3 NaOOC\/‘(/COONa +3 HCl 42 AuClyq) ——= 2 Augg)+ 9NaCl +3 COyy) + 3 Hooc\)J\/COOH

1-4

Turkevich’s paper would have gone largely unnoticed without Fren’s landmark paper
in 1973."® Fren found that by controlling the amount of citrate added to the chloroauric
acid solution, the size of nanoparticles obtained could be varied. Although
monodispersity over 30 nm was poor, this was the first reliable attempt to regulate the
size of gold nanoparticles. Fren’s paper has been cited 2273 times (as of 19"
November 2008), and is among the most cited paper in colloidal science; noted for is
simplicity in synthesis of colloidal gold and its potential applications, from other areas

of particle science to cell biology.

Slot and Gueze” used tannic acid in conjunction with sodium citrate in a modified
Turkevich synthesis of gold nanoparticles. The concentration of tannic acid was found
to be responsible for the final diameter of the nanoparticles, which can be as small as 3
nm. If the concentration in the final volume of tannic acid was very high, K,CO3 was
used to neutralise the solution. Tannic acid is a rapid reductant and sodium citrate is a
slower reductant. Therefore by modifying the ratio of these two components the
desired diameter was obtained.”’ In 1981 they used ascorbic acid as a reducing agent.30
Whilst using ascorbic acid as a reducing agent, K,CO3; was again used to neutralise the

solution. This method yielded nanoparticles with a diameter of approximately 12 nm.

12
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Mulvaney and Giersig11 further developed the Turkevich synthesis by stabilising the
gold nanoparticles against aggregation with alkanethiols. They found that the gold sols
crystallise in a hexagonal close packed lattice and that the mean particle spacing
depends on the thickness of the stabilising layer — the chain length of the stabilising

alkanethiol.

The syntheses described so far have all been in aqueous media. The popularity of
Turkevich’s and related syntheses has been due to their simplicity. The gold ions and
stabilising citrate are both soluble in water; therefore reduction can be done in one
simple step, usually without the need for additional reagents. Bio-conjugation of gold
nanoparticles and DNA or enzymes can be achieved through aurophilic sulphur

containing biological compounds such as cystine.

There are some disadvantages to the syntheses of gold nanoparticles carried out in
aqueous media. Control over particle size and monodispersity is more difficult in
water. The ionic interactions of the particles in water limit the concentration of gold
nanoparticles in solution to very dilute levels. Consequently, the nanoparticles can not

be removed from aqueous media to form a re-dispersable powder.

Synthesis of gold nanoparticles in organic media has overcome some of the
disadvantages presented by aqueous methods. Highly monodisperse gold nanoparticles
have been synthesised, with control over particle size. Higher concentrations of gold
nanoparticles can be prepared and they can be removed from the solvent and stored in

air without aggregation. This was achieved by Brust in 1994

The Brust-Schiffrin method®' for gold nanoparticle synthesis takes inspiration from
Faraday’s original paper.23 The two phase system they developed uses thiol ligands
that strongly bind to gold due to their mutual soft character (Figure 1-5). In Pearson’s
terms, a gold ion is a soft acid. In general, soft acids have low positive charge and have
unshared pairs of electrons in their valence shells. They have high polarisability and
low electronegativity (low LUMO). Accordingly thiols (RSH) are soft bases; they have

low electronegativity (high HOMO), hence hold their valence electrons loosely and are

13
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easy to polarise. Soft acid (low LUMO) and soft base (high HOMO) interactions

results in the orbitals being closer in energy which in turn gives a covalent bond.*

NaBH
HAuCI, P,

Figure 1-5 Schematic representation of the Brust-Schiffrin method of synthesis of thiol capped gold

nanoparticles using sodium borohydride as the reducing agent.

In the Brust-Schiffrin method for the synthesis of thiol capped gold nanoparticles,
AuCly ions were dissolved in an aqueous phase. These were transferred to the organic
phase with the aid of a phase transfer reagent, tetraoctylammonium bromide (TOAB).
The gold ions were then reduced by sodium borohydride in the presence of
dodecanethiol, which capped the nanoparticle. The gold nanoparticles remained in the
organic phase, which was indicated by the colour change of the organic phase from

colourless through orange to deep brown.

The Brust-Schiffrin synthesis allowed the facile synthesis of thermally stable and air
stable gold nanoparticles which had a narrow size distribution. These nanoparticles
could be repeatedly isolated and re-dispersed in common organic solvents without
irreversible aggregation and decomposition, a highly desirable property which could
allow further manipulation.

13

Brust et a in 1995 used sodium borohydride to reduce a solution of HAuCly in a

single phase reaction. This reaction was carried out in methanol and the capping thiol

14
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was p-mercaptophenol. Acetic acid was added to prevent the de-protonation of p-
mercaptophenol. Sodium borohydride is a very potent reducing agent, hence the

reaction was extremely rapid and the particles obtained had a diameter of ca. 2 nm.

The nanoparticles synthesised by the Brust method could be handled and modified just
as stable organic and molecular compounds. This instigated the investigation into
various surfactants and incorporated the use of more bulky ligands.3 The development
of thiol stabilised gold nanoparticles allowed the fuctionalisation of the organic chains
of the surfactants. Murray et al* described ‘place exchange’ reactions, where a
controlled proportion of thiol molecules around the gold core were exchanged with
functionalised thiols, and the subsequent reaction of the functionalised gold

nanoparticles.

In addition to the two main synthetic approaches of Turkevich and Brust, many other
methods have developed to produce gold nanoparticles. These methods include seeded

growth of gold nanoparticles and the use of microemulsions.

Seed mediated synthesis approaches were introduced by Nikoobakht and El—Sayed35 to
grow gold nanorods. Spherical gold nanoparticles have also been grown using this
method. Studies have shown that successful control of size can be achieved by
modifying the ratio of seed to metal salt.’® A step—by—step particle enlargement is
more successful than a one step seeding method as this avoids secondary nucleation.
Brown et al.*® described a synthesis where gold seeds were prepared by borohydride
reduction. They improved on this synthetic protocol, by developing a room
temperature seeding method of using NH,OH / Au’* to grow nanoparticles up to 100
nm.”” This iterative seeding method is consistent and reproducible and can be used to
rapidly produce large colloidal gold nanoparticle solutions that exhibit excellent
monodispersity. Spherical nanoparticles of 50 nm can be synthesised from 12 nm

seeds.*®

A non-iterative seeding method of producing gold nanoparticles was reported by Sau et
al® They used photochemically prepared seeds to grow monodisperse highly

spherical gold nanoparticles. Seeds were synthesised from chloroauric acid in water by
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irradiation by UV light from a germicidal lamp in air. Reduction of gold ions was
carried out in the presence of a poly(oxyethylene)iso-octylphenyl ether (Triton X-100)
which acted as a capping agent and reductant. These seeds could be prepared with
average diameters ranging between 5 to 20 nm. The seeds were then grown to
diameters of 25-110 nm by varying the ratio of seed to Au’* in the solution and using

ascorbic acid as the reductant.

Reverse micelle [w / 0] Micelle [0/ w]
‘ Hydrophilic head - Organic Media
AN Hydrophobic tail - Aqueous Media

Figure 1-6 Representation of reverse micelle, water — in — oil [w/o](left) and normal micelle, oil — in —
water [o/w](right) phases. The reverse micelle, water — in — oil [w/o](left), can be used in the synthesis

of gold nanoparticles.

The use of microemulsions, co-polymer micelles and reversed micelles has also been
used in the synthesis of gold nanoparticles. Microemulsions are transparent, isotropic,
thermodynamically stable dispersions of two immiscible liquids. These liquids are
commonly an oil and water, which are stabilised by surfactants. These systems can
form normal micellar oil — in — water [o/w] or reverse micellar water — in — oil [w/0]
phases (Figure 1-6). An important feature of water — in — oil microemulsions is their
ability to solubilise guest molecules such as inorganic precursor salts. In one synthesis
of gold nanoparticles, HAuCly is dissolved in the aqueous droplets stabilised by cetyl

trimethyl ammonium bromide (CTAB), reduced with sodium borohydride, and then
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removed from the solvent. The water droplets act as microreactors for the nucleation
and growth of the particles. The size of the aqueous core of the micelle controls the

size of the resulting nanopalrticles.3 ?

As described above many methods of gold nanoparticle synthesis have been developed
using different reducing agents, stabilising agents and solvents. The reducing agent
reduces Au(IIl) to Au(0), and since HAuCly is a strong oxidising agent many reducing

agents can, and have been used.

One of the main reasons why so many synthetic approaches to the synthesis of gold
nanoparticles have been developed is to achieve particles of specific sizes with narrow
particle size distributions, and low standard deviations. Narrow size distributions are
highly desirable because, the application of mathematical models on physical and
optical properties of gold on nanoparticles assumes monodispersity. These models are

more accurate if the sizes of the nanoparticles in the sample are identical.

Monodispersity, where all particles are identical in shape and size, is extremely
advantageous but rarely achieved. Therefore, monodisperse is a term applied to
samples where particles have size distributions with standard deviations less than
15%,° and samples with standard deviations less than this are termed highly
monodisperse. Particle size distributions are commonly measured using high resolution
Transmission Electron Microscopy (TEM) or Scanning Electron Microscopy (SEM)
images. More recently, dynamic light scattering equipment has been used to measure
particle size distributions in solutions. A major advantage of this technique is the speed
at which results and particle size distributions are obtained. However, the results need
to be interpreted with caution as the size obtained is often a hydrodynamic radius and
not the nanoparticle core size. Therefore, if large organic groups with many charges on
the outside are used to coat the gold particles, or due to the nature of the coating many
particles are attracted to each other in solution, the total hydrodynamic radius is

observed and not the core size.

In order to achieve monodisperse particles the nucleation and growth mechanisms need

to be understood and controlled. It is commonly believed that in order to achieve
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monodisperse particles in the liquid phase, homogeneous precipitation and the
separation of nucleation and growth phases is required. In homogeneous precipitation a
single burst of nucleation occurs when the concentration of the constituent species
reaches a critical supersaturation. The nuclei obtained are allowed to grow by the
diffusion of solutes from the solution to the surface until a stable final size is achieved.
This is heterogeneous growth of surface reactions which leads to the addition of atoms
to the nucleated particle, increasing its size. When this heterogeneous step is slower
and uniform the resultant particles are monodisperse. This model was first proposed by
LaMer et al.*' deduced from their work on particles of sulphur. Their conclusions have
since been applied to the nucleation and growth of any solid particles from the liquid

phase.

Ccrit ----------

II 11T

Concentration of Solute
@)
8

Time

Figure 1-7 LaMer diagram as a schematic explanation for the formation process of monodisperse
particles, where C,, and C,,; are the equilibrium concentration of solute with the bulk solid and the
critical concentration as the minimum concentration for nucleation, respectively. The regions I, II,

and III represent the prenucleation, nucleation, and growth stages, respectively

LaMer’s model is shown in Figure 1-7, where the concentration of the precursor solute,
C, increases to the critical level for nucleation (I), C.j. At this concentration there is a
balance between the supply rate of the precursor solute, and the consumption rate for
the nucleation and the growth of the generated nuclei (I). There is an increase in the
consumption of the solute needed for the growth of the generated nuclei the nucleation
ends (II) as solute concentration reaches C; again. The concentration of the solute
continues to decrease resulting from the growth of the generated stable nuclei, under

the supersaturation level, which is below the critical level for nucleation with out re-
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nucleation (IIT). The final number of the monodisperse particles are determined by the

nucleation stage and kept constant through the growth stage.

A problem with LaMer’s model when applied to the formation of gold sols using
Turkevitch’s method is that the particles growing homogeneously and spontaneously
from solution need to achieve a critical size before growth is energetically favourable.
Below this size the particles spontaneously dissolve. Different materials at various
reaction conditions predictably have different critical sizes and for gold it is thought to
be a cluster of 20 atoms.”® LaMer explained the spontaneous formation of particles
greater than its critical size by statistical fluctuations.*’ However, Turkevitch believed
the formation of colloidal gold was through a mechanism of chelation of multidente
agents that produced clusters of un-reacted gold.28 These loosely bound clusters of
polymeric gold / reducing agent grows to a critical size which results in the rapid

reduction to form an Au(0) nucleus.

Monodisperse uniform particles have also been obtained from multiple nucleation
events. The uniformity of the final particles can be explained by self-sharpening or
Ostwald ripening (Figure 1-8). Ostwald ripening involves atoms from one particle
dissolving and transferring to another. This is a dynamic process where both particles
exchange atoms, but the rate of loss from smaller particles is higher. This is because
atoms in smaller particles have lower average coordination numbers at the surface
which facilitates ease of removal. The process is driven by a reduction in surface
energy. This results in the larger particles growing at the expense of the smaller

particles, which shrink and eventually disappeaur.42

Figure 1-8 Schematic representation of Ostwald ripening of nanoparticles. This is a dynamic process

which occurs by evaporation, recombination of atoms from one cluster to another.
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Nucleation and growth of Turkevitch’s particles may be the result of a multifaceted
mechanism where more than one process is involved. It was found by Chow and
Zukoski that the number of nuclei continues to increase even at the very final stages of

3

the precipitation reaction. They postulated two mechanisms for the increasing

concentration of nuclei over the course of the reaction.

1. Nuclei continuously form and grow over the course of the reaction
2. Particles nucleate in small bursts and agglomerate weakly. They continue to
grow within agglomerates, and as the reaction proceeds the agglomerates fall apart,

giving rise to the continual increase in the number density of nuclei.

Their investigation concluded that the synthesis of gold nanoparticles in Turkevitch
inspired reactions proceed through a mechanism which involves the formation of large
particles that shrink with time over the course of the reaction. This conclusion was
arrived at by monitoring the shift in wavelength of the maximum absorption Ap,x which
is associated with the surface plasmon. The A, initially lies near 590 nm giving a
purple appearance to the solution. Over the course of the reaction, Apy,y shifts towards
525 nm where it remains constant and corresponds to a red colour. They correlated this
to the loss of Au(IIl) in solution, indicating that the large particles must contain Au(0),

. . . 43
in the reaction medium.

In essence, modification of LaMer’s model is needed, which allows the inclusion of
nuclei particles being able to reversibly aggregate. These larger particles then fall apart
as the reaction proceeds resulting in uniform sols. Aggregation of particles is an
energetically favourable process, as the surface of a material is a region of high energy.
Since nanoparticles have a high surface—to—bulk ratio, aggregation of these particles
becomes highly energetically favourable.  Aggregation can continue after the
exhaustion of the solution phase constituents of the particles, by the particles
themselves coalescing. When the particles collide they can merge and form a larger
particle, increasing stability. Smaller particles are more likely to be consumed by
larger particles because of their extremely high surface to bulk ratio. This process can

lead to the loss of all of the small particles, resulting in the loss of properties associated
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with the nanoscale, with a fine metallic powder being deposited. Therefore a key

aspect of the synthesis is the role of stabilising agents to prevent agglomeration.

For gold nanoparticles there are two main types of stabilising agents, ionic and non-
ionic. Ionic stabilising agents include the citrate anion, which stabilise Turkevitch’s
sols. Citrate anions are attracted electrostatically to the gold particle surface.”* Here
the reducing agent is also the stabilising agent. These particles are said to be charge
stabilised. Non-ionic stabilising agents include amines® and thiols.”’ These can form
chemical bonds to the surface of the gold particles. This is certainly the case for thiols,
sulphur is extremely aurophilic in nature due to their soft character. Additionally, gold
and sulphur have electronegativity values (y) of 2.54 and 2.58 Pauling units
respectively,46 which confirm their mutually strong covalent character. These particles
are said to be ligand stabilised. Both charge stabilised and ligand stabilised particles

prevent agglomeration by providing a physical barrier between particles.

Ligand stabilised nanoparticles can undergo further surface modification.”” This can
aid solubility in whichever polar or non-polar solvent is desired. Surfactants having
hydrophilic and lipophilic natures are chosen for this purpose. For example, long chain
thiols have been chosen so the particles could be dispersed in organic solvents® where
as shorter thiols containing polar groups have been chosen for re-dispersion in aqueous
media.*® Dispersion in aqueous media is necessary for the use of gold nanoparticles in

biological systems.

1.8 Biocompatible Nanoparticles

Biocompatibility of gold nanoparticles has become highly desirable for application of
nanoparticles in biology.” The term biocompatibility refers to the materials ability to
perform its function, usually medical, without exertion of undesired local or systemic
effects. Nanoparticles are now extensively studied because of their size dependant
chemical and physical properties; these properties have been commercially explored.
Gold nanoparticles have found applications in a number of biological fields including;

¢ Fluorescent biological labels®
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® Drug and Gene delivelry5 051

e Bio-detection *>>

e Detections of Proteins**>*
® Probing DNA structures™
® Tissue engineering5 6

e Tumour destruction by heating (photothermal therapy, hyperthermia)5 738

e Separation and purification of biological molecules and cells™ %

e MRI contrast agentsﬁl’62

Nanoparticles exist in the same size domain as proteins which make them perfect for
tagging and labelling. Individual DNA strains are 2.5 nm wide and proteins are 1-20
nm in diameter.” However, the size is just one of the many characteristics that
nanoparticles need to possess in order for them to be successful biological moieties. In
order for gold nanoparticles to effectively interact with a biological target, a biological
molecular coating or a layer which can act as a bio-inorganic interface needs to be
attached. This bio-inorganic interface could be composed of antibodies,** biopolymers
(collagen56), or a monolayer of small peptide based molecules to make the nanoparticle
biocompatible (thiols,” amines®). There are two strategic approaches to making gold
nanoparticles biocompatible; functionalisation of the ligand before assembly onto the

nanoparticle, and functionalisation of assembled nanoparticles.

1.9 Ligand Protected and Functionalised Gold Nanoparticles

Faraday reported the first comprehensive study on gold nanoparticles.23 The gold
nanoparticles synthesised by him were all synthesised in aqueous media. The synthesis
of gold nanoparticles in non-polar organic media is relatively recent, which was
sparked by Brust et al*' with a synthesis previously described in this chapter. The
synthesis involved the transfer of chloroaurate ions in to the organic phase using a
phase transfer reagent such as tetraoctylammonium bromide (TOAB). The gold ions
are then reduced using sodium borohydride to yield monodisperse thiol capped gold
nanoparticles. Usually this renders the gold nanoparticles hydrophobic, and only

soluble in organic media. These surfactant stabilised gold nanoparticles behave like
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new compounds which can be easily separated out of solution in the form of a
microfine powder and re-dissolved in a different organic media without significant

.. . . . .. . 31
variation in particle size distribution.

The Brust method has since inspired a plethora of gold nanoparticle syntheses using
alkane thiols,” dialkylsulphides,®®®” alkylamines® and thiolated cyclodextrins® as
stabilising ligands. Adding functionality to the protecting ligand, for example a
carboxylic acid group to the terminal end of a thiol, results in the modification of the
chemical and physical properties of the gold nanoparticles. This dramatically increases
the potential applications of these nanoparticles especially in the biological field.
Another method of adding functionality to gold nanoparticles is by using a simple place
exchange strategy (Figure 1-9) described by Murray ef al.>* Alkanethiolate protected
gold nanoparticles could be functionalised with another thiolate according to equation

1-5, where x and m are the numbers of new and original ligands, respectively.

x(R'SH) + (RS),,Au » x(RSH) + (R'S)«(RS),.,Au

1-5

Figure 1-9 Schematic illustration of place exchange reactions where one thiol is replaced by another

on a gold nanoparticle surface.

There are a number of interactions that are involved in place exchange reactions, which
include gold-thiol interactions; incoming thiol bound thiolate interactions, and
incoming thiol-surface monolayer interactions. A complete understanding of place
exchange reactions is still to be achieved, although it is generally thought to follow an
associative mechanism, where the incoming thiol attaches to the surface and the bound

thiol leaves the gold in a simultaneous process. A gold nanoparticle is rarely a perfect
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sphere and is usually in-homogeneous. Place exchange reactions are thought to initiate
on the surface where the monolayer packing is less dense, such as edges and vertices of
gold nanoparticles and diffuse into the rest of the particle until an equilibrium is

69
reached.

Hong et al.”® demonstrated that a primary thiol is more active than its corresponding
secondary and tertiary thiols for place exchange reactions. This implies that steric
hindrance near the thiol group significantly reduced its reactivity in place exchange
reactions. Conversely, it was found that bulky groups exhibited higher activity to place
exchange than linear thiols of the same molecular weight. This enhanced reactivity
was rationalised by considering that place exchange reactions are thought to start
predominantly at the vertices of the nanoparticle, where the monolayer is least dense.
These sites can therefore open—up enough to accommodate branched bulky ligands.
Once these bulkier ligands are attached they may pack better, and therefore aid the
exchange. The branched thiol occupies additional space on the particle surface and

therefore destabilises the surrounding thiols more efficiently.70

Place exchange reactions can be used to introduce polar terminal functional groups
such as carboxylic acid, ammonium ions, sulphonic acid etc. to the unbound end of a
ligand on the nanoparticle surface. One way to exploit this added functionality to the
unbound end of a ligand is to perform further chemistry and attach a light activated

antimicrobial agent (LAAA), for use in antibacterial photodynamic therapy.

1.10 Photodynamic Therapy

This thesis reports on the coupling light activated antimicrobial (LAA) agents with gold
nanoparticles to provide new materials that display enhanced antimicrobial properties.
Light activated antimicrobial (LAA) agents can be used in photodynamic therapy.
Photodynamic therapy (PDT) combines light and light sensitive agents (such as
porphyrins) in an oxygen-rich environment. These absorb photons of energy from light

and transfer this energy to surrounding oxygen molecules. Toxic oxygen species, such
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as singlet oxygen and free radicals are formed. These species are very reactive and can

damage bacteria proteins, lipids, nucleic acids and other cellular components.71

The history of PDT goes back to the attempts of ancient Egyptians to treat skin diseases
with light-absorbing compounds.72 Ancient Egyptians applied vegetable substances to
produce photoreactions in tissues for the treatment of de-pigmented skin lesions
(vitiligo). These lesions used to be regarded as manifestations of leprosy. Egyptians
utilised natural photosensitisers such as psoralens, which were in many plants such as
parsnip, parsley, and Saint-John's-wort. Egyptians made a powder of these plants and
applied it to de-pigmented skin lesions and then exposed the skin to bright sunlight.
The sun activated the applied photosensitisers, resulting in the lesions becoming less
pigmented.73 The Hindus of India in ca. 1400 BC also treated the skin psoriasis using

dyes in combination with sunlight.72

PDT has been applied to skin cancer patients and the results obtained have opened up
new prospects for PDT.”" In Europe the potential of photosensitisers was first realised
by Raab in 1898.” He was studying the effects of light and dyes such as acrydine on
paramecia, unicellular ciliate protozoa. He noted that an acrydine solution killed
paramecia when irradiated with light, and no such effect was observed in the absence of
light. Raab and Tappeiner hypothesised that fluorescing dyes convert the energy of

light into an active chemical energy which kill pauramecia.72

At around the same time as Raab’s observations the French neurologist Prime, was
treating epileptic patients with the dye eosin.” He reported on photosensitive reactions
occurring in sun-exposed areas in a patient who had been administered eosin for
epilepsy. On the basis of this new knowledge about photodynamic effects, H.
Tappeiner and H. Jesionek, performed the first PDT session on a patient with skin
carcinoma, where a topical application of eosin was used as a photosensitiser and white
light to treat the tumour. This was the first application of PDT to treat cancer. In 1904
Tappeiner and Jodlbauer demonstrated that oxygen was integral to photosensitisation
reactions.”””* From these origins photodynamic therapy has been increasingly adopted

through-out the clinical world.
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Currently photodynamic therapy has successfully been used to treat cancer of the
bladder using the photosensitiser Photofrin®.” Other cancers approved to be treated
by PDT include bronchial,’® and skin cancers.”” Clinical trials are currently being
conducted on the treatment of prostate cancer.”® PDT in the past decade has been used
for the treatment of age-related macular degeneration (AMD). This is the leading cause
of blindness in the elderly in the Western world. Treatment involves the intravenous
injection of the photosensitiser Visudyne® and has been used in over two million cases

to date.”

Work on the lethal photosensitisation of bacteria began in the early 1960’s. Macmillan

et al.®®

used toluidine blue as a photosensitiser to kill bacteria, algae and yeast. They
found 99% Kkills were obtained for most of the bacteria tested, after 30 min of exposure
to a gas laser (21-30 mW). A few years later Bellin et al¥ suggested that the
photosensitiser, toluidine blue acts on the cell membrane. Additionally, they studied
the effects of other thiazine dyes such a methylene blue. A range of dyes were
investigated, including rose bengal, erythrosine B, eosine Y, neutral red, acridine
orange, crystal violet, pyrorine Y, and rhodamine 6G. They concluded that cationic
dyes act as photosensitisers at an alkaline pH, and anionic dyes act as photosensitisers

at a pH slightly lower than their pK,. Furthermore, they demonstrated the presence of

oxygen was required for the successful kill of bacteria.

Antimicrobial PDT produces bactericidal and bacteriostatic effects on bacteria due to
the generation of singlet oxygen and peroxide radicals. These substances are generated
by extracellular and intracellular photosensitisers. Their action brings about a chain of
phototoxic reactions.  Schneider et al.¥ investigated antimicrobial PDT with
methylene-blue dye. Irradiation was performed using a wideband white light source,
which produced radiation at wavelengths of 400 to 700 nm. It was found that such
antimicrobial PDT inactivated bacteria RNA in vitro. The RNA was cross-linked to
plasmatic proteins. In some cases, oxidant stress inhibited the growth of bacterial

cultures in vitro.

Antimicrobial PDT usually requires the involvement of an external photosensitiser.

After absorbing light of certain energy, the photosensitiser may undergo electronic
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transition from its ground state to an excited singlet state (electron spins paired).
Depending on the molecular structure of the photosensitiser and its environment the
molecule may lose energy by being quenched by other surrounding molecules, thus
returning to the ground state (Type I). The other pathway available is to undergo
intersystem crossing, to a triplet excited state, where the electron spins are unpaired
(Type II). At this point the photosensitiser can lose its energy: by quenching from
surrounding molecules and electronic decay back to the ground state, from undergoing
redox reactions with the surrounding environment, or the excitational energy maybe

transferred to molecular oxygen where singlet oxygen is generated (Figure 1-10).%

Photosensitiser singlet state | Type I Electron/hydrogen abstraction, redox reactions

* Y
Sy — q/\/\a Photosensitiser triplet state \
*Tl

Type II Singlet oxygen mediated
oxidations/peroxidations

Internal Conversion
Absorbance
Fluorescence

Intersystem Crossing

So — ’0, Singlet Oxygen Generation

.\ Phosphorescence
Photosensitiser Oxygen I

Figure 1-10 Simplified energy level diagram of a photosensitiser, displaying key energy transitions in

the formation of singlet oxygen and consequent Type I and Type II processes.

Type I reactions can cause photo-damage by hydrogen or electron abstraction by the
photosensitiser. Subsequent redox reactions and oxygenation products depend on the
proximity of the photosensitiser and the bacteria. In aqueous media type I reactions can
produce hydroxyl radicals which can also react with biomolecules on the surface of the
bacteria, or combine together to give hydrogen peroxide that subsequently has
cytotoxic effects. On the bacterial cytoplasmic membrane, abstraction of allylic

hydrogens from unsaturated molecules such as phospholipids also occurs.”  The
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radical species which is produced reacts with oxygen to yield lipid hydroperoxide,
which is detrimental to membrane integrity. This leads to the loss of fluidity and
increased ion permeability. Other targets of type I reactions include aminolipids and

: T . 185
peptides, hence inactivation of membrane enzymes and receptors is also possible.

Type II reactions involve the formation of singlet oxygen. The short half-life of singlet
oxygen ensures that there is a localised response. This singlet oxygen formed reacts
rapidly with the environment; cell wall, nucleic acids, peptides efc. General belief is
that the singlet oxygen produced in a Type II process is the major pathway which is
responsible for the photo-oxidative microbial cell damage.86 Analogous to type I
reactions singlet oxygen also reacts with the cell wall and the cell wall components.84
In particular, type II reaction pathways are thought to interfere with the amino acids
histidine, tryptophan, and methionine, and to DNA bases (largely guanine). It has been
difficult to obtain direct spectroscopic evidence for the involvement of singlet oxygen
in photodynamic therapy.83 Experiments have shown the emission of singlet oxygen
from porphyrins adsorbed onto cell surfaces,®” but these experiments have proved
difficult to reproduce, because of the rapid reaction of singlet oxygen. Additionally
some protection from photodynamic therapy has been displayed in the presence of

- 86,88,89
singlet oxygen scavengers.

Photosensitisers are usually aromatic molecules which are efficient in the formation of
long lived triplet excited states. Long lived triplet states increase the probability of
efficient singlet—oxygen production. Photosensitisers with an affinity for microbial
cells and a broad spectrum of action, as well as being able to damage to the host tissue
and prevent re-growth of the pathogens after the treatment, are also required.
Membrane photosensitisation can lead to a decrease in plasma membrane potential,
inhibition of molecular transport across the membrane and the inhibition and activation
of membrane associated enzymes. Cellular response to membrane photosensitisation

includes apoptosis.”

The sites of photosensitiser action and the effects of lethal photosensitisation are
dependant on the photosensitiser used and the target bacteria. For example, toluidine

blue when used against Escherichia coli (gram negative bacteria) is known to be
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. . .. 84
membrane active and increase permeability.

Methylene blue, which belongs to the
same family of thiazine dyes, affects the same organism’s nucleic acid and causes
strand breaks.** However, methylene blue affects Proteus mirabilis in a different way
and causes photodamage to the cell envelope and enhanced cell lysis, as well as DNA

photo—damage.84

The field of antimicrobial photodynamic therapy is rapidly expanding and benefiting
from new technology and research. More effective photosensitisers are being
developed, and unusual materials such as fullerenes are now being considered.”
Research is being conducted on the targeting of photosensitisers which exhibit higher

selectivity of microbial cells, reducing the collateral damage.91

Current applications of antimicrobial photodynamic therapy include the treatment of
periodontal diseases.””  Periodontal diseases are characterised by the severe
inflammation of the gums and are a result of chronic infections caused by a mixture of
Gram-positive and Gram-negative biofilm infections. These infections can eventually
lead to tooth loss. Current treatment involves the removal of the biofilm mechanically,
often in laborious and unpleasant procedures. Wilson et al.”® have made pioneering
advances in the treatment of periodontal disease using PDT. In vitro studies have
shown that several pathogens were successfully eradicated by photodynamic therapy,
both in aqueous suspensions and in biofilms. In vivo studies have displayed toluidine
blue photosensitiser mediated photodynamic therapy, selective killing of P. gingivalis
in the oral cavity with significant decrease in the level of bone loss in rats affected by
periodontitis.92 Early commercial application of their work is currently being tested out
in Canada. Treatment method entails the deposition of photosensitiser in the
appropriate place and irradiation by laser delivered by a fibre optic dentist tool. The
treatment is over in a few minutes and has considerable advantages over treatment with
antibiotics and antiseptics, which have problems associated with selectivity and

resistance.

Antibacterial photodynamic therapy has been used in the treatment of Acne Vulgaris.
The condition is caused by the proliferation of bacteria such as P. acnes and P.

granulosum. These bacteria are known to produce large amounts of porphyrins, and
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can be inactivated when irradiated with high intensity light. It has been shown that
efficient inactivation can be achieved with blue light irradiation, and that blue light

. . . . . 94
therapy results in a significant decrease in the progression of acne lesions.

Wounds can often be infected by bacteria, and such contamination normally leads to
extended healing times and prolonged hospitalisation. Usually the bacterial infection in
wounds is treated with antibiotics, and would therefore be subject to resistance and
selectivity. In such cases photodynamic therapy would be an ideal treatment with its
broad spectrum of action against bacterial infection by the appropriate choice of
photosensitiser. Hamblin ef al. have performed clinical experiment and have shown

eradication of S. aureus in burn wound infections.”

Oral Candidiasis (oral thrush) is caused by a fungal infection, which is also susceptible
to photodynamic inactivation. Topical application of methylene blue on the tongues of
rats has shown the complete eradication of these microbes when irradiated by red light.
Applying photosensitiser directly on infected areas minimises collateral damage.96
This is particularly beneficial for patients with deficient immune responses such as HIV

sufferers as less burden is placed on the immune system.

The expansion of applications of antimicrobial photodynamic therapy is a relatively
recent development considering photodynamic therapy has been used to treat cancer
since 1900. There are two main factors which have contributed to this. The first of
these factors are that some prolific pathogens, especially specific kinds of gram
negative bacteria and protozoa are poorly responsive to traditional photosensitisers
such as acridine which have been used to treat carcinomas.’* However, new research
has developed photosensitisers which are specific in the killing of such microbes.”"’
The second factor has been the development of antibiotics. The discovery of effective
antibiotics gave the impression that microbe infection would be gradually reduced to a
level which would not harm human health. The widespread use and the rapid
emergence of microbes resistant to antibiotics have raised the interest in light activated
antimicrobial therapy. Antibiotic abuse, with excessive prescription, inclusion in feed

for live stock, frequent transmission of microbes by global travelling, poverty leading

to depressed immune systems and microbes having their own internal mechanisms for
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development have all contributed to bacterial antibiotic resistance. Photodynamic
therapy is becoming an increasingly important tool to help combat these problems and

provide an alternative treatment method.”

There are many advantages that light activated antimicrobial therapy can provide. One
photosensitiser can have a broad spectrum of action and can act on multiple bacteria
strains.**  The efficacy of the photosensitiser is independent of antibiotic resistance
developed by any particular microbial strain and the probability of the onset of

mutagenicity, and resistance is low.”®

Photosensitisers can be topically applied which
can lead to extensive reduction in pathogen population with limited damage to the host
tissue, and this has been improved upon by targeting with biological recognition

peptides which increases specificity.*****

1.11 Thesis Structure

This thesis reports on coupling LAA agents with gold nanoparticles to provide new
nano bio-materials that displayed enhanced antimicrobial properties. The gold
nanoparticle forms the central core of the nano-biomaterial. Organic molecules can be
adsorbed onto the surface or they can be chemically attached. In this thesis both
approaches have been investigated. Charge stabilised gold nanoparticles have been
investigated with a wide variety of photosensitisers.  The charge stabilised
nanoparticles were synthesised by a modified Turkevich synthesis and it was found that
association of some photosensitisers to gold nanoparticles enhanced the lethal
photosensitisation of bacteria. Additionally alkane thiol protected nanoparticles have
been synthesised, where light activated antimicrobial agents have been chemically

attached to the monolayer (Figure 1-11).

The monolayer protected nanoparticles that were synthesised in this project had some
strict regulations which needed to be adhered to. The central material needed to be
gold based on some evidence which suggested that gold enhanced the antibacterial
effect of photodynamic therapy agents.99 The monolayer performed two functions;

providing stability against aggregation in solvents and air and allowing solubility in
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aqueous media by having polar groups in the alkane chain. All microbiology
experiments were carried out in aqueous media as potential final applications in

biological systems would also require aqueous solubility.

Protecting thiol monolayer

Aqueous media

Photodynamic therapy agent

Gold nanoparticle core

Figure 1-11 Schematic representation of ligand stabilised gold nanoparticles synthesised, with

attached photodynamic therapy agent

The next two chapters describe the synthesis and antibacterial properties of two novel
light activated antimicrobials with motifs gold-thiol-photosensitiser. The first of these
are gold nanoparticles with a tiopronin monolayer that has the photosensitiser toluidine
blue attached (gold-tiopronin-toluidine blue), and the second are gold nanoparticles
with a gluthathione monolayer that has the photosensitiser tin chlorin e6 attached (gold-

glutathione-tin chlorin €6).
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Chapter 2 Toluidine blue-Tiopronin—-Gold Nanoparticles

This chapter describes the functionalisation of tiopronin monolayer coated

" The tiopronin coated

nanoparticles in aqueous media with toluidine blue."”
nanoparticles were prepared in organic media, isolated and purified. The terminal
carboxylic acid group on the tiopronin was utilised as a handle to tether a toluidine
blue molecule via a condensation reaction forming an amide bond in aqueous media.
This is the first application of a covalently linked photodynamic therapy agent to a gold
nanoparticle, to function as a light activated antimicrobial (LAAA).***'0M102
Unexpectedly, the gold—tiopronin—toluidine blue conjugate displayed, significantly
enhanced antimicrobial activity, the minimum bacterial concentration (MBC) being at

least 4 fold lower than that of free TBO.

2.1 Introduction

Gold nanoparticles have well characterised physical properties, which have
subsequently been exploited, such as coatings on glass to produce a desired hue.'” An
unusual property of gold nanoparticles is that they can act as an anchor for light
activated antimicrobial agents (LAAA), which consequently increases its potency. This
increase in potency is a result of the close proximity between the gold nanoparticle and

LAAA molecule.

Organothiolate monolayer protected nanoparticles have attracted a lot of interest
recently because there is greater synthetic control over particle size, dispersity, and
surface functionality. Concequently, size dependant optical, catalytic and capacitance
properties are easily tuned. Additionally, the stability of the thioalkane protected
nanoparticles to air, allows long term storage and their solubility in solvents with

temperature and concentration extremes increases.

A typical thiol, HS(CH,),X, where n denotes chain length and X denotes a functional

group allows the versatility needed for bio-application of organothiolate protected gold
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nanoparticles. Chain length and chemical identity of the terminal functional group can
be modified by changing n and X respectively. This can be achieved by appropriate
choice of thiol, ligand exchange and chemical modification by reaction with an

appropriate terminal group on the thiol.

There are many attributes of organothiolate protected nanoparticles. They are relatively
simple to prepare, handle and functionalise, just like stable organic and molecular
species.”’  Additionally, depending on and the nature of HS(CH,),X, the capped
nanoparticles can be isolated and re-suspended in a variety of polar and non polar
solvents. These properties of organothiolate protected gold nanoparticles make them
attractive moieties in biological chemistry. Applications include; biosensors for binding
reactions with cluster functionalised 1recept0rs,104 and biolistics'® where DNA is
attached to the organothiolate protected gold nanoparticles and accelerated through

plant cells leaving the DNA behind in the cell.

Nanoparticles for use in biological systems need to adhere to some requirements which
result from the physiological environment they would be used in. The surface layer of
these nanoparticles can be modified for increased aqueous stability, biocompatibility,

and biorecognition.

The standard synthetic method for the production of organothiolate protected gold
nanoparticles involves extraction of tetrachloroaurate (III), [AuCly], from aqueous
media to organic media followed by the addition of a thiol, HS(CH,),X. This
mechanism is thought to follow a saturation — nucleation — growth process.31 The first
step produces gold (I) thiolate polymer or oligomer (-AuS(CH,),X-)n through sacrificial
reduction of the thiol. This polymer is then reduced by the addition of aqueous NaBH.,
yielding gold nanoparticles coated in 01rganothiolates.107 Factors which affect the size
of the gold nanoparticles obtained include the HS(CH;),X: [AuCly4] ratio, temperature

8

and rate of reductant addition.'” In general smaller particles are favoured by low

temperatures, increased rates of reductant addition and high thiol:gold ratios.”!
Templeton et al.'® developed a single phase synthesis to produce tiopronin coated

nanoparticles which were soluble in water.
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Tiopronin can be used as a drug preventing kidney stone formation in patients. It is a
chelating agent and removes the surplus cystine from the urine.'"’ It is also used in the
treatment of Wilson’s disease, which is a result of an overload of copper in the body.'"'
Tiopronin has also displayed therapeutic effects in the treatment of certain types of

arthritis, though it is not an anti-inflammatory.'"?

For the purposes of this study, tiopronin has been used to coat gold nanoparticles. One
of the main advantages of using tiopronin is that tiopronin facilitates the solubility of
the nanoparticles in water. The solubility arises from the introduction of polar groups
between the thiol group and the terminal carboxylic acid (Figure 2-1). Another

advantage of these particles is that they can be isolated and re-suspended repeatedly.

ZT

HS OH
Figure 2-1 The structure of tiopronin

Tiopronin (N-(2-mercaptopropionyl)glycine) (Figure 2-1) monolayer protected gold
nanoparticles are air stable over many months and can be re-suspended in aqueous
media. Crucially, tiopronin has a free terminal -CO,H group which provides a tether
for further manipulation. One such manipulation has been attaching a chromophore to a

tether.'"?

The optoelectronic properties of the gold nanoparticle can be tailored by
organising chromophores of specific properties and function onto the surface of the
gold, and can yield photoresponsive organic—inorganic nanohybrid materials. This
nanoparticle—thiol-chromophore moiety of a packed organic photoresponsive shell
encapsulating a metal nanoparticle core offers exciting opportunities for the design of

novel photon based devices with applications in sensing, switching and drug delivery

along with photodynamic therapy.

Toluidine blue is a basic dye, which is used as an antimicrobial agent and nuclear

stain.""* Tt metachromatically stains certain structures such as granules in mast cells and
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RNA in electrophoresis. It also antagonises the anticoagulant action of heparin.114

Light activated antimicrobials such as toluidine blue (TBO) have the ability to kill a
wide range of bacteria including methicillin-resistant Staphylococcus aureus (MRSA).”
These light activated antimicrobial agents operate by producing free radicals and
reactive oxygen species when irradiated by white light or a laser of the appropriate
wavelength. Toluidine blue is membrane active as it increases permeability, resulting in

nucleic acid photo damage.115

Unlike antibiotics which usually have a single target to
operate, LAAA are indiscriminate in their mode of action, and have many targets. This
minimises the development of resistance to LAAA therapy. Additionally it has been
shown that increasing the proximity of the surface of gold nanoparticles to the

photodynamic therapy agent results in increased cell death.”

The rest of this chapter describes the synthesis of tiopronin-gold nanoparticles, and the
further functionalisation of these particles to form TBO-tiopronin-gold nanoparticles.
These particles were characterised and their efficacy tested as light activated

antimicrobials.

2.2 Experimental

Chemicals: HAuCl;-:3H,O (99.99%), N-(2-mercaptopropionyl)glycine (tiopronin,
99%) and sodium borohydride (99%) were purchased from Aldrich. TBO (90%) was
purchased from Acros Organics. Buffers were prepared according to standard

laboratory procedure. All other chemicals were reagent grade and used as received.

Synthesis of tiopronin-gold nanoparticles: Tiopronin—gold nanoparticles were
prepared by modification of previously reported methodology.109 Tetrachloroauric acid
(0.62 g, 1.57 mmol) and of N-(2-mercaptopropionyl)glycine (tiopronin, 0.77 g, 4.72
mmol) were dissolved in of ethanol (60 mL) with acetic acid (10 mL). This resulted in
a ruby red solution. NaBH, (1.21 g, 32 mmol) in distilled water (30 ml) was added
dropwise with rapid stirring. The temperature of the solution immediately increased
from (room temperature) to 44 °C and turned black. The solution returned to room

temperature after approximately 15 min. The pH of the solution increased from 1.2 to
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5.1. After cooling to room temperature the black suspension was stirred for an

additional 30 minutes, and the solvent then removed under vacuum at < 40 °C.

The reaction crude was completely insoluble in methanol but relatively soluble in water.
It was purified by dialysis. The crude product was dissolved in 80 ml of water and the
pH was adjusted to 1 by addition of concentrated HCI. This solution was loaded into a
20 cm segment of cellulose ester dialysis membrane (Spectra/Por CE, molecular weight
cut-off (MWCO) = 12000), and placed in a 4 L beaker distilled water. This was stirred
slowly, recharging with fresh water every 12 h over the course of 72 h. The dark
tiopronin—gold nanoparticles solution was collected from the dialysis tube, and the
solvent was removed by freeze-drying.  Elemental analysis of the dialysed
tiopronin-gold nanoparticles gave the following. Anal. found: C, 10.70; H, 1.65; N,
2.55; S, 5.73. Calcd. for Csp5Heg00255NgsSgsAugg: C, 9.56; H, 1.28; N, 2.23; O, 7.65; S,
5.11; Au, 74.17%.

Preparation of TBO-tiopronin—gold nanoparticles: In a typical reaction, tiopronin—
gold nanoparticles (MW = 53376.38 g mol ™, 100 mg, 1.87 mmol) were dissolved in 30
mL of 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.5) and the
solution then made up to 0.1 M in 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
hydrochloride (EDC) and 5.31 mM in N-hydroxysulfosuccinimide sodium salt. TBO
(61 mg, 0.2 mmol) was added, and the solution was stirred for 24 h. Then, the reaction
mixture was dialyzed as described above for 144 h. The dark purple TBO-tiopronin—
gold nanoparticle solution was collected from the dialysis tube, and the solvent was
removed by freeze-drying. Elemental Analysis found: C, 14.45; H, 1.91; Cl, 0.86; N,
3.35; S, 5.58. Calcd for Cgs6Hsgos.6Cli540239.6N1312S1004AU201: C, 13.63; H, 1.56; CI,
0.94; N, 3.18; O, 6.63; S, 5.57; Au, 68.49%. The number of molecules of TBO coupled
to each nanoparticle was 15.4. This value was verified by elemental analysis and TGA.
The gold nanoparticles were water-soluble. This is accounted for on the basis of the

high cationic character of the TBO group.

Thermogravimetric analysis (TGA): Thermogravimetric analysis (TGA) was
performed on the NETZSCH STA 449C TGA, equipment. Dry, purified sample (ca. 7

mg ) was placed in an alumina crucible under a nitrogen flow, with a flow rate of 50 ml
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min~'. The data was recorded from 25 to 1000 °C at a heating rate of 10 °C min~". X-
Ray diffraction (experiments were measured with a Bruker discover diffractometer
using Cu Ko radiation), was used to analyse the residue left in the pan from the TGA

experiment.

UV-visible absorption spectra: Spectra were taken between 200-1100 nm, 1 nm
resolution of aqueous ca. 3.5 mg per 50 ml solutions in 1 cm quartz cells were recorded

with a ThermoSpectronic, Helios-A UV-visible absorption spectrometer.

Infra-Red spectra: Data were collected for solid tiopronin and TBO-tiopronin—gold
nanoparticle samples pressed into a KBr plate. These were recorded from 3800 to 500

cm™' with a Shimadzu 8700 FT-IR spectrometer.

High resolution transmission electron microscopy (HRTEM): Samples were
prepared by evaporating the required specimen on a carbon coated copper grid. Bright
field TEM images were acquired using with an electron microscope operated at 100 kV
(Joel 100CX). Typical magnification of the images was 100 000. Analysis of the

images was performed using the software program Image J Mo

Bactericidal assays: The bacterial assays were carried out at the Eastman Dental
Centre by Miss Sarah Tubby. An overnight culture of Staphylococcus aureus NCTC
6571 (1 mL, grown aerobically at 37 °C, with shaking, in Nutrient Broth) was
centrifuged and the pellet re-suspended in 1 mL phosphate buffered saline (PBS). The
optical density at 600 nm was adjusted to 0.05 in PBS, in order to give an inoculum of
approximately 10"-10® colony-forming units (cfu) mL™".  The TBO-tiopronin—gold
nanoparticle conjugate was suspended in PBS at a concentration of 4.6 mg mL™" (final
TBO content approximately 1 mM). The conjugate solution was then diluted in PBS to
give final concentrations of 2 uM, 1.0 uM, 0.5 uM and 0.25 uM respectively.

In a 96-well micro-titre plate, 50 uL aliquots of the conjugate were added to 50 uL of
the bacterial suspension and a 4 mm diameter magnetic stirrer bar was added to each
well. The plate was placed on a magnetic stirrer and triplicate wells were then exposed

to either white light or laser light (see below) for various periods of time during which
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the contents of the wells were stirred to ensure irradiation of all bacteria in each well.
Three control wells were not exposed to light to determine the effect on bacterial
viability of the conjugate alone. Six additional wells containing the bacterial suspension
plus PBS instead of conjugate solution were prepared, three of these were exposed to
light to determine the effect of light alone on bacterial viability, while the remaining
three were kept in the dark as an overall control and to determine the initial
concentration of bacteria in the suspensions. After irradiation or incubation in the dark,
samples were serially diluted 1 in 10 to a dilution factor of 10~ and spread in duplicate
onto 5% horse blood agar plates. The plates were then incubated aerobically at 37 °C
for approximately 48 hours. After incubation, the number of bacteria surviving each

treatment was determined and the concentration of survivors expressed as cfu mL™",

The white light source used in the study was a General Electric 28 W Biax 2D compact
fluorescent lamp that emits light across the visible spectrum. Prominent peaks were
present at 435, 495, 545, 588 and 610 nm. The light intensity at the surface of the
microtitre plates was measured using a digital luxmeter (Hagner Photometric
Instruments Ltd., Bosham, United Kingdom) and was found to be 3600 + 20 lux . The
exposure time was varied in different experiments. The laser used was a 35 mW helium
neon (HeNe) gas laser (Model 05-LHP-928, Melles Griot, Carlsbad, CA, USA). This
delivers light with a wavelength of 632.8 nm in a collimated beam with a diameter of
2.5 mm. A convex lens was used to increase the beam diameter to 6.6 mm so that it
matched that of a well of the microtitre plate. A one minute exposure time delivered an

energy dose of 2.1 J at an energy density of 6.14 J cm™.

Experiments were also carried out to determine the effect of a TBO-free gold—tiopronin
conjugate on the viability of S. aureus in the presence and absence of TBO. Using a
similar experimental protocol to that described above, various concentrations of the
gold—tiopronin conjugate were exposed to white light (35 minutes) or 633 nm laser light
(1, 2 or 5 minutes) in the absence or presence of TBO. The survivors were enumerated
by viable counting as described above. All of the experiments described above were

carried out on two separate occasions using different overnight cultures of S. aureus.
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2.3 Results

The tiopronin-gold nanoparticles were synthesised by a previously reported

reaction.' %17

Hydrogen tetrachloroaurate was dissolved in acidified methanol and
reduced by an aqueous solution of sodium borohydride, at room temperature (Figure

2-2).

HAuCl,.3H,0 1. Methanol : Acetic acid, 6:1
(1 equiv) _
+ 2. NaBH, / H,0O
0]
H\)J\
N
HS OH
o
Tiopronin
(3 equiv) 0
g\)J\
R= OH
o
Water soluble tiopronin-gold
nanoparticles
H ? Carbocylic acid activation
R" = N \) MES, EDC, HCI, Sulfo-NHS / water
o
| Cl 4

<
-

S—R"-TBO
S Toluidine blue- (TBO)
SR amide forming coupling reaction
(¢
g\)J\
Gold-tiopronin-TBO nanoparticles R'= O-activated
0O

Figure 2-2 Synthesis of gold-tiopronin-toluidine blue nanoparticles in a two stage synthesis. The first
stage is the synthesis of gold-tiopronin nanoparticles from auric acid and tiopronin in acidified

methanol. The second stage is the attachment of toluidine blue to the gold-tiopronin nanoparticles.
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The tetrachloroaurate (III), [AuCly]” ions were soluble in acidified methanol and
therefore did not require extraction from aqueous to organic media by a phase transfer
agent. The acidity is essential for the reaction to yield stable monodisperse
nanoparticles. This suggests that the emerging nanoparticles coated in tiopronin are
unstable when the tiopronin is de-protonated in methanol. The gold—tiopronin
nanoparticles formed are insoluble in methanol, but soluble in water. Once isolated and
purified they have the consistency of a finely divided black powder which can be re-
dissolved in water and stored indefinitely in air. The first step in the reaction also
yielded undesired, water soluble by-products (NaCl, disulfide, NaOAc, HOAC), which
were removed by dialysis, along with un-reacted starting reagents. Dialysis has proven

to be an excellent method of removing by-products and un-reacted reagents.

The next step in the reaction involves the coupling of a toluidine blue molecule to the
carboxylic acid end of the tiopronin, by forming an amide linkage via a condensation
reaction. This process was done in the presence of the sodium salt of N-hydroxy
sulfossuccinimide (sulfo-NHS) and 1-[3-(dimethyl amino)propyl]-3-ethyl-carbodiimide
hydrochloride (EDC). Sulfo-NHS was used to convert the carboxylic acid group on the
tiopronin to an amine reactive sulfo-NHS ester. This process is catalysed by EDC
which behaves as a dehydrating carbodiimide. EDC is not an effective dehydrating and
crosslinking molecule by itself, because failure to react quickly with the amine will

result in the hydrolysis and regeneration of the carboxylic acid (Figure 2-3).

EDC reacted with the carboxylic acid group of the tiopronin, forming an amine reactive
O-acylisourea intermediate. This intermediate may react with the amine on toluidine
blue yielding a conjugate of the two molecules joined by a stable amide bond.
However, this conjugate is also susceptible to hydrolysis making it unstable and short
lived in aqueous solutions. The addition of sulfo-NHS stabilises the amine reactive
intermediate by converting it to an amine reactive sulfo-NHS-ester. This increases the
efficiency of EDC mediated coupling reactions. The amine reactive sulfo-NHS ester

intermediate has sufficient stability to permit a two step crosslinking reaction.'%''®
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Figure 2-3 Routes possible when coupling TBO to tiopronin—gold nanoparticles

The coupling reaction between tiopronin and toluidine blue required a ratio of 1.1 : 1
(mole ratio of amines on TBO to tiopronin—gold nanoparticle carboxylic acid groups)
and produced clusters that contained on average 11 TBO sites per gold nanoparticle.
Varying this procedure by modifying the TBO concentration so that the ratio between
TBO and tiopronin gold nanoparticles was 1.5 : 1, conjugates with an average of 15.4
TBO molecules per gold nanoparticle were synthesised. TBO-tiopronin—gold
nanoparticles with an average of 15.4 TBO per nanoparticle were insoluble in water, but

soluble in phosphate buffer (pH = 7.01), whereas the particles with 11 TBO sites per
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gold nanoparticle were water-soluble. This is accounted for on the basis of the high

cationic character of the TBO group.

The TBO-tiopronin—gold nanoparticle conjugate produces an intense black colour when
isolated as a solid. However a blue-violet colour was observed when crushed with KBr
for the IR experiments. The conjugated TBO-tiopronin—gold nanoparticles are air stable
as a solid. They can be easily re-suspended and showed the same characteristics and
functional properties after 9 months. In solution, the conjugated nanoparticles were

stable for at least six months in water or PBS solution.

In general the UV-visible absorption spectra of gold nanoparticles are dependant on the
particle size. Particles less than 2-3 nm in diameter do not exhibit surface plasmon
resonance absorption. The UV-visible absorption spectrum of the tiopronin—gold
nanoparticles was also dependent on the core size (Figure 2-4). The UV absorbance
profile of the nanoparticles decayed almost exponentially into the visible. There was no
detectable surface plasmon band in the visible region which indicates that the diameter
of the gold nanoparticles was less than ca. 3 nm across. There were no identifiable

features in the UV-visible absorbance profile of the tiopronin—gold nanoparticles.
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Figure 2-4 UV-visible spectra (in phosphate buffer, pH 7.01) of: (Blue) tiopronin—gold nanoparticles,
1.9 uM; (Green) TBO-tiopronin—gold nanoparticles, 1.2 uM; (Pink) TBO, 20 uM
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The absorbance profile of free toluidine blue and tiopronin-gold bound toluidine blue
are very similar (Figure 2-4). Both exhibit a maximum absorbance at 633 nm. A band
at 245 nm is significantly weaker in the bound toluidine blue spectrum. This may be
due to that particular wavelength of lights absorption being reduced by being bound.
Additionally the molar extinction coefficient in phosphate buffer for TBO-tiopronin—
gold nanoparticles is significantly higher (¢ = 5.2x10° I mol™" cm™; / = 633 nm) than of

the corresponding one for TBO (e = 2.8x10* I mol™ cm™; 1 = 633 nm).

The thermal decomposition of tiopronin—gold nanoparticles occurred in two steps; a
well-defined step that began at approximately 90 °C and was completed by 450 °C, and
a second step from 600 °C to 1000 °C (Figure 2-5). The percentage weight losses for
the organic fragments were 23.49% for tiopronin—gold nanoparticles. These values
combined with the C, H, N, S and Cl microanalytical results for the clusters give
molecular formulae of C4p5Hgg00255Ng5SssAuyg; for the tiopronin—gold nanoparticles.
These formulae indicate that each gold nanoparticle has coordinated on average 85

tiopronin molecules.
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Figure 2-5 Thermal Gravimetric Analysis (TGA) of tiopronin—gold nanoparticles synthesised by

reaction of auric acid and tiopronin in acidified methanol.
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Thermal gravimetric analysis of the TBO-tiopronin—gold nanoparticles occurred in two
steps; a well-defined step that began at ~200 °C and was completed by 450 °C, and a
second step from 600 °C to 1000 °C (Figure 2-6). The percentage weight losses for the
organic fragments were 24.21% for the TBO-tiopronin—gold nanoparticles. These
values combined with the C, H, N, S and Cl microanalytical results for the clusters give
molecular formulae CgssHgos6Cli54023906N1312S1004AU20; for the TBO-tiopronin—gold
nanoparticles (15.4 TBO per cluster unit). On reaction with TBO either 15.4 or 11 TBO
molecules (depending on the two concentrations of the TBO used) are covalently

bonded to the tiopronin and hence directly connected to the gold nanoparticle.
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Figure 2-6 Thermal Gravimetric Analysis (TGA) of toluidine blue—tiopronin—gold nanoparticles,

synthesised by the coupling of toluidine blue to tiopronin-gold nanoparticles.

The residue from the TGA experiments was shown by X-ray powder diffraction to be
highly crystalline gold metal (Figure 2-7). In both TBO-tiopronin—gold and tiopronin—
gold nanoparticles, this residue was found to be elemental gold, which is consistent with

previous TGA work on alkanethiolate—gold nanoparticles.119
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Figure 2-7 XRD of the residue left in the pan after TGA confirms presence of elemental gold. The

pattern is indexed and shows the expected stick pattern (red) for gold metal.

High-resolution transmission electron microscopy of the TBO-tiopronin-gold
nanoparticles showed particles that are spherical in shape and of uniform size with

average core dimensions of 1.8-2.0 nm (Figure 2-8).

Figure 2-8 High Resolution Transmission Electron Microscopy (HRTEM) image of TBO-

tiopronin-gold nanoparticles
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The HRTEM image illustrates the highly crystalline nature of the gold core.
Additionally, the distance between the lattice fringes was measured to be 2.42 A from
the HRTEM image. The interplanar distances measured on the HRTEM images are in
good agreement with that of bulk gold (111) plane, which is 2.355 A. Furthermore,
each nanoparticle has a single gold domain. The gold particles are seen to be separated
on the TEM and this is further evidence of the presence of coordinating tiopronin and

TBO-tiopronin groups.

3500 3000 2500 2000 1500 1000 500
cm -1

Figure 2-9 Transmission Infra-red spectra of: (Blue) tiopronin, (Red) tiopronin—gold nanoparticles,
(Green) TBO and (Purple) TBO-tiopronin—gold nanoparticles. All spectra were acquired in the form

of KBr plates, and intensities of the bands are uncorrected for sample quantity.
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Infra-red spectroscopy of the gold—tiopronin nanoparticle showed that the bands for the
tiopronin group are readily seen (Figure 2-9). The S—H vibration band of free tiopronin
is observed at 2565 cm™. This band is absent in the infra red spectrum of gold—
tiopronin and gold-tiopronin—toluidine blue nanoparticles indicating that the sulphur
has been de-protonated and coordinated to the gold nanoparticle surface. The N-H
vibration has moved to a slightly lower frequency indicating a change in hydrogen

bonding.

The bands due to the aromatic rings at ~1600 cm™ from the TBO monomer, is present
on the TBO-tiopronin—gold nanoparticles infra-red spectra. Additionally the N-H
stretching band of the TBO monomer attributed to the primary amine at ~3440 cm™ is
absent from the TBO-tiopronin—gold nanoparticles IR spectrum. This is evidence for
the conversion of the primary amine to amide. Analysis of the IR spectra provides
some evidence for interparticle hydrogen bonding for both the gold—tiopronin and gold—

tiopronin—TBO nanoparticles.

The characterisation data confirm the successful formation of both gold-tiopronin and
covalently linked gold-tiopronin-TBO nanoparticles. Taking into account all the
characterisation data, a calculated number of TBO molecules per gold nanoparticle was
obtained. This has been crucial in the microbiology because a direct comparison of the
antimicrobial properties of the gold—tiopronin—TBO nanoparticles with free TBO could

be made.

The antimicrobial activity of the TBO-tiopronin—gold conjugate when exposed to white
light or to 632.8 nm light from a HeNe laser was assessed using S. aureus in aqueous
suspension. An extensive series of controls was used to determine the antimicrobial

activity of TBO, TBO-tiopronin-gold and tiopronin-gold nanoparticles.

To ensure that the bacterial suspension of S. aureus NCTC 6571 did not have any
endogenous photosensitisers activated by either 632.8 nm laser light or white light, 50
ul of the bacterial suspension was added to 50 ul of PBS, and irradiated with 632.8 nm

laser light for one minute or with white light for 30 minutes (Figure 2-10 & Figure
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2-11). In neither case was the viability of the S. aureus suspension affected and it was
ascertained that the organism could not be killed at these light energy doses in the
absence of an exogenous photosensitiser. In order to have successfully synthesised a
light activated antimicrobial, controls on the tiopronin—gold and TBO-tiopronin—gold

nanoparticles in the dark were also performed.

In the absence of white light, the TBO-tiopronin—gold nanoparticles exhibited no
antibacterial activity at any of the concentrations tested. However, the viable count of S.
aureus on irradiation with white light for 30 min reduced depending on the
concentration. The highest kill of approximately 5.5 log;y was observed at a
concentration of 2.0 uM. Substantial kills were also observed at concentrations as low
as 0.5 uM. The TBO-tiopronin—-gold nanoparticles killed more effectively at a
concentration of 1.0 uM than free TBO, which only had significant kills at double the
concentration of 2.0 uM (Figure 2-10).
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Figure 2-10 Effect of TBO (Blue) and the TBO-tiopronin—gold nanoparticle conjugate (Pink) on
viability of S. aureus 6571 following exposure to white light for 30 minutes, or incubation in the dark
with TBO (Green) or the TBO-tiopronin—gold nanoparticle conjugate (Red). The white bar denotes the
viable count of the original bacterial suspension, and the purple bar represents the viable count of the

bacterial suspension after exposure to white light.
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Additionally it was observed that the kills achieved by the TBO-tiopronin—gold
nanoparticles were light dose dependent. As exposure time was increased from 15 to 45

minutes, lethal photosensitisation of the bacteria was more effective (Figure 2-11).

To ensure that the action of light on the toluidine blue was the mechanism of killing the
bacteria, experiments were carried out using either (TBO free) tiopronin—gold
nanoparticles (Figure 2-12) or a mixture of tiopronin—gold nanoparticles with un-
conjugated TBO (Figure 2-13). Positively, no significant reduction of S. aureus at any
of the concentrations tested (0.4—40.5 uM), were observed on exposure to white light
for the tiopronin—gold nanoparticles. Additionally mixtures of various ratios of the
tiopronin—gold nanoparticles and a sub-optimal concentration of TBO did not result in

killing of the S. aureus on irradiation with white light.

1.00E+08

1.00E+07 4

1.00E+06 -

1.00E+05 -
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1.00E+02

100E101

1.00E+00

Exposure lime (minutes)

Figure 2-11 Effect of white light dose on the killing of S. aureus by the gold-tiopronin-TBO

conjugate (concentration =4 uM). The exposure time was varied from 15 to 45 minutes.
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Figure 2-12 Effect of various concentrations of the gold—-tiopronin conjugate on the viability of S.

aureus following exposure to white light for 35 minutes. The white bar represents the viable count of

the original bacterial suspension.
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Figure 2-13 Effect of mixtures of ratios of the gold—tiopronin conjugate and TBO (TBO concentration
=1 uM) (Blue) and TBO alone (Purple) on the viability of S. aureus following irradiation with white

light for 35 minutes. The white bar represents the viable count of the original bacterial suspension
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These results provide strong evidence that TBO—tiopronin—gold nanoparticles enhance
antimicrobial response using both a laser and a white light source. The most striking
result in the kills was observed at 1 pM concentration whilst using white light for 30
minutes. The conjugate showed a reduction in cfu of 4.5 logjo that is a 99.995% kill
compared with a 0.5 log; or 50% kill for TBO of the same concentration. Regardless of
the light source used, the kills achieved by the TBO-tiopronin—gold conjugate were two
logip units greater than those found using TBO when each LAAA was used at a

concentration of 2.0 uM, the lowest concentration at which TBO displayed any activity.

2.4 Discussion

Gold—tiopronin nanoparticles were synthesised in methanol purified and isolated as a
solid. This solid was then further utilised in the second step of the reaction. Gold—
tiopronin—TBO nanoparticles were successfully achieved in aqueous solution, purified
and isolated as a blue black solid, by attachment of the TBO molecules to gold—
tiopronin nanoparticles. The number of TBO molecules groups attached to the gold—
tiopronin nanoparticles, could be controlled by the concentration of TBO used. Some
control was achieved in the number of TBO groups attached to the gold—tiopronin
nanoparticles. In this study 11 and 15.4 toluidine blue molecules per gold nanoparticle
were synthesised by using tiopronin-gold : TBO ratios of 1 : 1.1 and 1 : 1.5. The
molecular formula of the nanoparticles was obtained from the characterisation data.
The TGA and elemental analysis data were in excellent agreement with each other.
However these molecular formulae should be used as a weighted average as the TEM
size analysis indicated that the gold cores of the nanoparticles were not monodispersed.
Although, ca. 90% of the gold cores had diameters in the region of 1.8-2 nm,
(determined by TEM image analysis) which results in the molecular formula being

fairly accurate.

The plasmon resonance band in the UV-visible spectrum, which is usually an excellent
indicator for the presence of gold nanoparticles, was not observed for the gold—tiopronin

nanoparticles—"TBO and gold-tiopronin nanoparticles. This is because there were no
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gold cores larger than 4 nm, providing additional evidence that synthetic control over

particle size was achieved.

Nanoparticles often agglomerate and precipitate when in solution over periods of time.
This is thought to be due to the fact that Au(I) atoms with a d'° closed shell electronic
configuration tend to form aggregates through aurophillic interactions. This relatively
strong non covalent Au(I)-Au(l) interactions is attributed to hybridisation between
empty 6s/6p shells and filled 5d'® shells which are stabilised and destabilised,
respectively, due to the relativistic effect. Conversely the gold-tiopronin—-TBO
nanoparticles were stable indefinitely, when suspended in water and phosphate buffer
solution, and when kept as a solid in air. The TBO-tiopronin—gold nanoparticles are
unusual in having both ligand stabilisation of the gold core, via the tiopronin groups,
together with charge stabilisation, as the TBO is a cationic dye with one chloride
counter ion per molecule. Therefore the TBO-tiopronin—gold nanoparticles are both

ligand stabilised and charge stabilised.

This study has shown that covalently linked TBO-tiopronin—gold nanoparticles are very
effective LAAAs. They are more active than free TBO, when compared on molar basis.
Furthermore, the attachment of TBO molecules to tiopronin—gold nanoparticles is
essential for it to function as an antimicrobial. There was no observed enhanced killing
for the tiopronin—gold nanoparticles presence of free TBO. This is the first reported
instance of covalently linking a photodynamic therapy agent to a gold nanoparticle

enhancing the effectiveness of the LAAA.

There is a four fold reduction in inhibitory MBC of the TBO-tiopronin—gold
nanoparticles compared to free TBO. Part of the mechanism of this enhanced kill can
be explained by the increased extinction coefficient of the TBO-tiopronin—gold
nanoparticles (¢ = 520371 1 mol™! cm'l) compared to free TBO (e = 28225 1 mol™!
cm™"). Enhanced extinction coefficients for dyes absorbed on nanoparticulate surfaces

have been reported previously. Malicka et al."®

showed that indocyanine green had a
20-fold increase in extinction coefficient when directly bound to nanoscale metallic
islands of silver. This was explained in terms of the excited fluorophore interacting with

the freely mobile electrons on the metal resulting in increased rates of radiative decay.
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Additionally this conjugation procedure results in a directional binding of the dye to the

gold nanoparticle, providing a fixed distance for energy transfer.

A comparison of the antimicrobial effectiveness of the TBO—tiopronin—gold conjugate
with other photosensitisers is difficult, because of the different types of bacteria and
protocols adopted. However the MBC of LAAAs is typically in the range of 1-50 uM.
The most effective LAAA against S. aureus in terms of the MBC published was
5,10,15,20-tetra(N-benzyl-4-pyridyl)porphyrin tetrachloride (TNBPPT) which was
effective at 0.63 uM after 1 h of irradiation with a 500 W halogen—tungsten lamp.121
Notably, no kill was observed after 30 minutes of irradiation. This is unlike these
experiments with the TBO—tiopronin—gold nanoparticles MBC was 0.5 uM using 30
minutes of irradiation with a much less powerful lamp (28 W). The energy density
necessary to achieve significant kills in the above experiments (6 J cm™ with the HeNe
laser) was considerably lower than that required with TNBPPT (133 J cm'z). Therefore
the TBO-tiopronin—gold nanoparticle has the lowest MBC necessary to kill S. aureus of
any LAAA and, taking into account light intensity, it is significantly more effective than

TNBPPT.

Close vicinity of chromophores to the gold core alters the excited deactivation pathways

122 .
[."°° observed a distance

of the surface bound molecules. For example, Dulkeith et a
dependant quenching of the excited states of chromophores on the metal surface. Other
studies have shown significant suppression in the quenching of the singlet excited of

> There are four

chromophores when they are densely packed onto a gold surface.'?
possible deactivation pathways of the excited chromophore bound to the gold
nanoparticle:

1. Intermolecular interactions

2. Energy transfer
3. Electron transfer
4

. Emission from the chromophore

It is possible, by binding a TBO molecule, in manner which results in its close
proximity to the gold core surface, there in an enhanced energy transfer. This would

give an increased yield in singlet oxygen when light of the appropriate wavelength is
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applied. The enhanced kill of bacteria which was observed could therefore be

explained.

It is thought that the sulphur atom in the aromatic system of the toluidine blue molecule
on the TBO-tiopronin—gold nanoparticle could chelate back, and attach itself onto the
gold nanoparticle surface. Although this is possible as the sulphur atom would be

expected to be exceptionally aurophilic, it was not possible to prove.

It is important that for clinical use, a light-activated, or indeed any, antimicrobial agent
is effective at low concentrations. TBO is a potent photodynamic therapy agent, which
is effective at killing a wide range of microbes at low light energy doses both in vitro
and in vivo. The TBO-tiopronin—gold nanoparticles increase this antimicrobial efficacy
by association to the gold surface. This was the first time that a moiety of
gold-thiol-photosensitiser had been applied to the lethal photosensitisation of bacteria.
An LAAA of such potency could be useful as a rapidly acting photosensitiser, in the
photodynamic therapy of a wide range of topical infections such as wound and burn

infections, caries and periodontitis.

2.5 Conclusion

A novel highly effective and potent light activated antimicrobial was synthesised. The
conjugation of toluidine blue to tiopronin—gold nanoparticles moiety has proved to be
exceptionally effective at killing Staphylococcus aureus. TBO-tiopronin—gold
nanoparticles killed bacteria using both a 632.8 nm laser light and white light. It was
found that these novel LAAAs killed significantly better than free TBO. For example at
1 uM concentration and using white light for 30 minutes, the conjugate showed a
reduction in cfu of 4.5 log;o compared with 0.5 log;, for TBO at the same concentration.
Regardless of whether white light or laser light was used, the MBC of the conjugate was
0.5 uM compared to 2 uM for TBO. The superior performance of the conjugate was
attributed to the enhanced extinction coefficient of TBO-tiopronin—gold nanoparticles, a

result of the association to the gold core surface, when compared to free TBO. In terms
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of their MBCs, the covalently linked TBO-tiopronin—gold nanoparticle conjugates are

the most potent light-activated antimicrobial agents reported to date.
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Chapter 3 Tin Chlorin e6-Glutathione-Gold Nanoparticles

This chapter describes the synthesis and antimicrobial activity of tin chlorin e6—
glutathione-gold (Au-GS-Snce6) nanoparticles. The gold glutathione protected gold
(Au-GS) nanoparticles were synthesised in a one step reaction in acidified methanol.
These nanoparticles were further functionalised by the attachment of a light activated
antimicrobial reagent (tin chlorin e6). These Au-GS-SnCe6 nanoparticles were tested
for anti-microbial activity by lethal photosensitisation of bacteria experiments, at the
Eastman Dental Institute. The introduction describes key components of this novel

moiety and its overall application in combating microbial infections.

3.1 Introduction

Glutathione (GSH) is a bulky tripeptide composed of cystine, glutamic acid, and glycine
(Figure 3-1). The active thiol group which binds to gold nanoparticles is located on the
cystine residue. Glutathione is a ubiquitous molecule that is synthesised in all organs of
the human body, particularly the liver. The intracellular concentration of glutathione
can be between 1 — 10 mM."** Free glutathione is present mainly in its reduced form,
which can be oxidised and reduced by the action of the enzyme glutathione reductase.'>
Glutathione is important in the function of the central nervous system and protects cell
membranes from oxidative damage.125 It has been shown that glutathione can serve as a

trigger for drug release from gold nanoparticle carriers.'*®

Glutathione is an attractive ligand for making water soluble gold nanoparticles. It has
favourable properties such as the presence of thiol, carboxylic acid, and amino groups,
which provide water solubility at relevant biological pH, biological compatibility, and
ease of functionalisation. In 1998 Whetten et al.'*"'** first synthesised glutathione
protected gold clusters by a sodium borohydride reduction of a mixture of
tetrachloroauric acid and glutathione in methanol-water at a ratio of 2:3. They obtained

129,130
L

gold clusters with the dominant core size of 0.9 nm. Tsukuda ef a made

significant progress using similar synthetic procedures to Whetten et al., by introducing

57



Chapter 3 Tin Chlorin e6—Glutathione—Gold Nanoparticles

extensive electrophoretic separation techniques and high resolution mass spectrometry
in the purification and characterisation of glutathione protected gold clusters. The study
by Tsukuda et al. revealed that by varying the reaction temperature, the size of the
clusters could be varied. Aujo, Aujs and Au;s were obtained as the major product by
increasing the temperature respectively. In both studies, the size of the clusters formed
was between 0.8 and 1.1 nm. Although the preparation of the glutathione protected
gold nanoparticles were well-established and their composition was extensively
characterized, the issues of further functionalisation of the nanoparticles to suit
particular applications, such as biomolecular labelling, were not addressed in these
studies. These issues are very important for the utility of the nanoparticles in
applications that require functionality and size control. Aziwa et al. 1 have shown that
glutathione forms a compact monolayer on polycrystalline gold surfaces retaining its

non-sulph-hydryl biological activity.

NH, SH

HO

Figure 3-1 Structure of Glutathione

In 1995 Brust et al.” reduced tetrachloroauric acid using sodium borohydride in the
presence of organothiols in a single phase reaction to obtain thiol protected gold
nanoparticles 5 nm in diameter. It is thought that the first step in the reaction, where the
pale yellow colour disappears and goes clear is the result of the formation of polymeric
structures with —Au—S(R)- repeating bonds units."**'** The thiolate polymer is formed
through sacrificial reduction of the thiol. Gold(I) has a d" closed shell electronic
configuration which tends to form aggregates thorough aurophillic interactions. The

relatively strong non covalent Au(I)-Au(l) interaction is attributed to the hybridisation
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between empty 6s/6p shells and filled 5d" shells which are stabilised and destabilised
respectively.129 The second step in the reaction is where the polymer is then reduced by
the addition of aqueous NaBH,, yielding gold nanoparticles coated in a thiol such as
glutathione. The net result is a quantitative conversion of the —Au—S(R)— polymer into
intensely coloured, highly water soluble Au:S(R) cluster compounds whose stability is
indicated by their resistance to excess strong reducing agents.127 Since the preparation
methods are based on nucleation of gold cores in the presence of thiols, the sizes of the
resulting cores are inevitably distributed, due to the statistical fluctuations in the

nucleation process.

The presence of carboxylic acid and amino groups on glutathione, when complexed
with Au(I) have the potential advantage of creating pH-sensitive compounds. This
compound can adopt different conformational states and sizes depending on the pH of

the solution.'”’

Hainfeld et al.'”controlled the final diameter of the gold core by
varying the size of the nanoparticle precursor [Au(I)SG] through pH manipulation. The
size of the final nanoparticles was varied from 2 to 6 nm. Furthermore, the
functionalisation of glutathione gold nanoparticles was demonstrated by the

introduction of a nitrilotriacetic acid (NTA) moiety.

The glutathione is tethered to the surface of a gold nanoparticle through the sulphur
atom. There are a number of functional groups on the rest of the glutathione molecule
where further chemistry of the gold nanoparticle is possible. One possibility is the
attachment of a light activated antimicrobial such as the metalloporphyrin tin chlorin e6.
The structure of tin chlorine e6 is based on 16 atom rings containing four nitrogen

atoms (porphyrins).

Porphyrins (Figure 3-2) are of perfect size to bind many metal ions. Metalloporphyrins
are found in heme proteins which are ubiquitous in nature. They serve many roles
including oxygen storage and transport. Related macrocycles include chlorophylls,
which have a central magnesium ion. By varying the metal centre, the bonding and
characteristics of the metalloporphyrin may be dramatically affected. This diversity is
one of the reasons why metalloporphyrins have been widely used in the production of

dyes, semiconductors and catalysts.13 4
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Figure 3-2 Porphine, the simplest porphyrin

Tin(IV) chlorin e6 (SnCe6) is a metalloporphyrin photosensitiser, that is known to be
lethal to bacteria when exposed to a HeNe laser, which emits red light at a wavelength
of 632.8 nm.” Tin (IV) chlorin e6 (SnCe6) absorbs light at 632 nm and has an improved

135

yield of singlet oxygen over related chlorins. In addition, tin chlorin e6 possesses

reactive carboxyl groups on side chains outside the polycyclic core enabling conjugation

to targeting molecules,”” and nanoparticles (Figure 3-3).

HO

HO

HO

Figure 3-3 Structure of tin chlorin e6
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Tin chlorin e6 has been used in photodynamic therapy (PDT) as a light-activated
antimicrobial agent to achieve lethal photosensitisation of infecting microbes.”’ This
involves treating the microbe with a light-activated chemical, a photosensitiser such as
tin chlorin e6. Generally a photosensitiser has no, or negligible, bactericidal activity
alone.  However, upon exposure to light of a wavelength absorbed by the
photosensitiser, the photosensitiser undergoes a transition from a lower-energy ‘ground
state’ to a higher-energy ‘triplet state’. The triplet state photosensitiser can react with
solvent and substrate molecules to produce free radicals and radical ions, or with
molecular oxygen resulting in the generation of singlet oxygen. These toxic species in

particular singlet oxygen, can damage plasma membranes leading to cell death.

There are major advantages to using photodynamic action in the treatment of microbial
infections, especially methicillin resistant Staphylococcus aureus (MRSA) bacteria,
over conventional antiseptics and antimicrobials. Neither the light nor sensitiser is
inherently bactericidal, so the antibacterial effect is limited to light irradiated regions of
the sensitiser treated area. This avoids the disruption of the normal microflora at sites
away from those being targeted. Also, the development of resistance to
photochemically induced killing would be unlikely, because the radicals formed attack
bacteria by a number of pathways.

While excellent clinical results are obtained using current photosensitisers,gz’102’115
improvements could be made which enhance the efficiency of lethal photosensitisation
of bacteria. These improvements include developing photosensitisers which absorb
wavelengths of light in the far infrared region of the electromagnetic spectrum. These
wavelengths of light are able to access infections deeper in the body as they are

6 Another approach is to enhance the

preferentially transmitted by human tissues."”
efficiency of singlet oxygen production, reducing the concentration of photosensitiser
required to treat the infection. This was achieved by Wieder et al.” who attached
phthalocyanine photosensitisers to the surfaces of gold nanoparticles. They found that
the surface bound photosensitiser exhibits a remarkable enhancement of the singlet
oxygen quantum yield. This was attributed to the presence of the phase transfer reagent

tetraoctylammonium bromide (TOAB) used in the synthesis of gold nanoparticles. It is

thought that the TOAB increases the triplet energy transfer to molecular oxygen.
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In this study gold nanoparticles protected by glutathione were synthesised, isolated and
purified. These nanoparticles were further functionalised by conjugation of the
photosensitiser tin chlorin €6 to the amino terminal of glutathione via a condensation
reaction. The light activated antimicrobial moiety synthesised was a three component
system, consisting of a gold core, protecting coating and photosensitiser. Attempts were

made to modify the diameter of the gold core, by varying the gold : thiol ratio.

3.2 Experimental

Chemicals: HAuCls-:3H,O (99.99%), glutathione (99%) and sodium borohydride
(99%) were purchased from Aldrich. Tin chlorin e6 (SnCle6) was purchased from
Frontier Scientific. Buffers were prepared according to standard laboratory procedure.

All other chemicals were reagent grade and used as received.

The synthesis of SnCle6-glutathione-gold nanoparticles were carried out in two steps:
(1) Synthesis of glutathione-gold nanoparticles; and (2) Preparation of SnCle6-

glutathione-gold nanoparticles.

Synthesis of glutathione-gold nanoparticles: Glutathione-gold nanoparticles were

prepared by adaption of previously reported methodologies.l17’“8’127

In a typical
reaction methanol (120 mL ) acetic acid (20 mL) were mixed in an Erlenmeyer flask
with stirring for 2-5 min. Tetrachloroauric acid (0.788 g, 2 mmol) and glutathione
(GSH, 0.307 g, 1 mmol) were added to the above mixed solvents and dissolved by
stirring for 5 min, resulting in a clear yellow solution. A sodium borohydride solution
was prepared by dissolving NaBHy4 (1.211 g, 32 mmol) in water (60 mL). The NaBHy
solution was added dropwise into the tetrachloroauric acid and glutathione solution with
rapid stirring. The particle solution was transferred into filter tubes (50K MW cut-off,
Millipore) and purified by centrifuging at 3500 rpm and washed with water 4 times, and
then freeze dried. The particles were obtained as a dark blue / black powder. The

glutathione monolayer protected gold nanoparticles were soluble in water, and when

diluted the solution became clear purple. The ratios and masses used were:
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Au Glutathione

NNG.1

Mass (g) 0.394 0.2117
Ratio 1 0.344
NNG.4

Mass (g) 0.394 0.1829
Ratio 1 0.3
NNG.7

Mass (g) 0.394 0.1535
Ratio 1 0.25

Table 3-1 Ratios and masses used in the synthesis of gold—glutathione nanoparticles.

Preparation of SnCle6-glutathione-gold nanoparticles: SnCle6-glutathione-gold
nanoparticles were prepared by modification of previously reported methodologies for
making glutathione-gold nanoparticles.loo’118

(SnCle6, 29 mg, 34.1 pmol) was dissolved in 20 mL of 50 mM 2-(N-

In a typical reaction, tin chlorin e6

morpholino)ethanesulfonic acid (MES) buffer (pH 6.5) and the solution then made up to
5.1 mM in 1-[3-(dimethylamino)-propyl]-3-ethylcarbodiimide hydrochloride (EDC) and
5.1 mM in N-hydroxysulfosuccinimide sodium salt. After stirring for 40 min,
glutathione-gold nanoparticles (110 mg) were added, and the solution was stirred for 24
h. Then, the reaction crude was purified by dialysis, in which the pH of the crude
product was adjusted to 1 by dropwise addition of concentrated HCl. This solution was
loaded into a 20 cm segment of cellulose ester dialysis membrane (Spectra/Por CE,
MWCO = 12000), placed in a 4 L beaker of water, and stirred slowly, recharging with
fresh water ca. every 12 h over the course of 168 h. The dark SnCle6-glutathione-gold
nanoparticle solution was collected from the dialysis tube, and the solvent was removed

by freeze-drying. An NMR spectrum that could be resolved was not obtained.

Thermogravimetric Analysis (TGA): Thermogravimetric analysis (TGA) was
performed with a NETZSCH STA 449C TGA system, on 8.84 mg of dry, purified
glutathione-gold nanoparticles, under He (flow rate of 50 mL min™), recording data

from 25 to 1000°C at a heating rate of 10 °C min™.

X-Ray diffraction: These experiments were measured with a Bruker discover

diffractometer using Cu Ka radiation. These were used to analyse the residue left in the
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pan after the TGA experiment. In both, TBO-tiopronin- and tiopronin-gold
nanoparticles, this residue resulted to be elemental gold, which is consistent with

previous TGA work on alkanethiolate-gold nanoparticles.6’7

High resolution transmission electron microscopy (HRTEM): Samples were
prepared by evaporating the required specimen on a carbon coated copper. Bright field
TEM images were acquired using with an electron microscope operated at 100 kV (Joel
100CX). Typical magnification of the images was 100 000. Analysis of the images

was performed using the software program Image J e

Infra-Red Spectroscopy: Spectra were recorded on a Perkin Elmer Spectrum RX1
spectrometer. Samples were made in the form of dispersed pellets. Spectra were

collected at a resolution of 1 cm™.

UV-visible absorption spectroscopy: Spectra were recorded using a Perkin Elmer
Lambda 25 Spectrometer. Samples were dissolved in phosphate buffer solution or
deionised water and placed in plastic cuvettes. Data were collected between the range

of 300 and 1000 nm.

3.3 Results

The gold—glutathione (Au-GS) nanoparticles were synthesised by a previously reported
reaction.!'”'?’ Tetrachloroauric acid was dissolved in acidified methanol, under rapid
stirring. This was reduced by a freshly prepared sodium borohydride solution under
rapid stirring, at room temperature. The tetrachloroaurate (III), [AuCl4]" ions were
soluble in acidified methanol and therefore did not require extraction from aqueous to
organic media by a phase transfer agent, which is the conventional Brust®' method for
preparing thiol protected gold nanoparticles. The acidity is essential for the reaction to
yield stable monodisperse nanoparticles. This suggests that the emerging nanoparticles
coated in glutathione are unstable when the glutathione is de-protonated in methanol.
The gold—glutathione nanoparticles formed are insoluble in methanol, but soluble in

water (Figure 3-4). Once isolated and purified they have the consistency of a finely
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divided black / blue powder which can be dissolved in water and stored in air. The first

step in the reaction also yielded undesired, water soluble by-products (NaCl, disulfide,

NaOAc, HOAC), which were removed by dialysis, along with any un-reacted starting

reagents.

Synthesis of glutathione
protected gold nanoparticles

L
'

HAuCl,
. OH
HN O

Glutathione (GSH) = NHz

1. Acidified Methanol
2. NaBH,/H,0
HS\/ZiO OH
HNW
0 (@]

Tin Chlorin €6 (SnCe6) =

Amide forming coupling reaction

MES Buffer
EDC Salt
NHS Sodium Salt

Au - GS nanoparticles

Figure 3-4 Detailed scheme of the synthesis of gold-glutathione (Au-GS) nanoparticles and the

Jfunctionalisation of these particles to obtain gold—glutathione-tin chlorin e6 (Au-GS-Snce6).
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The next step in the reaction involved the coupling of a tin chlorin €6 molecule to the
amino end of a glutathione on the surface of the gold nanoparticles (Figure 3-5). This is
achieved by the formation of an amide linkage via a condensation reaction. This
reaction takes place in the presence of the sodium salt of N-hydroxysulphosuccinimide
(sulfo-NHS) and 1-[3-(dimethyl amino) propyl]-3-ethyl-carbodiimide hydrochloride
(EDC). Sulfo-NHS is used to convert a carboxylic acid group on the tin chlorin e6 to an
amine reactive sulfo-NHS ester. This process is catalysed by EDC which behaves as a
dehydrating carbodiimide. EDC is not an effective dehydrating and crosslinking entity
by itself, because failure to react quickly with the amine results in the hydrolysis and

regeneration of the carboxylic acid (Figure 3-5).

Tin Chlorin e6 (SnCe6) Glutathione (GSH) protected

o gold nanoparticle )(J)\ O
- N
)J\OH l H,N H
+/
N /
\\\\ Stable amide bond

J N
(e} \
N S H,0 0
p 0" HN I )J\
EDC I \\ OH
N

Regenerated carboxyl group
on tin chlorin e6

cl Unstable reactive O-acylisourea ester
NH -
PN
- I(l) 0
=
O~ Sxq O~ S=
0, 0,
Sulfo - NHS 0
N )J\ ~N
HO” 0
o ¢}

Semi - stable amine reactive NHS ester

LQ T

Stable amide bond

Figure 3-5 Routes possible when coupling tin chlorin e6 to glutathione-gold nanoparticles using 1-[3-
(dimethyl amino) propyl]-3-ethyl-carbodiimide hydrochloride (EDC) and N-hydroxysulphosuccinimide
(sulfo-NHS)
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EDC reacts with the carboxylic acid group of the tin chlorin e6, forming an amine
reactive O-acylisourea intermediate. This intermediate then can be reacted with the
amine on the glutathione of the Au-GS nanoparticles. This yields a conjugate of the
two entities joined by a stable amide bond. However this conjugate is also susceptible
to hydrolysis making it unstable and short lived in aqueous solutions. The addition of
sulfo-NHS stabilizes the amine reactive intermediate by converting it to an amine
reactive sulfo-NHS-ester. This increases the efficiency of EDC mediated coupling
reactions. The amine reactive sulfo-NHS ester intermediate has sufficient stability to

permit a two step coupling reaction.

There are three carboxylic acid groups on each tin chlorin e6 molecule. Therefore the
ratio of tin chlorin €6 to EDC was kept 1:1, in order to activate only one acidic group on
each molecule. The tin chlorin e6-glutathione-gold (Au-GS-SnCe6) nanoparticles
produced an intense green / black colour when isolated as a solid. However, a faint
green colour was observed when crushed with KBr for IR experiments. The conjugate
was air stable for at least 4 months and could be dissolved in water or phosphate buffer

(PBYS) solution.

In order to change the core size of the nanoparticles three different Au:thiol ratios were
used. Sample NNG.1 (Au-GS) had gold:thiol ratio of 1:0.344. This gave an average
particle size of 2.6 £ 0.6 nm in the first step of the reaction. This sample was further
functionalised with the coupling reaction and the addition of tin chlorin e6. The product
of this reaction (Au-GS-SnCe6, NNG.3) had an average particle size of 2.3 + 0.5 nm.
Sample NNG.4 (Au-GS) had gold:thiol ratio of 1:0.3. This gave an average particle
size of 5.2 = 1.2 nm in the first step of the reaction. This sample was further
functionalised by a coupling reaction and the addition of tin chlorin e6. The product of
this reaction (Au-GS-SnCe6, NNG.5) had an average particle size of 5.4 + 1.3 nm.
Sample NNG.6 (Au-GS) had gold:thiol ratio of 1:0.25. This gave an unusual result and
two particle size distributions were observed, 6.07 = 1.4 nm and 1.97 + 0.8. This
sample was further functionalised with the coupling reaction and the addition of tin
chlorin e6. The product of this reaction (Au-GS-SnCe6, NNG.7) also produced two
average particle size distributions of 6.24 + 1.2 nm and 1.73 + 0.6. Particle size

distributions were calculated from high resolution TEM images with sampling sizes of
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approximately 100 particles. It can clearly be seen in (Figure 3-6) that NNG.6 and

NNG.7 have two distinct particle size distributions.

Figure 3-6 Transmission Electron Microscopy images of glutathione-gold (Au-GS) particles, samples
NNG.1 (2.6 nm), NNG.4 (5.2 nm) and NNG.6 (6.07 and 1.97 nm), and their conjugated products
(Au-GS-SnCe6), NNG.3 (2.3 nm), NNG.5 (5.4 nm) and NNG.7 (6.24 and 1.73 nm) respectively.
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Elemental analysis was performed on all samples, and using these data the mass of tin
chlorin e6 per 100 mg of samples NNG.3, NNG.5, NNG.7 was calculated. The resulted
are presented in (Table 3-2).

Sample %C 9%H 90N %S %Cl Mass of
SnCe6/100
mg
NNG.1 8.88 1.21 2.82 2.33 - -
NNG.3 9.56 1.26 2.85 2.04 2.56 4.53
NNG.4 7.64 1.01 2.46 1.76 - -
NNG.5 9.88 1.18 2.59 /S 3.54 7.68
NNG.6 8.65 1.22 2.83 2.18 - -
NNG.7 9.97 1.27 2.95 1.53 1.91 4.73

Table 3-2 Summary of elemental analysis and calculated mass of tin chlorin e6 (SnCe6) per 100 mg of
gold-glutathione-tin chlorin e6 of nanoparticles (Au-GS-SnCe6). 1/S =Insufficient Sample

The mass of tin chlorin e6 per 100 g of sample for samples (NNG.3, NNG.5 and
NNG.7) was calculated using only the elemental analysis results. The method used was

as follows:

Number of carbon atoms in SnCe6 = 34
Mass of SnCeb6 = 850
Number of carbon atoms in Glutathione = 10

Total mass of Carbon = MC

Mass on SnCeb6 = 34X x X MC x 850
10+34+x 12x34

|

Fraction of Carbon

that is in SnCe6
x = Number of SnCe6 molecules per glutathione
Number of carbon atoms in glutathione = 10

Total mass of carbon in 1 glutathione = 120

Number of nitrogen atoms in glutathione = 3
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Total mass of nitrogen in glutathione = 42
Number of nitrogen atoms in SnCe6 = 4
Total mass of nitrogen in SnCe6 = 56

Therefore the carbon to nitrogen ratio is:

C 120+ xx408

N 424 xx56
32

The % was calculated from the elemental analysis data for samples (NNG.3, NNG.5

and NNG.7) and the equation was rearranged for x.

120 € %42

x=|—N
€ 56408 33
N

The thermal decomposition of Au-GS nanoparticles (samples NNG.1, NNG.4 and
NNG.6) are shown in Figure 3-7. The thermal decomposition of the smallest particles
(NNG.1), with an average diameter of 2.6 nm occurred in two steps; a well-defined step
that began at approximately 190 °C and was completed by 420 °C, and a second step
from 420 °C to 650 °C. The percentage weight losses for the organic fragments were
31.6% for sample NNG.1. The thermal decomposition mass loss of samples NNG.4
and NNG.6 occurred in one step, which began at 190 °C and was completed by 1000
°C. The total mass loss was 20.9% and 18.2% respectively.

The thermal decomposition of gold-glutathione-tin chlorin €6 nanoparticles (samples
NNG.3, NNG.5 and NNG.7) are shown in Figure 3-8. The thermal decomposition of
the smallest particles (NNG.3), with an average diameter of 2.3 nm occurred in two
steps; a well-defined step that began at approximately 190 °C and was completed by
500 °C, and a second step from 500 °C to 1100 °C. The percentage weight losses of the
organic fragments was 23.7% for sample NNG.3 consisting of Au-GS-SnCe6 particles.
The thermal decomposition mass loss of samples NNG.5 and NNG.7 occurred in one
step, which began at 190 °C and was completed by 1000 °C. The total mass loss was
18.4% and 21.0% respectively.
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Figure 3-7 Thermal Gravimetric Analysis (TGA) of glutathione-gold (Au-GS) particles, samples
NNG.1 (2.6 nm), NNG.4 (5.2 nm) and NNG.6 (6.07 and 1.97 nm).
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Figure 3-8  Thermal Gravimetric Analysis (TGA) of gold-glutathione-SnCe6 nanoparticles
(Au-GS-SnCe6), NNG.3 (2.3 nm), NNG.5 (5.4 nm) and NNG.7 (6.24 and 1.73 nm).

The residue from the TGA experiments from both the Au-GS and the Au-GS-SnCe6

sets of nanoparticles was shown by X-ray diffraction to be highly crystalline gold metal.
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This is consistent with previous TGA work on alkanethiolate—gold nanoparticles.137 An

example of which (NNG.4) is shown in Figure 3-9.
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Figure 3-9 X-ray diffraction (XRD) pattern of the residue left in the pan after thermal gravimetric
analysis, confirms presence of elemental gold in sample NNG.4. The pattern is indexed and shows the

expected stick pattern (red) for gold metal.

Infra-red spectroscopy of the Au-GS nanoparticles (NNG.1, NNG.4 and NNG.6)
showed that the bands for glutathione were readily observed (Figure 3-10). However,
the S-H vibration observed at 2524 cm™ of the free glutathione ligand, was not observed
for any of the subsequent samples. This is a clear indication that the glutathione was
de-protonated and coordinated to the surface of the gold nanoparticle through the
sulphur. The N-H vibration at 3250 cm™ of free glutathione was not clearly observed
on all samples, although a shoulder at a lower frequency was observed indicating a

change in hydrogen bonding.

The aromatic rings band at ~1600 cm™' of the tin chlorin e6 was not observed in the
Au-GS-SnCe6 nanoparticles (NNG.3, NNG.5 and NNG.7) spectra. This was because
there was an overlap of peaks from the glutathione in this region. Analysis of the IR

spectra provides some evidence for the formation of Au-GS particles. However, the
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coupling of SnCe6 to these particles could not be clearly observed, as there was

significant overlap of peaks.

Glutathione

Tin chlorin e6

3290

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber cm’!

Figure 3-10 Transmission infra-red spectra of free glutathione, tin chlorin e6, glutathione-gold
(Au-GS) particles, samples NNG.1 (2.6 nm), NNG.4 (5.2 nm) and NNG.6 (6.07 and 1.97 nm), and their
conjugated products (Au-GS-SnCe6), NNG.3 (2.3 nm), NNG.5 (5.4 nm) and NNG.7 (6.24 and 1.73

nm) respectively.
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UV-visible absorption spectra were taken of all samples in deionised water and
phosphate buffer solution. Particles in general dissolved more readily in phosphate
buffer. For the Au-GS particles, only a slight surface plasmon was observed for NNG.1
and NNG.4 at around 550 nm in water (Figure 3-11). NNG.6 did not display any
surface plasmon when dissolved in water. When the Au-GS nanoparticles (NNG.1,
NNG.4 and NNG.6) were dissolved in phosphate buffer solution, surface plasmons

were observed for all the samples around 525 nm.
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Figure 3-11 UV-visible absorption spectra of glutathione-gold (Au-GS) nanoparticles, samples NNG.1

(2.6 nm), NNG.4 (5.2 nm) and NNG.6 (6.07 and 1.97 nm) in water (top) and phosphate buffer solution
(bottom).
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Figure 3-12 UV-visible absorption spectra of gold-glutathione-tin chlorin e6 (Au-GS-SnCe6)
nanoparticles, NNG.3 (2.3 nm), NNG.5 (5.4 nm) and NNG.7 (6.24 and 1.73 nm) in water (top) and
phosphate buffer solution (bottom).

The presence of tin chlorin e6 was observed in the UV-visible absorption spectra
(Figure 3-12) of Au-GS-SnCe6 particles (NNG.3, NNG.5, NNG.7) in water, indicating
some solubility in water of these particles. The UV-visible absorption spectra of the
same particles when taken in phosphate buffer are clearer. The Soret peak138 at
approximately 400 nm is clearly visible and can not be any other entity other than tin
chlorin e6. The other dominant peak at approximately 630 nm is also observed in

water, but is more pronounced in the UV-visible absorption spectra in phosphate buffer.

75



Chapter 3 Tin Chlorin e6—Glutathione—Gold Nanoparticles

As the presence of the photosensitiser tin chlorin e6 was confirmed in samples NNG.3
NNG.5 and NNG.7, lethal photosensitisation microbiology experiments were carried
out at the Eastman Dental Institute in collaboration with Linda Dekker. Figure 3-13
displays the antimicrobial kills achieved by the Au-GS-SnCe6 nanoparticles (samples
NNG.5 and NNG.7). NNG.5 had the highest antibacterial kill at a 16 uM concentration.

The antibacterial kill was concentration dependant.
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Figure 3-13 Lethal photosensitisation of S. aureus 8325-4 using a SnCe6-GS-Au nanoparticle

conjugate and 30 min white light exposure. L-= no light, S-=no sensitiser

3.4 Discussion

Gold-glutathione (Au-GS) nanoparticles were synthesised in acidified methanol,
purified, and isolated as a solid. These nanoparticles were further functionalised in the
second step of the reaction. The synthesis of Gold-glutathione-tin chlorin e6
(Au-GS-SnCe6) nanoparticles was successfully achieved in aqueous solution, purified,
and isolated as a green / black solid. The coupling of tin chlorin €6 to the amino end of
glutathione via a condensation reaction has proved to be a very reliable method for the

functionalisation of applicable thiol coated gold nanoparticles.
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In this study the core size of the gold nanoparticles were modified.""'% Murray et
al.”’? found that by increasing the Au:thiol ratio larger particles are obtained. This is
plausible as smaller particles have a larger total surface area, hence require more
coverage. Therefore by increasing the amount of thiol in the reaction mixture smaller
particles should be obtained. This was mostly in agreement with the results obtained in
the study. In the synthesis experiments the total gold concentration was kept constant
and thiol concentration was lowered for samples through samples NNG.1, NNG.4 and
NNG.6 respectively. This did increase the average particle size from 2.6 + 0.6 nm to
6.07 = 1.4 nm. However, in sample NNG.6 where the gold thiol ratio was 1:0.25 two
distinct size distributions were observed, 6.07 = 1.4 nm and 1.97 + 0.8. Since the
preparation methods are based on nucleation of gold cores, the sizes of the resulting
nanoparticles are inevitably distributed to statistical fluctuations in the nucleation
process. Additionally, Whetten et al.'”’ found one dominant size of Au-GS clusters
when using a very similar approach. They separated their Au clusters by
polyacrylamide gel electrophoresis (PAGE) and found the most abundant species as

Auyg(GS)i6 by mass spectrometry.

Recently Pradeep et al.'* found that small clusters (0.7 nm) of Au,5(GS);s prepared in a
similar method are susceptible to electron beam damage in a TEM microscope. Upon
exposure to the electron beam the cores coalesce to form larger particles. In this study,
during TEM sessions this was also observed, as particles became more evident the
longer a section of a TEM grid was studied. Therefore it is possible that the second size
smaller size distribution observed in sample NNG.6 is an artefact of the coalescence of
much smaller, more stable clusters of Au(GS). Unfortunately the image resolution on

the TEM used is not high enough to detect any clusters before they coalesce.

In this study, the second step in the procedure to make gold-glutathione-tin chlorin e6
(Au-GS-SnCe6) nanoparticles was the coupling of a photosensitiser to the amine end of
the glutathione on Au(GS) nanoparticles. This was achieved via a condensation
reaction between a carboxylic acid group on the photosensitiser (tin chlorin e6) and
amine group on the protecting thiol (glutathione). This was in contrast to the protocol

used in the previous chapter where the carboxylic acid group was on the protecting thiol
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(tiopronin) and amine was on the photosensitiser (toluidine blue). This coupling
method has been successful in using both approaches, and is versatile enough to allow

many more synthetic combinations.

The elemental analysis data was primarily used to calculate the concentration of tin
chlorin €6 on each of the samples. Ideally, a similar approach to Murray et al.”’” would
have been adopted, where the TGA data was employed. However, the TGA data were
inconsistent. For example sample NNG.1 which has motif Au-GS had a total mass loss
of 31.64% for the organic fragments. Upon addition of the tin chlorin €6 to obtain
NNG.3 (Au-GS-SnCe6) the total mass loss from the organic fragment was only 23.72%.
The residue left in the pan for each of the samples was consistently found to be
elemental, crystalline gold by X-ray diffraction. The peaks observed correspond to the
(111), (200), (220), (311) and (222) facets of the fcc crystal structure of elemental gold.

The infra red (IR) spectroscopy suggested the presence of glutathione on the gold
nanoparticles. The absence of the characteristic SH vibration at 2524 cm’ is absent
from the samples synthesised with both motifs of Au-GS and Au-GS-SnCe6. This
implies that the glutathione was successfully de-protonated and that the sulphur formed
a covalent bond with the gold on the surface of the nanoparticle, however the IR
resolution was too poor to detect this directly. Studies by Basu et al.'"® found that
glutathione binds to gold surfaces through the sulphur, along with further stabilisation
by the amine groups which anchor the glutathione to the surface of the gold
nanoparticle. They found that this was dependant on the pH of the reaction medium.
Lower pH values favour the thiol of the cystine and the primary amine of glutamic acid
of the tripeptide glutathione, to bind effectively to gold surfaces. As the synthesis
conditions of Au-GS nanoparticles used in this study require low pH it can be assumed
that fewer amine groups were available for further functionalisation, such as the
attachment of the photosensitiser tin chlorin e6. This is evident from the IR spectra of
the samples with the motif Au-GS-SnCe6 (NNG.3, NNG.5 and NNG.7) where the
detection of tin chlorin e6 was not possible. This maybe because the concentration of
tin chlorin e6 in the KBr pellets was below the detection threshold limit. Additionally,
the glutathione which is present in higher concentrations would help mask any tin

chlorin e6 peaks as they have many common functional groups.
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The presence of tin chlorin €6 on nanoparticles with motif Au-GS-SnCe6 (NNG.3,
NNG.5 and NNG.7) was confirmed by UV-visible absorption spectroscopy. UV-visible
absorption spectra were taken in deionised water and phosphate buffer solution. The
Soret peak appears in spectra taken in both deionised water and phosphate buffer
solution at approximately 400 nm. The other dominant peak appears at 630 nm and was
observed in both deionised water and phosphate buffer solution. The surface plasmon
absorption usually observed at approximately 535 nm, was very weak in all samples
dissolved in water.  This indicates that although nanoparticles with motifs
Au-GS-SnCe6 and Au-GS are soluble in water, higher solubility is achieved in solutions
with higher ionic strengths such as phosphate buffer solutions. Surface charge, due to
adsorbed species on gold nanoparticles affect the overall stability of the solution from
aggregation. The ionic strength of a solution determines the Debye length around the
nanoparticle. Therefore, by using ionic strength, it is possible to adjust the mean

encounter distance between the gold nanopalrticles.141

The adjustment in the ionic
strength of the medium in which the nanoparticles are dissolved in is a particle
independent method of altering the repulsion distance between charged particles.
Increasing the ionic strength of a solution decreases the Debye length. Consequently,
the average distance of closest approach between particles decreases. This would
increase the surface plasmon communication between particles. As particles aggregate

in solutions of higher ionic strength the surface plasmon absorption becomes more

evident.

Samples with motifs Au-GS-SnCe6 displayed antimicrobial properties. Bacterial kills
were observed, and they were in accordance with the concentration of tin chlorin e6
present. NNG.5 was the most effective at lethal photosensitisation of bacteria. This is
unsurprising as NNG.5 had the highest concentration of tin chlorin e6 with 7.68 mg of
SnCe6 per 100 mg of sample. Although all the samples had lethal photosensitisation
properties, the kill was not significantly enhanced. This was a surprising result as
chapter 2 showed that the attachment of a photosensitiser to gold nanoparticles enhances
the bacterial kill observed. This may be the result of the medium the nanoparticles were
dissolved in. The microbiology experiments were carried out in phosphate buffer

solution, which whilst increasing solubility also increased aggregation of the
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nanoparticles, that may have hindered singlet oxygen production by the photosensitiser.
Additionally, if there was more of the sample left after the microbiology experiments,
the TGA and elemental analysis would have been repeated in order to obtain a more
accurate values so that the Murray et al."”’ analysis of calculating the amount of ligand
per nanoparticle could be performed. Another method of confirming the amount of tin
chlorin e6 per nanoparticle would have been to use UV-visible spectroscopy. This

could not be performed due to insufficient mass of sample.

3.5 Conclusion

Nanoparticles with motifs of Au-GS-SnCe6, in different diameters ranging from 1.73 to
6.24 nm were synthesised in a two step reaction. The attachment of the photosensitiser
tin chlorin e6 to glutathione protected gold nanoparticles was confirmed by UV-visible
absorption spectroscopy. The expected enhanced bacterial kill for nanoparticles with
such motifs was not observed. However, this study has established that the synthetic
route is robust enough for many different combinations of Gold-thiol-photosensitiser to

be explored.

The next chapter describes experiments conducted with charge stabilised nanoparticles
and photosensitisers. These experiments investigated the mechanism by which
enhanced kill by lethal photosensitisation of bacteria was achieved when

photosensitisers are brought in close proximity to gold nanoparticles.
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Chapter 4 Charge Stabilised Gold Nanoparticles and

Photosensitisers

This chapter describes the synthesis and chemical interactions of charge stabilised gold
nanoparticles with dyes. The nanoparticles were synthesised by the citrate reduction
method.”® Factors which affect the synthesis of the nanoparticles and their interaction
with various light activated antimicrobial dyes have been examined. It was found that
when a solution of thiazine dye is titrated against gold hydrosol, at a critical
concentration (ca. 3x10° M) there is an enhanced maximum absorption in the dye. The
extinction coefficient is increased by a factor of 1log. This was observed for all the
Sfamily of thiazine dyes, of which methylene blue and toluidine blue are established light
activated antimicrobial agents. The same enhancement was not observed for anionic,
acidic dyes such as rose bengal. It was found that mixing these charge stabilised gold

nanoparticles with thiazine dyes enhanced the kill of bacteria.

4.1 Introduction

In this study, charge stabilised gold nanoparticles synthesised by a modified Turkevich
synthesis28 were mixed with light activated antimicrobial agents, for experiments in
determining the lethal photosensitisation of bacteria. In this introduction key aspects of
the synthesis are reviewed. Furthermore, the application of thiazine dyes in lethal

photosensitisation of bacteria is discussed.

Turkevich’s citrate reduction remains popular for the synthesis of gold nanoparticles.
The reaction is rapid and results in very stable sols. Ferns'’ reported, by varying the
amount of citrate added the size of nanoparticles obtained can be modified. Colloids
obtained are typically 12 — 70 nm in diameter. The gold nanoparticle solutions used for
these experiments were synthesised using a modified Turkevitch synthesis28 and the

colloids produced are discussed in further detail.
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The Turkevich synthesiszg’142 is a redox reaction where the oxidation of citrate produces

acetone dicarboxylic acid, which in turn reduces Au(Ill) to Au(0). The formation of
acetone dicarboxylic acid creates an induction period in the reaction. This induction
period decreased with temperature, the required activation energy was ca. 15 kcal/mol.
This was then followed by a nucleation step, resulting in rapid formation of a solution,
super saturated with nuclei. The nuclei had a diameter of 1-2 nm and occurred
approximately 5 seconds after the addition of the citrate. This was indicated by the
colourless solution and absence of plasmon absorbance in the range of 500-900 nm.

The synthesis of acetone dicarboxylic acid is the limiting factor for the reaction:

CH,-COO- (|3H2-COO—
HO-(l.:-COO— > ?=O + C02 + H+
|
CH,-COO- CH,-COO-
4-1
Polymeric
Gold / Citrate Gold / Citrate
Complex Complex
@)@
X
Citrate Gold Colloid
Au (IIT) ‘
Au (I) )

Figure 4-1 Schematic diagram adapted from Sandroff and Herschbach®™ which represents colloidal

gold in the citrate complex. The citrate is strongly bound at sites where oxidation states of the gold +1.

Sandroff and Herschbach* expanded on Turkevich’s work. They concluded that the

citrate ion remained strongly bound to the surface of the gold nanoparticle, providing a
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negative charge on the surface. The results were rationalised by the assumption that
there were molecular donor and acceptor sites on the surface, which acted as either a
Lewis acceptor or donor site. The Lewis acceptor surface sites comprised of a gold
complex in a high oxidation state, and were readily reduced by electron donors with low
ionisation potentials. The donor, or Lewis base, sites behaved like neutral metal and

donated charge to electron acceptors with high electron affinity (Figure 4-1).

Geuze and Slot” reported the formation of colloidal gold by three independent

processes:

1. Reduction step. Au* is reduced to form a supersaturated solution.
AuClyg) + 36" — Aug) + 4Clg)
2. Nucleation step. Gold atoms start to associate and begin to form seeds.
3. Growth step. This occurs due to gold condensation on the surface of the nuclei.

... . . . 142
This is in general agreement with Turkevich’s conclusions.

Chow and Zukoski* showed that at the beginning of the reaction, however, large
branched particles of high porosity were formed. As the reaction proceeded, the
nanoparticle size decreased by splitting because of instability. This conclusion was
reached using several analytical techniques such as TEM, UV-visible spectroscopy and
light scattering. The results were visible during the reaction as the colours changed

from colourless to black to blue to purple to red.

The dependence of the surface plasmon resonance absorption wavelength on the size of

the particle was reviewed by Liz-Marzan.'?

144
L.

From calculated data (Figure 4-2) by
Khlebtsov et a it can be seen that particle size affects the position of the surface
plasmon band in an absorption spectra. Furthermore, it was found by Link and El-
Sayed14 that the bandwidth of the surface plasmon resonance absorption peak strongly
depends on particle size (Figure 4-2). From their plot it can be observed that the width
first decreases with increasing particle size reaching a minimum at 22 nm particles, and

then increases again.
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Figure 4-2 Normalized absorption spectra A7) of gold spheres with diameters of 10-100 nm in
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water " (left). Surface plasmon bandwidth as a function of particle diameter™ (right).

3 . . .
it was found that an increase in

From calculated data collected by Liz Marzan'*
diameter from 10 up to 100 nm leads to a red shift of 47 nm. However an increase in
aspect ratio for prolate ellipsoids, from 2.5 to 3.5 (smaller size variation) promotes a red
shift of the longitudinal surface plasmon band by 92 nm, almost double that of the size
effect.

DNA.>

The shift in surface plasmon resonance has been used for the detection of
The peak position after the attachment of small proteins to the surface of

145
L.

charge stabilised gold nanoparticles has been modelled by Khelbtsov et a and the

data are shown to be in excellent agreement with experimental data.

The world-wide increase of antibiotic-resistant strains of some bacterial species
highlights the urgent need to develop novel, alternative therapeutic approaches for
infectious diseases. PDT involves the combination of a light-activated agent
(photosensitiser) and light of a specific wavelength to achieve lethal photosensitisation
of the target 01rganism.74 The photosensitiser absorbs a photon of light and undergoes
an energy state transition from the ground state to a higher energy triplet state. The
activated triplet state can interact with molecular oxygen, generating singlet oxygen.

Singlet oxygen is highly reactive and can diffuse up to 100 nm from the site of

generation, damaging cell walls, plasma membranes and DNA, leading to death of the
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146

microbial cells. The singlet oxygen generated can also interact with solvent and

substrate molecules producing free radicals and radical ions.

Thiazine dyes absorb between 550-700 nm, and have a characteristic blue colour.
Toluidine blue is used in staining of various cells, and in conjunction with malachite
green for the staining of lipids. Both toluidine blue and methylene blue are used in the

diagnosis of cancerous tissue. It was found by Bellin et al®

that tumour cells were
susceptible to killing by light, when treated with methylene blue. These light activated
antimicrobial agents are promising alternatives for the treatment of topical infections.
The use of these antimicrobial agents in conjunction with nanoparticles and a bacterial
recognition moiety is advantageous. They are more effective at killing bacteria since
the oxygen produced is concentrated at the bacterial cell wall. Also, there is selective

killing, since binding of the photosensitiser is in close proximity to the target organism,

and this reduces the collateral damage to neighbouring healthy cells.”

(CH3)oN : : N(CHs)» (CH3)oN : S Cr :
Methylene Blue Toluidine Blue
: S (CH5) : S :
Thionin Azure A
(CHg)aN” i ‘s:©\ N(CHg)H (CHy)H /©:S:©\ Ho
Azure B Azure C

Figure 4-3 Structures of the thiazine family of dyes

Some of the emerging light activated antimicrobial agents are dyes, more frequently
used in bacterial staining. Methylene blue is a metachromatic dye commonly used in

the staining of nuclei. Oxidation of methylene blue produces Azure A, B and C. Other
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closely related dyes are toluidine blue and thionin which all comprise the group of

thiazine dyes (Figure 4-3).

Gold nanoparticles have nonspecific adsorption properties, which have allowed their
use as tracers for proteins. However, full characteristics at a molecular level of the gold
particle suspension and the adsorption of proteins have not yet been subject to a full
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study. " Factors affecting adsorption of dyes onto gold nanoparticles include: particle

size, relative molecular weight of the dye and the pH.

When proteins, such as bovine serum albumin, are adsorbed onto the surface of gold
nanoparticles, the maximum number of molecules that can be associated with a single
particle is linearly related to the average projection area of the particle. The size of the
particle would therefore affect the adsorption of dyes onto a surface. If it is assumed
that the area occupied by the dye will be equal to its projection onto the gold particle
surface, a monomolecular shell of dye covering the nanoparticle would result.
Therefore, large dye molecules, have a lower number of molecules in contact with the
gold nanoparticle surface. The effect of pH has not been investigated thoroughly in
protein adsorption. However, since charge stabilised nanoparticles aggregate when
electrolytes are added, the small increase in ionic strength causes aggregation of the

particles.

Antimicrobial PDT has great potential as a therapeutic approach to eradicating
microbial infections. Therefore enhancing the efficacy of known photosensitising
agents of this therapeutic approach is highly desirable. The work presented here shows
that gold nanoparticles enhance the effectiveness of an established photosensitiser:

toluidine blue (TBO), against the important human pathogen Staphylococcus aureus.

4.2 Experimental

Synthesis of charge stabilised gold nanoparticles: All glassware was washed with
aqua regia (3HCI:1HNOs), followed by rinsing with copious amounts of water. All

water used in the experiments is double distilled water (except where stated).

86



Chapter 4 Charge Stabilised Gold Nanoparticles and Photosensitisers

Stock Solutions: HAuCly.3H,0O (42 mg, 0.11 mmol) was dissolved in deionised water
(25 mL) to form solution A (~5 mM). Na3C¢H507.2H,0O (125 mg, 0.43 mmol) was

dissolved in deionised water (25 mL) to give solution B (~20 mM).

Solution A (1 mL) was stirred with deionised water (18 mL) and boiled for 2 min. Then
solution B (1 mL) was added drop wise over a period of approximately 50 sec. causing
the colour change from clear to blue to pink/purple. After a further 1 min. of heating,

the solution was left to cool to room temperature.

Titration experiments: dye solution (1 mL) was added to the nanoparticle solution (16
mL). This was stirred and a cuvette was filled to take a UV-visible absorption
spectrum. The solution was not discarded but added back to the original mixture.
Another 1 mL of dye solution was added etc. This was repeated 10, 15 or 20 times

depending on the experiment.

Concentrations of Dyes:

Dye Concentration (UM)
Toluidine Blue 5

Methylene Blue 5

Thionin 10

Azure A 10

Azure B 10

Azure C 10

Tin Chlorin E6 200

Rose Bengal 50

Rhodamine B 50

Table 4-1 Dyes and concentrations used for the titration experiments.

Bactericidal assays: The bacterial assays were carried out at the Eastman Institute in

collaboration with Sarah Tubby.

S. aureus (NCTC 6571) was maintained by weekly sub-culture on blood agar base
(Oxoid Ltd, Basingstoke, UK) supplemented with 5% (v/v) horse blood. For

experimental purposes, a few colonies of the organism were inoculated into nutrient

87



Chapter 4 Charge Stabilised Gold Nanoparticles and Photosensitisers

broth No. 2 (Oxoid) and grown aerobically for 16 h at 37 °C. Cells were then harvested
by centrifugation and re-suspended in sterile phosphate buffered saline (PBS) to an OD-
600 of 0.05 which corresponded to approximately 10’ — 10 colony-forming units

(cfu)/mL.

The light source used in this study was a General Electric® 28W Biax 2D compact
fluorescent lamp which emits light across the visible spectrum. Prominent peaks were
present at 435, 495, 545, 588 and 610 nm. The lamp was fitted into a refrigerated
incubator (LTE Scientific Ltd, Oldham, UK) which maintained the temperature at a
constant 22°C. The light intensity was measured using a digital luxmeter (Hagner
Photometric Instruments Ltd, Bosham, UK) and was 3500-3700 lux. The
photosensitiser, TBO, was purchased from Sigma-Aldrich (Dorset, UK).

Aqueous suspensions of gold nanoparticles were mixed with an equal volume of
aqueous TBO and left at room temperature for 15 minutes. TBO was used at a final
concentration of 1, 5, 10, 20 or 50 uM. The TBO-nanoparticle mixture (100 pL.) was
added to a suspension of S. aureus NCTC 6571 in phosphate buffered saline (PBS) (100
pL) and samples were irradiated with white light for 10 minutes (L+S+G+). S. aureus +
PBS without photosensitiser or gold nanoparticles and which was not irradiated (L-S-G-
) and irradiated samples of S. aureus + TBO only (L+S+G-) and S. aureus + PBS,
without photosensitiser or gold nanoparticles (L+S-G-) were used as controls. The final
concentration of nanoparticles used was 1 x 107 particles/mL. The light intensity at the
surface of the microtitre plate was 3,700 + 20 lux. After irradiation, the number of
surviving bacteria were determined by viable counting. The experiments were carried

out in duplicate and on two separate occasions.

Singlet oxygen measurements: Singlet oxygen measurements employed the second
harmonic (lex = 532 nm) of a Q-switched Spectra Physics GCR-150.10 Nd:YAG laser as
the excitation source (~1 mJ per pulse, ~5 ns full-width at half-maximum); a tungsten-
halogen lamp was used as the probe source. Detection was achieved using a
monochromator (instruments SA Triax 320) coupled to a photomultiplier tube (Hamatsu
R928). The phosphorescence from the sample was collected at 90°, was centred at 1270

nm (Infra Red Engineering Ltd., Essex UK) and then focused onto the active area of a
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liquid nitrogen-cooled germanium photodiode (North Coast EO-817P). The output
from this device was AC coupled to a digital oscilloscope (Tektronix TDS-320), which
digitized and averaged transients. Typically 20 laser shots were used for each sample.
The transmitted light was monitored by a tektronix TDS-320 digital oscilloscope and
the transferred to a personal computer (PC) for storage and analysis. The emission was

measured for the toluidine blue/ gold nanoparticles solutions in D,0O.

Particle size measurements: Photon correlation spectroscopy (PCS), using a Zetasizer
3000 (Malvern, UK) was used to measure the hydrodynamic diameter of the gold
nanoparticles in different concentrations of methylene blue. The measurements were
conducted in plastic cuvette in distilled water at 25°C, and a z-average diameter of the

particles was reported.

Fluorescence measurements: The measurement of fluorescence from the TBO and
gold nanoparticle mixtures was determined on a Perkin Elmer LS50B spectrometer,
with an excitation wavelength of 600 nm. The emission spectra were measured in 1 cm

quartz luminescence cuvettes containing the TBO and gold nanoparticle solutions.

UV-visible absorption measurements: UV-visible absorption spectra (200-1100 nm,
1 nm resolution) of aqueous solutions in 1 cm quartz cells were recorded with a

ThermoSpectronic, HeAios-A UV-visible absorption spectrometer.

High resolution transmission electron microscopy (HRTEM): Samples were
prepared by evaporating the required specimen on a carbon coated copper grid. Bright
field TEM images were acquired using with an electron microscope operated at 100 kV
(Joel 100CX). Typical magnification of the images was 100 000x. Analysis of the

images was performed using the software program Image J Mo

&9



Chapter 4 Charge Stabilised Gold Nanoparticles and Photosensitisers

4.3 Results

Titration Experiments with Thiazine Dyes:

Thiazine dyes of specific concentrations (Table 4-1) were added in 1 mL aliquots to 16
mL of gold nanoparticle solution, which had been synthesised by a citrate reduction of
aqueous hydrogen tetrachloroaurate. Immediately, after each addition a UV-visible
absorption spectrum was taken. The same procedure was carried out for the anionic

dyes tested.

—TBO (5 uM)

= Au
0.8 q
Au + TBO (0.238 uM)

0 Au + TBO (0.455 uM)
.6

— Au + TBO (0.652 M)

Absorption (A. U.)
-

04 1 — Au + TBO (0.833 M)

\ = Au + TBO (1.000 uM)

0.2 4 =Au + TBO (1.154 uM)

Au + TBO (1.296 uM)

0 " . . T T —

270 370 470 570 670 770
Wavelength (nm)

Figure 4-4 UV-visible absorption spectra showing the effect of increasing the concentration of
toluidine blue (TBO) in a gold nanoparticle solution. The total toluidine blue concentration of 0.238
UM (yellow line) was obtained by the addition of 1 mL of toluidine blue (5 uM) to 16 mL of gold

nanoparticle solution.

A maximum enhancement of the dye absorption was observed after 2 additions of
toluidine blue (5 uM), where there was a total toluidine blue concentration of 0.455 pM
in the reaction mixture. The maximum enhanced absorption was observed at 652 nm to
655 nm. A gradual decrease in the nanoparticle surface plasmon resonance absorption

was observed at 530 nm, which can be attributed to the increase in total volume; hence
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decrease in gold nanoparticle concentration. After the initial 2 additions of toluidine
blue there was a gradual decrease in the maximum absorption of the gold nanoparticles

and dye (Figure 4-4).

= Methylene Blue (5 uM)
= Au (16 mL)
Au+ MB (0.29 pM)
Au+ MB (0.55 pM)
= Au + MB (0.79 uM)
= Au+ MB (1 uM)
= Au+ MB (1.2 uM)
= Au+ MB (1.4 uM)
Au+ MB (1.5 M)

Absorption (A.U.)

0 T T T T T ™ ——
250 350 450 550 650 750 850
Wavelength (nm)

Figure 4-5 UV-visible absorption spectra showing the effect of increasing the concentration of
methylene blue (MB) on a gold nanoparticle solution. The total methylene blue concentration of 0.29
UM (yellow line) was obtained by the addition of 1 mL of methylene blue (5 uM) to 16 mL of gold

nanoparticle solution.

After the third 1 mL addition of methylene blue (5 uM) to a gold nanoparticle solution
(16 mL), a total methylene blue concentration of 0.79 uM was obtained. At this
concentration an enhancement of the dye absorption in the gold nanoparticle solution
was observed. The maximum enhanced absorption was observed at 667 nm. There was
a gradual decrease in the nanoparticle surface plasmon resonance absorption at around
530 nm, which can be attributed to the increase in total volume, hence decrease in gold
nanoparticle concentration. After the initial 3 additions of methylene blue there was a
gradual decrease in the maximum absorption of the gold nanoparticles and dye (Figure
4-5).
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Figure 4-6 UV-visible absorption spectra showing the effect of increasing the concentration of
methylene blue (MB) an aqueous solution. The total methylene blue concentration of 0.29 uM (yellow
line) was obtained by the addition of 1 mL of methylene blue (5 uM) to 16 mL of deionised water.

As predicted by the Beer-Lambert law*® the effect of increasing the concentration of a
dye increases its absorption. The effect of increasing concentration of methylene blue
in aqueous solution is shown in Figure 4-6. At a methylene blue concentration of 0.79
UM in a gold nanoparticle solution the absorbance is greater than 1 (Figure 4-5).
However, at the same methylene blue concentration in water the absorbance is around
0.2. The same trend was observed for all thiazine dyes. The thiazine dyes tested were
Thionin (Figure 4-7), Azure A (Figure 4-8), Azure B (Figure 4-9), and Azure C (Figure
4-10). The enhanced absorptions in gold nanoparticle solutions for thionin, azure A,
azure B and azure C were not as significant as methylene blue and toluidine blue.
Additionally, a much higher concentration was required for this enhanced absorption to

be observed.
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Figure 4-7 UV-visible absorption spectra of thionin (Th) in a gold nanoparticle solution. The total
thionin concentration of 0.588 uM (yellow line) was obtained by the addition of 1 mL of thionin (10
uM) to 16 mL of gold nanoparticle solution. The maximum absorption at 604 nm was observed after

6, 1 mL additions of thionin (10 uM), where the final concentrations was 2.727 uM.
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Figure 4-8 UV-visible absorption spectra of azure A (Az A) in a gold nanoparticle solution. The total
azure A concentration of 0.588 uM (yellow line) was obtained by the addition of 1 mL of azure A (10
uM) to 16 mL of gold nanoparticle solution. The maximum absorption at 635 nm was observed after

15 additions of 1 mL azure A (10 uM) where the final concentration was 4.839 uM.
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Figure 4-9 UV-visible absorption spectra of azure B (Az B) in a gold nanoparticle solution. The total
azure B concentration of 0.588 uM (yellow line) was obtained by the addition of 1 mL of azure B (10
uM) to 16 mL of gold nanoparticle solution. The maximum absorption at 656 nm was observed after 4

additions of 1 mL azure B (10 uM) where the final concentration was 2.381 uM.
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Figure 4-10 UV-visible absorption spectra of azure C (Az C) in a gold nanoparticle solution. The total
azure C concentration of 0.588 uM (yellow line) was obtained by the addition of 1 mL of azure C (10
uM) to 16 mL of gold nanoparticle solution. The maximum absorption at 620 nm was observed after

17 additions of 1 mL Azure C (10 uM) where the final concentration was 2.381 uM.
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Dye e (M'1 cm'l) Mmax | Enhanced e | Enhanced | Enhanced Absorbance
(M'1 cm'l) Amax Absorbance | if no
(A.U) enhancement
(A.U)
Methylene | 2.9x10° 664 | 1.1x10° 667 1.08-0.23 [ 0.23
Blue
Toluidine | 1.5x10° 631 | 1.6x10° 652 0.96-0.23 [ 0.08
Blue
Thionin 4.8x10" 600 | 1.2x10° 714 0.59-0.27 0.15
Azure A | 2.3x10" 611 | 5.4x10" 638 0.44-0.18 | 0.11
Azure B | 6.1x10" 648 | 2.7x10° 656 0.89-0.25 | 0.15
Azure C [ 2.9x10" 616 | 1.6x10° 620 0.55-0.18 [0.15

Table 4-2 Summary of extinction coefficients and absorption data for thiazine dyes in solution and

adsorbed on to gold nanoparticles in solution.

Table 4-2 summarises the extinction coefficients along with the enhanced extinction
coefficients for all of the thiazine dyes. There was an average of around 1 log
maximum enhancement when these dyes were titrated against gold nanoparticles
compared to when they were titrated against water. By evaluating the various
absorbance values of the thiazine dyes in the presence and absence of gold nanoparticle
solution, there was an obvious increased absorption when the gold nanoparticles were
present at specific concentrations. At a toluidine blue concentration of 0.455 uM, when
mixed with gold nanoparticle solution the extinction coefficient of the dye was 1.6 x 10°
M 'em™ at 631 nm. A solution of toluidine blue in water at the same concentration had
an extinction coefficient of 1.5 x 10° M'em™ at 631 nm. There is, therefore, an
enhancement of more than one order of magnitude in the extinction coefficient at 631
nm when gold nanoparticles are present at low concentrations of toluidine blue. At
higher concentrations, the increase in the maximum absorption at 631 nm becomes less
with each addition. This corresponds best with saturation of the gold nanoparticle

surface by the dye and further addition of the dye (> 100 uM) induces precipitation.

Example of how the values in Table 4-2 were calculated.
Extinction coefficient of methylene blue e:

Max absorption of methylene blue at 664 nm is 1.434
The concentration methylene blue was 5 x 10°M

A=Cxlxe
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e=A=+(Cxl) e=1434+(5x10°x1) ¢=28x10°M'cm’

Maximum enhanced absorption was observed after 3 additions of methylene blue (5 x
10).
Moles of methylene blue in 3 mL:

3x10%) x (5% 10% =1.5x 10" mol.

Total volume where maximum enhanced absorption was observed:

16 mL (gold nanoparticles) + 3 mL (methylene blue) = 19 mL.

Concentration of methylene blue in the reaction mixture:

1.5x10%mol - 19 x 10° L =7.89 x 107 M.

Extinction coefficient of methylene blue (7.89 x 107 M) when gold nanoparticles are
present.

Maximum enhanced absorption of methylene blue at 667 nm:

1.08 — 0.23(background) = 0.85,

e=0.85+(7.89x 107 x 1), e=1.1x10°M"cm’

Absorbance of methylene blue at concentration 7.89 x 10”7 M, when gold nanoparticles
are not present:

A=7.89%x10"x1x%x29x%x10°. A =0.23

A buffer solution was introduced into the titration experiments in order to investigate
the effect of induced aggregation on the enhanced dye absorption. The addition of a
buffer did not appear to affect the titration with methylene blue (Figure 4-11).
However, there is an additional absorbance broad peak just below 800 nm, which was
not present in the methylene blue titration alone with gold nanoparticles (Figure 4-5).
This additional shoulder was probably an artefact of the aggregation induced by KCI.
The enhanced absorbance peak of the methylene blue was present along with the
additional aggregation shoulder. Therefore the absorbance associated with the dye was
enhanced, and was not the result of aggregation of the gold nanoparticles because this

peak occurs at a higher wavelength in this case.
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Figure 4-11 UV-visible absorption spectra of gold nanoparticles with increasing concentrations of
methylene blue in the presence of KCI (Ix10” M). The total methylene blue concentration of 0.29 uM
(yellow line) was obtained by the addition of 1 mL of methylene blue (5 uM) to 16 mL of gold
nanoparticle solution with KCI (1x10-3M). An enhanced absorption peak is observed at ca. 680 nm

and an aggregation peak is observed at just below 800 nm.

The point at which aggregation occurs by the addition of methylene blue was further
investigated using photon correlation spectroscopy (PCS) with a Zetasizer 3000. This
was used to measure the hydrodynamic diameter of the gold nanoparticles as the
concentration of methylene blue increased. The experiments were carried out by
performing the same titration experiments as before, but data were collected on a
Zetasizer instead of a UV-visible absorption spectrometer. The measurements were
conducted in plastic cuvette in distilled water at 25 °C, and a z-average diameter of

particles was reported.

As illustrated by Figure 4-12, there was no appreciable aggregation of the nanoparticles
at the methylene blue concentration of 0.79 uM. There was no significant aggregation
of the nanoparticles until the concentration of methylene blue reached 2.1 pM, much
higher than the concentrations at which enhanced UV-visible absorption of the dye was

observed.
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Figure 4-12 The results from photon correlation spectroscopy (PCS) with a Zetasizer 3000 to measure

the size distribution of (a) gold nanoparticle solution, (b) gold nanoparticle solution with methylene

blue (0.79 uM) and (c) gold nanoparticle solution with methylene blue (2.1 uM).
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Titration Experiments with Anionic Dyes:

The same titration experiments were performed using anionic dyes. Tin chlorin e6 has
been investigated as a possible LAAA.’" It has higher yields of singlet oxygen when
compared to other related chlorins, and has reactive carboxylic groups on the side

chains outside the polycyclic core, where antibody targeting moieties can be conjugated.

(0] HO

Absorption (A. U.)

==SnCe6 (200 uM)

= Au

Au + SnCe6 (22.22 pM)
== Au + SnCe6 (40.00 pM)
== Au + SnCe6 (54.55 pM)
= Au + SnCe6 (66.67 uM)
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Figure 4-13 UV-visible absorption spectra tin chlorin e6 (SnCe6) in a gold nanoparticle solution. The
total tin chlorin e6 concentration of 22.22 uM (turquoise line) was obtained by the addition of 2 mL of
tin chlorin e6 (200 uM) to 16 mL of gold nanoparticle solution. The structure of structure of tin (IV)
chlorine €6 is displayed at the top right of the figure. The four isosbestic points are indicated with the

black arrows.

Unlike the thiazine dyes there was no enhancement of the dye peak (Figure 4-13).
There was a linear increase in the dye peaks of the absorption at approximately 400 nm
and 625 nm, which corresponds to the increase in concentration. There was a familiar
decrease in the nanoparticle peak which was a dilution effect. There were four
isosbestic points on the UV spectra (372 nm, 422 nm, 612nm, 655 nm), which
correspond to the wavelength at which the dye and the gold nanoparticle had the same

extinction coefficients. The isosbestic points occur because the nanoparticle solution
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and the dye solution absorb light of that specific wavelength to the same extent
regardless of the relative concentrations. There was no electronic communication
between the dye and nanoparticle, hence isosbestic points were observed in the UV
spectra. If there was electronic communication between the dye and nanoparticle, there
would be an enhanced or shifted absorption (due to nanoparticle aggregation), and

therefore no isosbestic would points appear.

As mentioned in Chapter 1, rose bengal is a red acidic anionic dye which has also been
investigated as a LAA agent82 and was titrated against gold nanoparticle solution in this

investigation.

Absorption (A. U.)

=—RB (50 uM)
= Au
Au + RB (5.556 uM)
Au + RB (10.00 pM)
T : . ; . , = Au + RB (13.64 uM)
200 300 400 500 600 700 800 900 | == Au + RB (16.67 uM)

Wavelength (nm) = Au + RB (19.23 uM)

Figure 4-14 UV-visible absorption spectra of rose bengal (RB) in a gold nanoparticle solution. The
total rose bengal concentration of 5.556 uM (yellow line) was obtained by the addition of 2 mL of rose
bengal (50 uM) to 16 mL of gold nanoparticle solution. The structure of rose bengal is displayed at the
top right of the figure. The three isosbestic points are indicated with the black arrows.

The dilution effect of the gold nanoparticle solution was not observed in the rose bengal
titration (Figure 4-14) as the gold nanoparticle surface plasmon absorption peak is
overlapped by the rose bengal absorption peak. Again there was no enhancement of the
maximum absorption of the rose bengal which would then be followed by a gradual

decrease. There was an increase in the maximum absorption peak of the rose bengal
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which corresponds to the increase in concentration of rose bengal. There were three
isosbestic points on the UV-visible absorption spectrum (270 nm, 497 nm, 574 nm)

where the extinction coefficients of the dye and gold nanoparticle solution were equal.

Rhodamine B is an amphoteric dye which is either acidic or basic depending on the pH
of the medium, which defines the overall charge on the molecule. In the slightly acidic
medium of the gold nanoparticle solution it is assumed that the dye is in its anionic

form.
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Figure 4-15 UV-visible absorption spectra of rhodamine B (Rho B) in a gold nanoparticle solution.
The total rhodamine B concentration of 5.556 uM (yellow line) was obtained by the addition of 2 mL of
rhodamine B (50 uM) to 16 mL of gold nanoparticle solution. The structure of structure of rhodamine
B is displayed at the top right of the figure. The three isosbestic points are indicated with the arrows.

There was no enhancement of the maximum absorption of the dye rhodamine B (Figure
4-15). Additionally, the nanoparticle surface plasmon resonance absorption peak falls
below the dye peak so the dilution effect of the maximum absorption in the nanoparticle
peak was not observed. However, the increase maximum absorption of the rhodamine
dye peak which corresponds to the increase in concentration was observed. There were
three isosbestic points on the UV-visible absorption spectra (310 nm, 487 nm, 594 nm)

where the extinction coefficients of the dye and gold nanoparticle solution were equal.
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Lethal Photosensitisation of Bacteria Experiments:

As previously discussed (chapters 2 & 3), it has long been known that microbes can be
killed by white light in the presence of a photosensitiser such as toluidine blue
(TBO).""® The results from this work have demonstrated that the efficacy of lethal
photosensitisation of bacteria can be enhanced by the addition of gold nanoparticles.
The gold nanoparticles used in these experiments were synthesised by the same method

as those used in the titration experiments, and had a diameter of 21.4 nm (Figure 4-12).

There was an enhancement of lethal photosensitisation of S. aureus when the TBO was
used in conjunction with gold nanoparticle solution. This enhancement was
concentration dependant (Figure 4-16). Some enhancement was observed at 1 pM
whereas; significant enhancement was evident using higher TBO concentrations of 5,
10 and 20 uM. Enhancement was greatest using 10 and 20 uM TBO (Figure 4-17).
Enhancement appeared to be dependent on the ratio of TBO to nanoparticles. The
optimum final concentration of toluidine blue for the lethal photosensitisation of
bacteria was found to be 20 uM as higher concentrations appeared to give less effective

kills (Figure 4-17).
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Figure 4-16 Lethal photosensitisation of S. aureus by TBO (1 uM, 5 u, 10 uM and 20 uM) in the

absence (green, G-) and presence (pink, G+) of gold nanoparticles.
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Figure 4-17 Lethal photosensitisation of S. aureus by TBO (10 uM, 20 uM, 50 uM and 100 uM) in the

absence (green, G-) and presence (pink, G+) of gold nanoparticles.

The UV-visible absorption spectra at a final toluidine blue concentration of 20 uM, with
water and gold nanoparticle solution is shown in Figure 4-18. An enhanced absorption
is observed for the toluidine blue in the presence of gold nanoparticles. Additionally, an

aggregation shoulder at approximately 700 nm is also observed.
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Figure 4-18 UV-visible absorption spectra of toluidine blue (TBO) (20 uM), TBO (20 uM) + gold
nanoparticle solution and only gold nanoparticle solution. An enhanced absorption is observed for the

TBO when gold nanoparticles and TBO are mixed.
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A series of experiments were conducted to measure the quantity of singlet oxygen
produced from the toluidine blue at different concentrations when mixed with gold
nanoparticles, an example of which is shown (Figure 4-19). All of the experiments
were conducted at the same gold nanoparticle concentration and size but at different
toluidine blue concentrations and are summarised in Figure 4-20. These experiments
were conducted by measuring the emission associated with the singlet oxygen to triplet
oxygen conversion at 1260 nm. The amount of singlet oxygen was determined by
measuring the area of the singlet oxygen fluorescence peak which is proportional to the
singlet to triplet oxygen conversion. The data showed that the amount of singlet oxygen

produced was directly linked to the TBO concentration.
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Figure 4-19 Emission against time plot at 1260 nm after photoirradiation (532 nm) of a sample of gold
nanoparticles and TBO (4.7 uM). The plot shows the fluorescence emitted by singlet-triplet oxygen

conversion, the area under the curve is proportional to the amount of singlet oxygen generated.

Data were collected at various toluidine blue concentrations ranging from 2.5 pM to
12.5 uM, whilst keeping the gold nanoparticle concentration constant (Figure 4-20).
Obvious trends can be extracted form the data; increasing the concentration of toluidine
blue increases the amount of singlet oxygen produced and addition of gold nanoparticle
solution significantly decreases the amount of singlet oxygen produced, which is almost

proportional at each concentration.

104



Chapter 4 Charge Stabilised Gold Nanoparticles and Photosensitisers

0.7

0.6 q

=]
n
L

=]
FS
L

Singlet oxygen produced
=1
Y
|

S
1S}
I

& TBO
B Au+TBO

= Linear (TBO)

— Linear (Au + TBO)

0.14

0 2 4 6 8 10 12 14

Concentration pM

Figure 4-20 Relative amounts of singlet oxygen produced for TBO and TBO + gold nanoparticle
solutions at different TBO concentrations. The concentration of singlet oxygen produced is dependant

on the concentration of toluidine blue present.

Toluidine blue has fluorescence at approximately 670 nm (Figure 4-21). This
fluorescence is quenched in the presence of the gold nanoparticles. The peaks observed

at 600 nm are a harmonic of the excitation source of the excitation light inputted.

1200

1000 - m

800 -

600 -

Emission (A. U.)

400 4

200 4

=—TBO
=——TBO + Au

575 625 675 725 775 825
Wavelength (nm)

Figure 4-21 Fluorescence spectra of toluidine blue (TBO) (5.5 uM) and TBO-Au nanoparticle
mixture, where the final concentration of toluidine blue is 5.5 uM. The fluorescence of TBO is

quenched in the presence of gold nanoparticles.
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The gold nanoparticles used in all of the studies were synthesised using a modified
Turkevich citrate reduction.'** The sample synthesised NN1.2, displayed the enhanced
kill of bacteria. However, many of the samples subsequently synthesised did not
enhance the lethal photosensitisation of bacteria. Therefore, it was concluded that there

were more factors affecting the synthesis reaction than first observed.

Figure 4-22 Transmission electron microscopy images of citrate stabilised gold nanoparticles (Sample

NN1.2) at various magnifications.

Different sized nanoparticles were tested at the Eastman Dental Institute for enhanced
lethal photosensitisation of bacteria. These were synthesised by the Turkevich method

as modified by Fren."® The final average size of these nanoparticle solutions were 16
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nm, 25 nm, 40 nm, 70 nm, 100 nm and 150 nm (from Ferns analysislg). Again none of

these showed any enhancement in the lethal photosensitisation of bacteria.

Sample NN1.2 had an average diameter of 18 nm + 3.5 (Figure 4-22). This sample
enhanced the kill of bacteria and many attempts were made to reproduce this sample.
Although in each case nanoparticles were produced, none enhanced the lethal
photosensitisation of bacteria. Also none of these samples fit the UV-visible absorption
profile of NN1.2, or had the same pH. Attempts were made to regulate the reaction to
determine where the inconsistency was being introduced (same beakers, syringes,
needles, heating time etc). It was discovered that the rate of addition of the reducing
agent, was an important factor in determining the final size of nanoparticle. Whereas
the amount of citrate added varies the size between 16-150 nm (Frenlg), the rate of

addition can vary the range between 15-25 nm (Table 4-3).

Time Taken For | Time Taken | Time Left Boiling

20 ml of Water | To Add | After Citrate is
Sample | to Boil Citrate added AMmax)(NM)
NNI1 120 sec 60 sec 60 sec 522
NN2 120 sec 120 sec 60 sec 524
NN3 120 sec 30 sec 60 sec 521
NN5 120 sec 50 sec 60 sec 522-523
NN6 120 sec 40 sec 60 sec 522

Table 4-3 The rates of addition of sodium citrate, to a solution of auric acid for the synthesis of gold

nanoparticles.

Increasing the rate of addition of the sodium citrate reductant, whilst synthesising gold
nanoparticle solutions, resulted in a decrease in the wavelength of maximum absorbance
of the surface plasmon resonance (Table 4-3). Therefore, by adding the reducing agent
at a faster rate smaller nanoparticles were obtained. The synthetic protocol was adjusted
so that the particle size could be closely monitored and further gold nanoparticle
solutions which had similar UV-visible absorption profiles to NN1.2 were synthesised

for testing for photodynamic action at the Eastman Dental Institute (Figure 4-23).
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Figure 4-23 UV-visible absorption spectra of samples that have been found to enhance the kill of

bacteria (NN 1.2, NN 06.03.06) and samples that were predicted to enhance the kill of bacteria (NN5
04. 05.06, NN 15.05.06)
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Figure 4-24 Viable counts of S. aureus, when 20 uM toluidine blue and sample NN06.03.06 are
present. When the sample NN06.03.06 is diluted (1 in 10), toluidine blue added then irradiated with
white light for 30 secs there is a statistically significant enhance of kill of bacteria of approximately 2
lOg 10
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It was found that sample NN(06.03.06) also promoted the lethal photosensitisation of
bacteria (Figure 4-24). However, this sample had to be diluted so that the UV-visible
absorption profile matched sample NN1.2 more accurately, which indicates a critical
ratio between the photosensitiser and gold nanoparticles is needed for effective lethal

photosensitisation of bacteria.

Sample Amax)(NM)
NN1.2 522
NNO06.03.06 527
NNS5 04.05.06 523
NN15.05.06 526

Table 4-4 Maximum absorbance wavelengths in UV-visible absorption spectra of samples which
enhance the kill of bacteria (NN 1.2, NN 06.03.06) and samples that were predicted to enhance the kill
of bacteria (NN5 04. 05.06, NN 15.05.06)

Samples NN5 04.05.06 and NN15.05.06 had a maximum wavelength absorption fall in-
between the two samples NN1.2 and NN06.03.06 which were known to enhance the kill
of bacteria (Table 4-1).

4.4 Discussion

The optical response of gold metallic colloids arises from the ease at which
electromagnetic fields excite electrons at the surface of particles. This photo-excitation
induces charge density oscillations, a collective movement of electrons, the surface
plasmon, gives rise to the intense colour of the solution, and absorption at around 530

nm.

The electronic excitation leads to electronic field redistribution near the metal surface.
Therefore molecules which are in the vicinity of this surface experience an intense
electric field, which may give rise to the enhancement in the maximum absorption of
some dyes in the visible region. Dyes absorb light in the visible region and have a

characteristic spectrum. This spectrum changes when a dye is adsorbed onto the surface
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of gold nanoparticles. This is indicative of electronic communication between the dye

and the gold nanoparticle surface.

Increasing the dye concentration increases the maximum absorption, as defined by the
Beer Lambert law: A = C x I x e. Where the path length (1) and extinction coefficient

(e) are constant and the absorption (A) is proportional to the concentration (C).

All of the thiazine dyes have a similar structure (Figure 4-3) and hence, displayed
comparable enhancement after the dye is added to a gold nanoparticle solution (Figure
4-4, Figure 4-5, Figure 4-7, Figure 4-8, Figure 4-9, Figure 4-10). There was a gradual
decrease in maximum nanoparticle absorption, where as the dye peak reached a
maximum and then decreased. This indicates that large loadings of dye molecules on
gold nanoparticles have detrimental effects on the maximum absorption. It is possible
that the surface of the gold nanoparticle may be covered by the maximum number of
dye molecules possible, and the additional dye molecules may not be affected by the
charge on the nanoparticles. As the inter chromophore distance decreased flocculation
of the nanoparticles occurred. After the methylene blue titration experiment was
completed and left to stand for a week, a black solid was observed. However trying to
isolate such a small mass of solid was extremely difficult. EDAX was performed on

some that were isolated but the results were inconclusive.

The enhanced maximum observed in the UV-visible absorption spectra of thiazine dyes
also resembles that of particle aggregation which was reported by Turkevich in the 700

nm region. 149

Therefore a control titration experiment was carried out. This involved
the same titration experiment with a gold nanoparticle solution and addition of a
methylene blue solution. The added component of this titration was KCI which induced
aggregation. Adsorbed anionic citrate on the gold nanoparticle forms a layer of
electrostatic repulsion, which prevents the aggregation of the nanoparticles.
Electrolytes (solution of KCI) screen the repulsive electrostatic forces of the citrate layer
and induce aggregation. Aggregation was observed at around 710 nm and the
maximum enhancement in the methylene blue was observed at around 680 nm. This

indicates that although KCl induced aggregation on the gold nanoparticles, the dye still

exhibited an enhanced adsorption.
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In the absence of KCl the point at which methylene blue induced aggregation of gold
nanoparticles was investigated using a zetasizer. For this system aggregation of gold
nanoparticles and an increase in particle size was not observed until the concentration of
methylene blue reached 2.1 pM. This concentration is higher than 0.79 uM which was
the concentration observed to give the maximum enhanced absorption. This adds to the
argument that dye molecules in close proximity to the gold nanoparticle surface
experience an intense electrical field and this has an antenna effect on the absorption of

these dyes.150

Generally, the UV-visible absorption spectrum of the thiazine dyes when titrated against
gold nanoparticle solutions, showed an enhancement of the absorption of the dye, at the
wavelength of the normal dye maxima. There was a gradual decrease in maximum
surface plasmon resonance absorption of the nanoparticle peak, which was attributed to
the continuing increase in total volume to the reaction mixture hence decrease in
relative concentration. The absorption peak for the thiazine dyes generally increases
until a critical concentration is reached. This critical concentration gives the maximum
enhancement. Once reached, the maximum absorption then gradually declined,
indicating that large loadings of dye molecules on gold nanoparticles have detrimental
effects on maximum absorption. The surface of the nanoparticle may be covered by the
maximum number of dye molecules possible and therefore, the additional dye
molecules would not be affected by the charge on the nanoparticles. As the inter-

chromophore distance decreases flocculation of the gold nanoparticles occurs.

The enhancement in UV-visible absorption spectra was not observed for acidic, anionic
dyes. This implied that a basic, cationic dye which was able to adsorb onto the surface
of gold nanoparticles was required for enhancement of the absorption properties of the
dye. Acidic, anionic dyes display isosbestic points, which suggest that there is no
communication between the dye and nanoparticle. The anionic dyes investigated were

tin chlorin e6, rose bengal and rhodamine B.

Rhodamine 6C has a similar structure to rhodamine B and is another zwitter ion.

Rhodamine 6G has a strong absorption in the visible and a high fluorescence yield, and
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its well characterised properties has allowed the dye to be used as a probe for

' Hu er al.™* studied the aggregation effects of

aggregation effects on surfaces. '
rhodamine 6G on the surface of gold nanoparticles. The 2-3 nm gold nanoparticles used
for their experiments were synthesised using SCN™ as the reductant. The pH of the final
gold sol was increased by the addition of K,COs. Therefore, when rhodamine 6G was
added it was in the cationic form and could adsorb onto the surface of the gold
nanoparticle. Their similar titration experiment involved keeping the concentration of
rhodamine G constant followed by addition of gold nanoparticle solution. The study
found the disappearance of the sharp absorption band in the visible region at 525 nm

and the appearance of two new bands at 507 and 537 nm. They have attributed this to

the close packing of the cationic dye molecules around the surface.

H—Aggregates Herringbone— J-Aggregates
Aggregates

Figure 4-25 Types of aggregates formed by dyes in solution

There are a number ways that dye molecules could aggregate on the surface (Figure
4-25). Hu et al" have suggested that the dye form herringbone type aggregates. This
would account for the appearance of the two new absorption bands at 507 and 537 nm.
Herringbone aggregates have two associated absorption bands corresponding to the two

114
However

different transitions that are polarised along perpendicular directions.
aggregates of 2 nm gold nanoparticles could account for the absorption band at 537 nm
as they would be large enough to exhibit a surface plasmon. The absorption band at 507
nm would be associated with H-aggregates of the dye rhodamine 6G. H-aggregates
consist of a parallel arrangement of dye molecules to form a vertical stack and
correspond to a blue shift in the absorption band,'"* which is consistent with their study.
The other type of dye aggregates that could form are J—aggregates which have a head to

tail arrangement of dye molecules and are associated with a red shift."'* The slight shift
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in the absorption bands of the dyes, in the titration experiments discussed in this chapter

are possibly a result of dye aggregates on the surface of gold nanoparticles.

Toluidine blue is a positively charged molecule with a chloride counter ion. Therefore
it would be electrostatically attracted to the gold nanoparticle surface which is
negatively charged. The toluidine blue could co-ordinate to the surface of the gold
nanoparticle through the sulphur atom of the dye as it is extremely aurophillic. Also, in
aqueous solution the toluidine blue molecules are likely to form a shell around the gold

nanoparticles.

The maximum enhancement in bacterial kill was observed at a toluidine blue
concentration of 20 uM. The UV-visible absorption spectra of TBO (20 uM), the gold
nanoparticles and a mixture of both are displayed in Figure 4-18. The gold nanoparticles
displayed a plasmon resonance peak at approximately 530 nm. A significant
enhancement of approximately 240% in the maximum absorption of toluidine blue at
620 nm was observed in the presence gold nanoparticles. The additional shoulder at
approximately 710 nm was due to the aggregation of the gold nanoparticles. As
previously reported in this chapter this was studied using a zetasizer, this showed that
the main size of the gold nanoparticles was 20 nm and that this increased to

approximately 100 nm at higher TBO concentrations due to aggregation.

Addition of toluidine blue to a gold nanoparticle solution, so that the final concentration
of TBO is 20 puM in the reaction mixture, results in an enhanced UV-visible absorption
profile analogous to the results previously reported. Additionally, the disappearance of
the plasmon resonance peak but a broadening of the absorbance peak of the resulting

mixture compared with that of the TBO alone was displayed (Figure 4-18).

Photosensitisers have been covalently linked to gold nanoparticles to increase their
efficacy.” Wieder er al. ® have shown that covalently linking phthalocyanine to gold
nanoparticles results in the enhanced killing of human cells when irradiated. The results
presented here demonstrate that light activated antimicrobial activity of toluidine blue
can be enhanced by gold nanoparticles even when they are not covalently linked. The

presence of gold nanoparticles resulted in a 2 log;o increase in the number of colony
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forming units (CFU) killed, following short periods of irradiation (10 min) with a
domestic light source. It has been suggested that irradiating gold nanoparticles
covalently linked to phthalocyanine, induces an energy transfer between phthalocyanine
and gold, which leads to an enhanced singlet oxygen production and enhanced kill of
human cells.”” This was attributed to increased triplet energy transfer from the

> 1t was concluded that the

phthalocyanine—gold conjugate to molecular oxygen.'"
photosensitisation efficacy of the conjugate was dependant on the presence of
monomeric phthalocyanine on the nanoparticle surface. The results presented in this
chapter suggest that covalent linkage of the photosensitiser is not essential to achieve

enhanced photodynamic action.

Nanoparticles can act as acceptor (quencher) or donor units.””* Gold nanoparticles can
act as efficient quenchers of fluorophores, and is the basis by which DNA sensing using
gold nanoparticles operates.55 It has been suggested that quenching of the fluorophore
by the gold surface results from both non-radiative energy transfer from the dye to the
metal and from the collision of the dye against the gold surface (dynamic quenching).15 >
It was found in this study that the weak fluorescence of toluidine blue at 670 nm is

quenched in the presence of gold nanoparticles (Figure 4-21)

The fluorescence of the dye ‘nile red’ has been investigated in experiments by Chen et

156
al.

Nile red was adsorbed onto the surface of gold nanoparticles, and was used in the
detection of thiols. Nile red is a hydrophobic, highly fluorescent dye that undergoes
intensity or wavelength shifts upon changes in the polarity of its environment."”’ Chen
et al."® found the fluorescence of nile red to be weak when adsorbed onto the surface of
gold nanoparticles. When the adsorbed nile red was displaced in the presence of thiols
the fluorescence of the nile red was restored. Interestingly when the desorbed nile red
was examined, it was found to have changed structure suggesting a chemical reaction at

the surface of the gold nanoparticle. Chen et al. 136

attributed the quenched fluorescence
to Forster resonance energy transfer (FRET) where a donor chromophore (nile red), in
its excited state transfers its energy by a non-radiative, long-range dipole-dipole
coupling mechanism to an acceptor (gold nanoparticle) in close proximity (typically
<10 nm). The results from their study correlate with the fluorescence experiments

presented in this chapter.
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The fluorescence experiments, UV-visible absorption and singlet oxygen experiments
were performed in order to try and determine the mechanism by which the enhanced

lethal photosensitisation of bacteria is observed. The results are summarised below;

¢ In the presence of gold nanoparticles there is a marked increase in the extinction
coefficient at 631 nm of toluidine blue.

e At a 20 uM concentration of toluidine blue, where the maximum bacterial kill
was observed this enhancement of the extinction coefficient was still present.

e There is a significant decrease in the amount of singlet oxygen produced by the
toluidine blue when mixed with gold nanoparticles.

e The presence of gold nanoparticles quenches the weak fluorescence of toluidine
blue at 670 nm

e Aggregation of nanoparticles is induced at high loadings of dye molecules.

There was an abrupt increase in the extinction coefficient of toluidine blue in the
presence of gold nanoparticles. This was attributed to the adsorption of the toluidine
blue molecules onto the surface of the gold nanoparticle through the sulphur atom on
the TBO. This altered the profile of the UV-visible absorption spectra. This was
characteristic of all thiazine dyes when mixed with gold nanoparticles. Although the
mixing of gold nanoparticles with the dye significantly increases the extinction
coefficient of the dye, it did not lead to more singlet oxygen being produced. In fact,
the opposite effect was observed and significantly less singlet oxygen was formed.
Furthermore, the fluorescence of the TBO was completely quenched in the presence of
gold nanoparticles. This implied other radical species such as hydroxyls and
superoxides may have been produced when gold nanoparticles were mixed with
toluidine blue. These hydroxyl radicals and super oxide species are toxic to bacteria;
hence mixtures of gold nanoparticles with toluidine blue exhibit enhanced kill of

bacteria.

Considering all the data from these studies, it can be argued that the presence of gold
nanoparticles on TBO can harvest more incident light per molecule. This produces an

excited state of the dye. The excited state decays through a non-radiative process- as no
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dye-fluorescence is observed. However the non-radiative process is not dominated by
formation of singlet oxygen, which is significantly depressed in the presence of the gold
nanoparticles. In the presence of gold nanoparticles, TBO relaxes to the ground state by
a non-radiative decay and this process is primarily through formation of other reactive
oxygen species- such as hydroxyl radicals. It is the formation of these reactive species
that are responsible for the increased bacterial kills observed. Hence, the gold
nanoparticles have two roles- firstly they enhance the light capture of the dye, by having
absorbed dye on the surface of the particles, and secondly they help direct the decay
pathway for the dye encouraging a non-radiative process through formation of excess

bactericidal radical species.

Chow and Zukoski* reported that the wavelength of maximum absorbance of a gold
nanoparticle solution can be related to the diameter of the colloidal gold particle. A
longer wavelength corresponds to a larger particle. Fren'® described the particle size
obtained as a function of the number of nuclei over which the available gold is divided
and is not a result of a reduction of a different percentage of the available gold. This is
valid when examining particle size over a wide range. The colloid solution produced by
the citrate reduction of hydrogen tetrachloroaurate is dependant on the statistical
fluctuations in the nucleation process. Repeated attempts failed to produce
nanoparticles with identical UV-visible absorption profiles and pH. However a
correlation was observed between the rate of addition of sodium citrate and the diameter
of diameter of nanoparticles produced. Faster rates of addition favoured smaller
particles. The results obtained were in agreement with Sariva et al."*® The addition of
citrate at a higher flow rate results in a higher concentration of nuclei being produced
near the start of the reaction and that the growth period begins once all of the citrate is
added. In general, when there is a slower rate of addition larger particles are produced

and there is an increase in maximum wavelength absorption.

Summary of results:

Synthesis of gold nanoparticles was investigated using a modified Turkevich citrate

reduction.'*? By varying the citrate rate of addition different sized nanoparticles were
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obtained. Fast addition of the citrate produced smaller nanoparticles in the range of 16

nm. Adding the citrate over 50 seconds yielded nanoparticles of approximately 20 nm.

The adsorption of dye molecules onto the surface of the nanoparticle was investigated.
The collective movement of electrons (surface plasmon) gives rise to the intense colour
of gold nanoparticles. This electronic redistribution near the surface of the gold
nanoparticle effects molecules in close proximity to the surface. An enhanced
absorption has been observed for the dyes in the thiazine group when the dye is titrated

against the nanoparticle solution.

Generally in the UV-visible absorption spectrum of the thiazine dyes, there is a gradual
decrease in maximum nanoparticle absorption, where as the dye peak reaches a
maximum. The decrease in the nanoparticle intensity in the UV-visible absorption
spectrum corresponds to the decrease in concentration. The absorption peak for the
thiazine dyes generally increase until a critical concentration is reached. This critical
concentration gives the maximum enhancement. The maximum absorption then
gradually declines, indicating that large loadings of dye molecules on gold nanoparticles
have detrimental effects on maximum absorption. The surface of the nanoparticle may
be covered by the maximum number of dye molecules possible and the additional dye
molecules may not be affected by the charge on the nanoparticles. As the inter

chromophore distance decreases it may cause flocculation of the nanoparticles.

An enhancement of approximately one logjo in the extinction coefficient was displayed
in the UV-visible absorption spectra for all of the thiazine dyes, in the presence of gold
nanoparticles (16 nm) at a dye concentration of approximately 3x10° M. There is an
average enhancement of an average of 0.65 absorption units in the maximum absorption
of the dye, which indicates a direct communication between the nanoparticle and the

dye.

The enhancement in extinction coefficient was not observed for acidic, anionic dyes.
Acidic, anionic dyes display isosbestic points, which suggest that there is no

communication between the dye and nanoparticle, and that they do not adsorb onto the
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surface of gold nanoparticles. Flocculation is observed when KCl is added to the gold

nanoparticles and dyes. However an enhancement is still observed.

Gold nanoparticles which absorb wavelengths of light between 522 and 527 nm,
enhance the lethal photosensitisation of bacteria when used in conjunction with
methylene or toluidine blue. These nanoparticles were 18 nm in diameter. Although
there was an enhancement in the lethal photosensitisation of bacteria, increased amounts
of singlet oxygen were not detected. Additionally the fluorescence of the dye was
quenched in the presence of gold nanoparticles at 670 nm. This implies that the other
pathways such as the formation of hydroxyl radicals are important to enhance the lethal

photosensitisation of bacteria.

It is thought that in the presence of gold nanoparticles with TBO makes it relax to the
ground state by a non-radiative decay. This process is primarily through formation of
other reactive oxygen species- such as hydroxyl radicals. The formation of these
reactive species is responsible for the increased bacterial kills observed. The gold
nanoparticles enhance the light capture of the dye, by having absorbed dye on the
surface of the particles, and direct the decay pathway for the dye encouraging a non-

radiative process through formation of excess bactericidal radical species.

4.5 Conclusion

It was found that the mixing of gold nanoparticles with basic cationic dyes of the
thiazine family enhance the extinction coefficient of the dye. This was not observed for
the acidic anionic dyes investigated. The fluorescence of the thiazine dye toluidine blue
is quenched in the presence of gold nanoparticles. Additionally, the production of
singlet oxygen by toluidine blue decreases in the presence of gold nanoparticles. It was
discovered that the covalent attachment of a light activated antimicrobial such as
toluidine blue is not required for an enhancement in bacterial kill to be observed. It is
thought that the enhanced bacterial kill is a result of reactive oxygen species other than

singlet oxygen, such as hydroxyl radicals being produced.
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In order to further investigate the relationship between nanoparticles and
photosensitisers the nature of the nanoparticle was changed from gold to semi-
conductor (CdSe) quantum dots. Similar experiments, involving the mixing of
photosensitisers with quantum dots were performed and will be discussed in the next

chapter.
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Chapter S Quantum Dots and Toluidine Blue

The purpose of this study was to determine whether CdSe quantum dots (QD) could
enhance the antibacterial activity of the LAAA, Toluidine Blue (TBO). Suspensions of
Staphylococcus aureus (5.47 x 1 0’ cfu/ml) were exposed to white light and TBO in the
presence and absence of 25 nm diameter CdSe/ZnS quantum dots (which had an
emission maximum at 627 nm). When the ratio of TBO:quantum dots were 2667:1
(quantum dot concentration of 0.0075 uM), killing of S. aureus was enhanced by 1.72
logjo units. In the case of Strep. pyogenes an enhanced kill of 1.55 log;o units was
achieved using TBO and quantum dots in the ratio 267:1. It was determined from
fluorescence quenching and singlet oxygen measurements that the quantum dots
enhanced the ability of toluidine blue to increase the formation of singlet oxygen,
especially at high TBO:QD ratios. The process was shown mechanistically to operate
by a non-FRET mechanism, where the quantum dot converted part of the light source to
the absorption maximum for toluidine blue. If such enhanced killing can be achieved in
vivo, quantum dots may be useful in improving the efficacy of antimicrobial

photodynamic therapy.

5.1 Introduction

Quantum dots (QDs) are nanometer scale semiconductor crystals of types [I-VI, III-V
or IV, dependant on the elements position in the periodic table.””® Cadmium selenide
quantum dots are from group II-VI have been well characterised'® and were the focus

of this study, hence are the quantum dots referred to in the rest of this chapter.

Semi-conductor quantum dots have physical dimensions smaller than the excitation
Bohr radius.'® When a photon of visible light hits a semiconductor quantum dot, static
electrons from the valence band become mobile and are excited into a higher
conduction band within a semiconductor matrix. As the electron becomes mobile it
leaves behind a hole. After a certain period of time, usually in nano seconds, the

electrons and holes recombine. In quantum dots this recombination causes the emission
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of a photon at a frequency characteristic of the material. The amount of energy required
to induce the electrons to become mobile and produce the quantum dot emission is
called the bandgap energy.'® The band gap energy is related to the size, shape and
composition of the quantum dot. This dependence is due to the quantization of discrete
energy levels, as the quantum dots size is in the same order as the excitation Bohr

radius.'®

Quantum dots have a number of attractive optical properties. For example,
monodispersed quantum dots have narrow size tuneable photoluminescence with full
width half maxima (FWHM) in the range of 25 — 40 nm.'® The absorption spectra of
quantum dots are broad, often ranging from the visible region towards and into the
ultraviolet. Like the photoluminescence emission, the absorption spectrum also scales
with the size of the quantum dot."® The combination of broad absorption and narrow
symmetric emission has made quantum dots very attractive for multiplexing.
Multiplexing is where different sized quantum dots are excited with the same
wavelength of light to produce emission of different wavelengths, and thus yielding

different colours.'®

The size dependant photoluminescence colours of quantum dots are distributed through
out the visible region of the electromagnetic spectrum (Figure 5-1). As the size of the
particle decreases the bandgap increases, and the photoluminescence has a blue shift.
The size dependant photoluminescence colour has been exploited in various

applications including lasers, light emitting diodes and imaging. o1

The quantum dots used for the experiments in this chapter have a coating of ZnS. This
acts as a physical barrier, whereby the often more soluble CdSe cannot come in contact
with the surrounding medium and dissolve through ionisation. The ZnS shell has larger

bandgap energy than CdSe, eliminating the cores defects states and passivates the

9

.. . . . 15 . . .
surfaces non radiative recombination sites. This results in an increased quantum

yield. Also, the Zn-S bond lengths are similar to Cd-Se bond lengths, minimising

crystal lattice strain and facilitating Zn-S epitaxial growth.'®?
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Figure 5-1 (a) Size-dependent photoluminescence colour and (b) schematic presentation of size,
colour, and photoluminescence wavelength of CdSe-ZnS QDs. (c) Absorption (solid lines) and

photoluminescence (broken lines) spectra of CdSe QDs with various sizes taken from reference '*.

Although the quantum dots used in this study were bought from Evident Technologies,
they can be synthesised by the following procedure. Dimethylcadmium and selenium
are initially dissolved in the organic solvent tri-n-octylphosphine at defined ratios
(usually a molar ratio of 1.4:1.0) and injected into a hot (350 °C) co-ordinating solvent
of tri-n-octylphosphine oxide (TOPO) under argon gas. A decrease in temperature and
change in colour of the solution from colourless to light yellow to orange to red,
indicates the nucleation and growth of the quantum dots. The growth of the quantum
dots is dependant on Ostwald ripening and a reduction of the temperature can lead to
smaller particles being obtained. To produce a capping layer of ZnS a solution of
dimethylzinc and hexamethydisilathiane in tri-n-octylphosphine can be slowly dripped
into the reaction vessel after isolating or obtaining CdSe quantum dots of the desired
size.'® The quantum dots bought from Evident Technologies also had a surface coating
of polyethylene glycol to aid solubilisation in water. A table summarising the various
synthesis methods, capping materials and biofunctionalisation has been presented by Iga

et al.™

Quantum dots have been used in a variety of applications including; gene technology,

fluorescent labelling, cell tracking, pathogen and toxin detection, in vivo animal imaging
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and Forster resonance energy transfer analysis (FRET).'®>!% ERET occurs when the
electronic excitation of a fluorophore, such as a quantum dot, is transferred to a nearby
acceptor molecule (dye) without exchanging light (non-radiative), which may relax to
its ground state by the emission of a photon. The process results from dipole — dipole
interactions, and is dependant on the separation distance between donor and acceptor.
FRET operates efficiently over donor-acceptor distances ranging from 1 to 10 nm.'®’
The transfer efficiency increases with increasing spectral overlap between the donor
emission and acceptor absorption. FRET leads to the reduction of the donor’s emission
and excited state lifetimes and an increase in the acceptor’s emission intensities.'®’

FRET is suited to measuring differences in distance making it appropriate for detecting

conformational change of ligand bound assays.168

Quantum dots are extremely attractive for FRET analysis assays because conventional
fluorescence assays have problems associated with cross-talk. Cross-talk occurs when
there is direct excitation of the acceptor and there is spectral overlap between the donor
and acceptor emissions which produces background emission, limiting the systems

5 As quantum dots have a broad absorption spectrum an appropriate

sensitivity.'®
excitation wavelength can be chosen so that absorption by the acceptor is not possible.
Quantum dots have a narrow symmetric emission which allows for easy recognition
from acceptor emission profiles.'®® Conventional fluorescence assays which measure
fluorescence of bound dye require the separation from free dye before extent of binding
can be measured. FRET simplifies these assays as binding can be measured directly.
One drawback to quantum dot labelling is the difficulty in producing stable quantum dot
biomolecule complexes in which, the number and orientation of the dyes and
biomolecules on the surface of the quantum dots is well characterised, and the synthesis
replroducible.168 For the experiments discussed in this chapter the quantum dots were
used in conjunction with a light activated antimicrobial (toluidine blue) to enhance the

lethal photosensitisation of bacteria by photodynamic action through a non-FRET

mechanism.

As detailed in previous chapters, photodynamic therapy is a local, repeatable and non-

invasive technique that has the potential to be an effective alternative to antibiotic

74,169

therapy in the treatment of local infections. Photodynamic action involves the
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killing of target microbes via the formation of oxygen-derived cytotoxic species
produced by the interaction of a photosensitising compound with light of an appropriate
wavelength.**'""  Targeting of the infecting microbes can be achieved by chemical
modification of the photosensitiser and/or by choosing appropriate light energy doses
that do not damage host cells."’"'”* The production of reactive oxygen species at the
microbial target results in rapid oxidative damage and cell death via a range of
mechanisms, depending on the nature of the target which include; the bacterial cell
wall/membrane, viral nucleic acids, and enzymes.'” A wide variety of photosensitisers
are available and toluidine blue (TBO) has been used successfully by a number of

investigators as an effective photosensitiser of antibiotic-resistant microbes.'’*!"

Samia er al.'’® used quantum dots and covalently attached a phathalocyanine dye (Pc4)
through an alkyl amino group on the photosensitisers’ axial substituent. They found
that Pc4 has an absorption that spans wavelengths ca. 550 and 630 nm. However
quantum dots were needed as a primary donor between the wavelengths of 400 and 500
nm. Conjugation of the photosensitiser to the quantum dot resulted in the indirect
excitation of Pc4 using 488 nm light (at which Pc4 does not absorb). They attributed
this to a FRET type mechanism from the quantum dot to Pc4 as the emission of this dye
was observed at 680 nm. This combination of photosensitiser and quantum dot allows
the use of an excitation wavelength where the photosensitiser alone does not absorb.
The emission spectral properties of the quantum dots can be adjusted to match the
absorption profile of any dye by modifying the size of the quantum dots. Interestingly,
in the study of Samia et al® the photosensitising ability of the quantum dots in the
absence of a photosensitiser was discovered, through the detection of singlet oxygen.
Although the amount of singlet oxygen produced was very low ( ca. 5%) in comparison

176 However, their

to the photosensitiser (43%), it was still a significant result.
experiments were conducted in toluene which would not be suited to biological systems.
Additionally there have been some issues concerning the toxicity of certain quantum

dots through the leaching of cadmium ions."”’

uantum dots are highly selective energy donors as clearly demonstrated by several
ghly gy y y
groups. O8I0 Byye to the ability of quantum dots to harvest light over a broad

range of wavelengths and emit this at a wavelength absorbed by TBO, the antimicrobial
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effectiveness of TBO should increase when white light was used as the irradiating
source. To test this hypothesis a series of fluorescence absorption and singlet oxygen

experiments were conducted.

The experiments in this chapter were concerned with improving the effectiveness of
TBO in the lethal photosensitisation of bacteria using quantum dots. It was found that
quantum dots enhance the effectiveness of TBO. An investigation using UV-visible
absorption, and fluorescence spectroscopy along with singlet oxygen measurements
were carried out in order to uncover information on the mechanism by which this

occurs.

5.2 Experimental

Target organisms: Staphylococcus aureus NCTC 6571 and Streptococcus pyogenes
NCTC 12202. Staph. aureus was maintained by weekly transfer on nutrient agar while

Strep. pyogenes was sub-cultured on blood agar

Light source: The light source used was for the microbiology experiments was a
General electric 28-watts Biax 2D compact fluorescent lamp that emits light across the
visible spectrum. Prominent peaks were present at 435, 495, 545, 588 and 610 nm
(Figure 1). The lamp was fitted into a refrigerated incubator (LTE scientific Itd.,
Oldham, U.K) that maintained the temperature at a constant 22°C. The light intensity at
the surface of the microtitre plates was measured using a digital luxmeter (Hagner

photometric instruments limited; Bosham, U.K) and was found to be 3,600 lux.

Photosensitiser: The photosensitiser used in this study was toluidine blue O (C.I.
52040; Sigma-Aldrich Ltd, Poole, UK). The required concentration of the dye was
prepared by dissolving measured dye powder in sterilised distilled water and diluted
further to a required final concentration. The final concentration of TBO used in this

study was 20 uM.

125



Chapter 5 Quantum Dots and Toluidine Blue

Quantum dots: The quantum dots used were 25 nm diameter CdSe/ZnS nanoparticles
with a polyethylene glycol surface coating (T2-MP Maple Red-Orange EviTags;
Evident Technologies, New York, USA). These exhibited high absorbance below 550

nm and had an emission maximum at 627 nm.

Lethal photosensitisation of bacteria: Staph. aureus was grown in nutrient broth
overnight in a shaking incubator at 37 °C while Strep. pyogenes was grown overnight at
37 °C in air supplemented with 5% CO,. The cells were then harvested by
centrifugation and re-suspended in an equal volume of phosphate buffered saline (PBS)
and then diluted to an optical density of 0.05 at 600 nm, which was approximately equal
to 106 colony-forming units (cfu)/mL. In all experimental setups, the light source was
fitted vertically into a refrigerated incubator at a distance of 41 cm to the 96-well flat

bottom microtitre plate containing the bacterial suspensions.

A range of different concentrations of quantum dots were prepared in sterile distilled
water. To each test well, 20 uL of bacterial suspension, 10 pL of 80 uM TBO and 10
pL of suspension of quantum dots were added. The final concentration of TBO in each
well was 20 uM, and the concentration of the quantum dots ranged from 0.75 to 0.0075
uM. The ratio of TBO:quantum dots, therefore, ranged from 27:1 to 2667:1. Half of the
wells (2 for each concentration of quantum dots) were exposed to white light for 5 or 10
minutes. Suspensions treated this way were designated L+T+Q+. The remaining wells
were not exposed to light to determine the dark toxicity (L-T+Q+). Additional control
wells were also prepared without the quantum dots and treated in the same way
(L+T+Q-, L-T+Q-). Bacterial suspensions with quantum dots but without TBO were
also prepared and treated in the same way (L+T-Q+). To determine the effect of white
light alone, a further 4 wells were prepared and either exposed to white light (L+T-Q-)
or kept in the dark (L-T-Q-). The number of viable bacteria in each well was
enumerated by viable counting of serial dilutions of the microbial suspension. Serial
dilutions were prepared in sterile PBS, and 20 puL of the aliquots were plated on nutrient

agar plates (for Staph. aureus). All of the viable counts were performed in triplicate.

UV-visible absorbance of quantum dots (controls): The quantum dots had an initial

concentration of 3 uM. This solution was serially diluted to give quantum dot solution
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concentrations of 0.3 uM, 0.15 uM, 0.06 uM and 0.03 uM. To a cuvette distilled water
(1.5 mL) and quantum dots (0.5 mL, 0.15 uM) were added and the UV-visible
absorption spectra recorded for each of the dilutions of quantum dots. The final
quantum dot solution concentrations in the cuvette were 0.075 uM, 0.0375 uM, 0.015

uM and 0.0075 uM and the UV-visible spectra was measured at each dilution.

UYV-visible absorbance of quantum dots with toluidine blue: A solution of toluidine
blue was prepared of concentration 80 pM. The quantum dots had an initial
concentration of 3 uM. This solution was serially diluted to give quantum dot solution
concentrations of 0.3 uM, 0.15 uM, 0.06 uM, 0.03 uM. To a cuvette distilled water (1
mL), toluidine blue stock solution, (0.5 mL, 80 uM) and quantum dots (0.5 mL) were
added and the UV- visible absorption spectra recorded. The quantum dot solution was
serially diluted to give final quantum dot concentrations of 0.075 uM, 0.0375 uM, 0.015
uM and 0.0075 uM, these solutions contained toluidine blue of 20 uM. The UV-visible

spectra were measured at each dilution.

Fluorescence of quantum dots (controls): The measurement of fluorescence from the
quantum dots, TBO and quantum dot- TBO mixtures was determined on a Perkin Elmer
LS50B spectrometer, with an excitation wavelength of 365 nm. The emission spectra
were measured in a 1 cm quartz luminescence cuvettes containing quantum dot solution
of set concentrations with and without the dye. To a cuvette H;O (1.5 mL) and TBO
(80 uM, 0.5 mL) were added and the fluorescence spectra recorded at a TBO

concentration of 20 uM.

Fluorescence of quantum dots with toluidine blue: To a cuvette distilled water (1
mL), toluidine blue (0.5 mL, 80 uM) and quantum dots (0.5 mL) were added and
fluorescence spectra recorded (500-800 nm), this provides a solution that is 0.75 uM in
quantum dot and 20 uM in TBO. To water (1 mL) and an aqueous TBO solution (0.5
mL, 80 uM) the quantum dot solution which was serially diluted to give final quantum
dot concentrations of 0.075 uM, 0.0375 uM, 0.015 pM and 0.0075 uM. The total
concentration of TBO in each sample was 20 uM. The fluorescence spectra were

measured for the initial and all serially diluted samples.
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Determination of FRET: A 3 mm internal diameter NMR tube (4 cm long) was
placed concentrically inside a 1 cm plastic cuvette and fixed in place with super glue.
To quantum dot solutions 0.0125 uM in water was placed inside the N.M.R tube, TBO
solutions of 80, 60, 40, and 0 uM were placed in the plastic cuvette. The fluorescence

spectra from the QD were measured at each TBO concentration.

Measurement of singlet oxygen: Singlet oxygen measurements employed the second
harmonic (lex = 532 nm) of a Q-switched Spectra Physics GCR-150.10 Nd:YAG laser as
the excitation source (~1 mJ per pulse, ~5 ns full-width at half-maximum); The
phosphorescence from the sample was collected at 90°, selected by an interference filter
centered at 1270 nm (Infra Red Engineering Ltd., Essex UK) and then focused onto the
active area of a liquid nitrogen-cooled germanium photodiode (North Coast EO-817P).
The output from this device was AC coupled to a digital oscilloscope (Tektronix TDS-
320), which digitized and averaged transients. Typically 20 laser shots were used for
each sample. The emission was measured on the same toluidine blue/ quantum
solutions as for the previous fluorescence experiments except that the toluidine blue and

dilution experiments were carried out in D,0.

5.3 Results

The effect on the viability of Staph. aureus sensitised with TBO, when exposure to
white light for 10 minutes in the presence and absence of quantum dots is shown in
Figure 5-2. In the absence of quantum dots, the TBO (20 uM) achieved a 1.75 logio
reduction in the viable count of a suspension of Staph. aureus containing 5.4 x 10’
cfu/ml. When quantum dots were used with toluidine blue in the ratio TBO:quantum
dots was 2667:1, where the concentration of toluidine blue was 20 uM and quantum
dots was 0.0075 puM, there was a further 1.72 log;y decrease in the viable count of the
bacteria. As the quantum dot concentration reduced, the extent of the enhanced kill
increased - such that the greatest kill was achieved at the highest TBO-quantum dot
ratio (lowest quantum dot concentration). None of the positive or negative controls
showed any significant changes in the number of viable bacteria throughout the course

of these experiments.
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Figure 5-2 Lethal photosensitization of Staph. aureus by TBO in the absence and presence of various
concentrations of 25 nm diameter CdSe/ZnS quantum dots. L = light; QD = quantum dots; TBO =

toluidine blue.
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Figure 5-3 Lethal photosensitization of Strep. pyogenes by TBO in the absence and presence of

various concentrations of 25 nm diameter CdSe/ZnS quantum dots.
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When used at certain concentrations, enhanced kills of Strep. pyogenes were also
achieved (Figure 5-3). In the absence of the quantum dots, a 5 minute exposure of the
organism (at a concentration of 1.16 x 10’ cfu/mL) to light in the presence of TBO
resulted in a 2.53 log)o reduction in the viable count. However, when quantum dots
were included at a TBO:quantum dots ratio of 267:1, the reduction in viable count
amounted to 4.08 logjo units, an enhanced kill of 1.55 log;y units. At TBO:quantum
dots ratios of 2667:1 enhanced kills were also observed but the enhancement was not as
great as that observed at a ratio of 267:1. As with the S. aureus experiments the highest
quantum dot concentration of 0.75 uM (TBO:quantum dots (27:1)) resulted in kills that
were lower than those achieved with TBO alone. Positive and negative controls showed

no significant changes in cell numbers throughout the course of these experiments.

In order to unravel the cause of the enhancement in bacterial kill, four additional
experiments were conducted. First an absorption experiment was carried out to measure
the absorption characteristics of quantum dots when mixed with toluidine blue.
Secondly, a direct measurement of the amount of singlet oxygen generated at different
quantum dot-TBO ratios was taken. Thirdly, an experiment was carried out to measure
the fluorescence quenching of the quantum dots in the presence of TBO at different
concentrations. Finally, an investigation into the type of mechanism, whether it be a

FRET or non-FRET was conducted.

The absorption at 625 nm in the UV-visible absorption spectra (Figure 5-4) of quantum
dots increased with concentration. Quantum dots absorb at all wavelengths below 650
nm in the visible part of the spectrum. Mixtures of toluidine blue with quantum dots

absorb wavelengths of less than 700 nm in the visible part of the spectrum.
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Figure 5-4 UV-visible absorption experiments at various concentrations of quantum dots with and

without toluidine blue (20 uM).

The second experiment was to measure the quantity of singlet oxygen produced from
the different quantum dot concentrations when mixed with toluidine blue. This
experiment measured the emission associated with the singlet oxygen to triplet oxygen
conversion at 1260 nm. The amount of singlet oxygen was determined by measuring
the area of the singlet oxygen fluorescence peak (measures singlet to triplet oxygen
conversion), by integrating the area under the best fit exponential curve (Figure 5-5).
These show that the amount of singlet oxygen produced is directly linked to the
quantum dot:TBO ratio. All of the experiments were conducted at the same TBO
concentration but at different quantum dot concentrations. At the lowest quantum dot
concentration (0.0075 uM), the largest amount of singlet oxygen was generated - and
this was more than twice the amount of singlet oxygen generated at the highest quantum
dot concentration of 0.075 uM. Furthermore, singlet oxygen was produced in the
absence of quantum dots — indeed the amount produced was greater than in the presence

of quantum dots demonstrating that the latter suppressed singlet oxygen generation.
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Figure 5-5 (a) Plot of intensity against time of the singlet oxygen decay produced from quantum dots
at 0.015 uM and toluidine blue at 20 uM (area under the curve is proportional to singlet oxygen
concentration). (b) Plot of In[1]/[1], transformation of the first order exponential decay of singlet
oxygen. (c) Graph of the relative proportion of singlet oxygen produced as a function of the
concentration of quantum dots whilst a constant concentration of toluidine blue (20 pM) was

maintained.

It was found that the emission peak of the quantum dots at 627 nm when mixed with
TBO was significantly reduced (Figure 5-6). This indicates that the TBO and quantum
dots were interacting with each other. Furthermore, this communication was
concentration-dependent, with the greatest reduction in emission seen at the lowest
quantum dot concentration (Figure 5-6 (d)). The evidence of emission adsorption was
very strong because the peak associated with the emission was significantly reduced (up
to ca. 90% absorption by TBO), whilst the second harmonic peak associated with the

exciting wavelength seen at ca. 720 nm was largely unaffected by the process.
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Figure 5-6 (a) Fluorescence spectra of quantum dots at 0.075 uM concentration (blue ) and a mixture
of quantum dots (0.075 uM)with toluidine blue, 20 uM (pink). (b) Fluorescence spectra of quantum
dots at 0.0375 uM concentration (blue) and a mixture of quantum dots (0.0375 uM) with toluidine
blue, 20 uM (pink). (c) Fluorescence spectra of quantum dots at 0.015 uM concentration (blue) and
quantum dots (0.015 uM) with toluidine blue, 20 uM (pink). (d) Fluorescence spectra of quantum dots
at 0.0075 uM concentration (blue) and a mixture of quantum dots (0.0075 uM) with toluidine blue, 20
uM (pink). The fluorescence emission decreases as the concentration of quantum dots decreases. The
Sfluorescence emission of the quantum dots is reduced when TBO (20 uM) is present. (e) The
percentage fluorescence emission (expressed as fluorescence in the presence of TBO/ fluorescence
without TBO x 100) as a function of quantum dot concentration in the presence of TBO 20 uM. The
peaks between 700 and 750 nm in (a), (b), (c) and (d) are second order excitation peaks from the 365

nm excitation.
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An experiment to determine whether the quantum dots and toluidine blue could interact
through a radiation-less energy exchange FRET mechanism or through an emission —
re-absorption phenomenon was conducted (Figure 5-7). FRET mechanisms are
reported to operate over very short distances (10 nm), by separating the TBO and QD in
separate compartments of the same cell with an intervening wall separation of at least
100,000 nm it was demonstrated mechanistically that the process could be accounted for

by a non-FRET mechanism.
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Figure 5-7 Quenched fluorescence of quantum dots (0.0125 uM) in the presence of various

concentrations of TBO — the separation distance was in excess of 100,000 nm.

5.4 Discussion

Toluidine blue has long been known to be an effective lethal photosensitiser of bacteria.
Mathews'™' and MacMillan et al.* have reported the use of this dye to sensitise
bacteria, killing by white light and light from a helium/neon laser, respectively. The
results in this chapter have demonstrated that the addition of quantum dots with an

emission maximum of 627 nm, which is close to the absorption maximum of 630 nm of
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TBO, can significantly enhance the efficacy of TBO-mediated lethal photosensitisation

of Staph. aureus and Staph. pyrogenes.

There is currently great interest in the potential use of quantum dots and other

176
A

nanoparticles in photodynamic therapy.®'® In a study by Samia et al.'”®, quantum dots

have been shown to transfer energy directly to molecular oxygen to generate singlet
oxygen.176 CdSe/ZnS quantum dots with a diameter of 5 nm were used in the study
and, on irradiation with light with a wavelength of 488 nm, singlet oxygen was
generated with a quantum yield of approximately 5%. In contrast, the results in this
chapter do not display any bactericidal effect when bacteria were irradiated in the
presence of quantum dots and in the absence of TBO. This may be because either no
singlet oxygen was generated by the quantum dots or else the yield was so low that the
resulting bacterial kill was too small to be detectable. When quantum dots are
covalently linked to a photosensitiser, singlet oxygen can be generated on irradiation
with light of a wavelength not absorbed by the photosensitiser itself.'” In this study, on
irradiation with 488 nm light, CdSe/ZnS quantum dots linked to a silicon
phthalocyanine photosensitiser were able to generate singlet oxygen by a “fluorescence”
resonance energy transfer (Forster resonance energy transfer - FRET) mechanism. In
this mechanism the excitation energy can be transferred by a radiationless process to a
neighboring fluorophore when their energy level difference corresponds to the quantum
of excitation energy. The conditions for this mechanism are: the fluorescent emission
spectra of the energy donor must overlap the absorption spectrum of the energy
acceptor. The two fluorophores need not necessarily be part of the same molecule.
Energy transfer will take place between isolated molecules in solution as long as the
concentration is high enough to bring the average intermolecular distance to less than a

few nm.

The experiments conducted by Samia et al.'™® were performed in toluene, a solvent
which would not be compatible with biological systems. Shi e al.'®® synthesised water
miscible Cd/Te quantum dots organic dye nanocomposites which produced singlet
oxygen. The organic dye used was meso-tetra(4-sulphonatophenyl)porphine
dihydochloride (TSPP) and was electrostatically bound to the surface of the quantum

dot. In their UV-visible absorption experiments they found the bound dye absorption
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had a slight blue shift when compared to the unbound dye. This is consistent with the
results in this chapter and can be attributed to H-type aggregates of the dye on the
quantum dot surface. H—aggregates consist of a parallel arrangement of dye molecules
to form a vertical stack and correspond to a blue shift in the absorption band.""* Shi er
al.'® also observed immediate aggregation on addition of dye which was not observed
in the results presented here. This can be explained by comparing the concentration of
dye used; the Shi et al. experiment uses a concentration an order of magnitude larger.
In agreement with the results presented here, Shi er al.'®® found the emission from the
quantum dots reduced greatly upon addition of dye. In contrast to the results presented
by Samia er al.'’®, Shi et al."®® did not detect any singlet oxygen production in the
absence of a dye, which is again consistent with the results presented here. The dye that
Shi et al."®® used (TSPP) had no appreciable absorption at the excitation wavelength
(355 nm, Nd:YAG) that they used to irradiate the quantum dot/dye nanocomposite for
the singlet oxygen detection experiments. A FRET type mechanism was proposed to
account for the singlet oxygen produced. FRET is the non-radiative transfer from the

quantum dot to the dye which subsequently produced singlet oxygen.

The experiments in this chapter were performed on quantum dots which were not
covalently linked to the toluidine blue molecules. Irradiation with white light resulted
in bacterial kills in considerable excess to those achieved when toluidine blue was used
alone. Significantly, the greatest kills or enhancements were seen at the higher
TBO:quantum dots ratios or lowest quantum dot concentrations. = The CdSe/ZnS
quantum dots exhibited high absorbance with a number of bands (440-550 nm and 610-
620 nm) emitted by the white light source used. The emission band of the quantum dots
(627 nm) corresponded closely with the main absorbance band of the TBO (630 nm). It
is possible, therefore, that the TBO molecules were sufficiently close to the quantum
dots (within 6 nm) to enable a FRET mechanism to take place resulting in the
generation of cytotoxic species and, consequently, a bactericidal effect. It is also
possible that the TBO interacts with the PEG coating of the quantum dot via a weak

electrostatic/hydrogen bonding interaction.

The greatest interaction between the quantum dot and toluidine blue was observed at the

lowest quantum dot concentration which is counter intuitive to a direct FRET
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mechanism. The ratio of TBO:QD was crucial for achieving an enhancement of the
bactericidal effect. For Staph. aureus, enhancement occurred only when the ratio of
TBO:quantum dots was between 133:1 and 2667:1 at quantum dot concentrations
between 0.075 and 0.0075 puM. There have been many reports which conclude that
quantum dots are not toxic to biological cells'’”'® from leaching of cadmium ions.
However this did not affect the lethal photosensitisation results here as control
experiments indicated that the quantum dots were toxic to the bacteria in the

environment and for experimental time that they were in contact.

The fluorescence measurements of the TBO:QD mixture showed significant absorption
of the quantum dot emission. This reduction in emission may be due to energy transfer
from the quantum dot to the toluidine blue. By measuring the emission of a
compartmentalised quantum dot and toluidine blue solution, it was evident that the
quantum dot emission as measured by the instrument detector was directly proportional
to the external toluidine blue concentration and followed the Beer-Lambert law. This
indicates that the light emitted by the quantum dots is directly absorbed by the toluidine
blue solution (Figure 5-7). This process can only be through a radiative process as the
two compartments were separated by a distance far in excess of that required for a
FRET pathway to operate. This experiment indicates that the observed pathway in
fluorescence seen for intermixed QD-TBO solutions can be fully explained by a non-
FRET mechanism in which the quantum dot absorbs radiation and emits at the

maximum absorption of the toluidine blue dye.

In summary:-

e Mixtures of quantum dots and toluidine blue enhance bacterial kills in solution
upon irradiation with white light at low quantum dot concentrations. Quantum dots
have no direct toxic effect on the bacteria in the presence or absence of the white,
light, and the observed bacterial kill did not scale with relative singlet oxygen
concentration.

e Quantum dots suppress the formation of singlet oxygen from toluidine blue in
water. The higher the quantum dot concentration in a solution, the lower the
amount of singlet oxygen produced. Toluidine blue on its own produces more

singlet oxygen on irradiation with white light than any TBO/QD solution.
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¢ Quantum dot fluorescence is significantly absorbed in the presence of toluidine
blue. The quantum dot fluorescence is quenched through absorption of the emitted
light from the quantum dot and not through a FRET mechanism. The amount of
emitted light from the quantum dot that is absorbed by the TBO is directly
proportional to the TBO concentration.

e The emission spectrum of the light used in the experiments did not match very
well with the TBO absorption maximum; however the QD emission and TBO

absorption were closely matched.

Absorption of Emission at 627 nm

white light

—,

Cytotoxic species,

Enhanced bacterial kill

Quantum Dot

. Toluidine Blue

Figure 5-8 Absorption of white light by quantum dots and emission at 627, which is absorbed by

toluidine blue. Toluidine blue is essential for the formation of singlet oxygen and cytotoxic species

which are lethal to bacteria.

It can be deduced that quantum dots synergistically enhance the ability of toluidine blue
to kill bacteria. No bacterial kill was seen in the absence of toluidine blue and the
quantum dots improve the photosensitising ability of toluidine blue by absorbing light
with a wavelength less than 620 nm and up-shifting this via an emission process to
approximately 627 nm which is close to the absorption maximum of the toluidine blue
(Figure 5-8). The quantum dots also have a further role in the process, as they suppress
the formation of singlet oxygen from the excited toluidine blue molecule. The QD-
TBO interaction is a complicated one, in the presence of quantum dots more toluidine
blue is found in the excited state. However, the toluidine blue relaxes to its ground state

through the formation of cytotoxic molecular species other than singlet oxygen:
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presumably other radicals such as the hydroxyl radical.”” Tt is the formation of these

activated radicals that are responsible for the enhanced bacterial kills observed.

5.5 Conclusion

In conclusion, quantum dots of CdSe/ZnS enhance the antimicrobial effect of the light-
activated antimicrobial agent toluidine blue. The lethal photosensitisation of Staph.
aureus, using toluidine blue and quantum dots is concentration-dependent. An excess
of a 1.7 logjop enhancement was observed with the lowest quantum dot concentration
(0.0075 uM), highest QD:TBO ratios. It was deduced that an emission- absorption
process from the quantum dots to the toluidine blue occurs, especially at low quantum
dot concentrations by fluorescence measurements. The enhanced bacterial kills
observed in lethal photosensitisation experiments in the presence of quantum dots and
toluidine blue are the result of light-induced production of greater quantities of reactive
oxygen species (other than singlet oxygen) by toluidine blue. An energy transfer from
the quantum dots to toluidine blue is induced at low quantum dot concentrations. Light
was absorbed by the quantum dots and then re-emitted at the absorption maximum of
TBO. The quantum dot, converts the incident white light to the frequency at which
toluidine blue has a maximum absorption. Consequently a greater proportion of toxic

species are formed and an enhanced bacterial kill is observed.
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Chapter 6 Conclusion

This thesis reported on coupling light activated antimicrobial agents with gold
nanoparticles to provide new nano bio-materials which displayed enhanced
antimicrobial properties. The gold nanoparticle formed the central core of the nano-
biomaterial.  Organic molecules were adsorbed onto the surface or they were
chemically attached. Light activated antimicrobial agents were mixed with gold
nanoparticles so that they were adsorbed onto the surface. Additionally alkane thiol
protected nanoparticles were synthesised, and the light activated antimicrobial was
chemically attached to the monolayer. A mechanistic study was performed in order to

uncover information on the relationship between quantum dots and toluidine blue.

6.1 Summary of Results

A novel highly effective and potent light activated antimicrobial was synthesised. The
conjugation of toluidine blue to tiopronin—gold nanoparticles has proved to be
exceptionally effective at killing Staphylococcus aureus. At 1 uM concentration and
using white light for 30 minutes, the conjugate showed a reduction in colony forming
units (cfu) of 4.5 logjy compared with 0.5 log;o for toluidine blue at the same
concentration. The superior performance of the conjugate was attributed to the
enhanced extinction coefficient of toluidine blue—tiopronin—gold nanoparticles, a result
of the association to the gold core surface, when compared to free toluidine blue. In
terms of their minimum bactericidal concentrations (MBCs), the covalently linked
toluidine blue—tiopronin—gold nanoparticle conjugates are the most potent light-
activated antimicrobial agents reported to date. This gold-thiol-photosensitiser motif
was further investigated by using the thiol glutathione (GS) and photosensitiser tin
chlorin e6. Nanoparticles with motifs of gold-glutathione-tin chlorin €6
(Au-GS-SnCe0), of different diameters ranging from 1.73 to 6.24 nm were synthesised
in a two step reaction. The attachment of the photosensitiser tin chlorin e6 to

glutathione protected gold nanoparticles was confirmed by UV-visible absorption
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spectroscopy. This study established that the synthetic route is robust enough for many

different combinations of gold-thiol-photosensitiser to be explored.

The adsorption of basic cationic dyes of the thiazine family onto gold nanoparticles
enhances the extinction coefficient of the dyes. This was not observed for the acidic
anionic dyes investigated. The fluorescence of the thiazine dye toluidine blue is
quenched in the presence of gold nanoparticles. Additionally, the production of singlet
oxygen by toluidine blue decreases in the presence of gold nanoparticles. Importantly it
was found that the covalent attachment of a light activated antimicrobial such as
toluidine blue was not required for an enhancement in bacterial kill to be observed. The
enhanced bacterial kill observed was attributed to reactive oxygen species other than

singlet oxygen, such as hydroxyl radicals being production.

Quantum dots of CdSe/ZnS enhance the antimicrobial effect of the light-activated
antimicrobial agent toluidine blue. It was found that the lethal photosensitisation of
bacteria using toluidine blue and quantum dots was concentration-dependent. An
excess of 1.7 log;p enhancement in bacterial kill was observed with the lowest quantum
dot concentration (0.0075 uM). A mechanistic study revealed that an emission -
absorption process from the quantum dots to the toluidine blue occurs, especially at low
quantum dot concentrations. The enhanced bacterial kills observed in lethal
photosensitisation experiments in the presence of quantum dots and toluidine blue, are
attributed but not proven to be due to light-induced production of greater quantities of
reactive oxygen species (other than singlet oxygen) by toluidine blue. Incoming light
was absorbed by the quantum dots and then re-emitted at the absorption maximum of
toluidine blue. The quantum dot, converts the incident white light to the frequency at
which toluidine blue has a maximum absorption. Consequently a greater proportion of

toxic species are formed and an enhanced bacterial kill is observed.

The investigations conducted in this work can be split into two areas; covalent
attachment of photosensitisers to gold nanoparticles and mixing of photosensitisers with
nanoparticles. The covalent attachment of photosensitisers to thiol protected gold
nanoparticles was divided into a further two systems. The two systems investigated had

motifs of gold-tiopronin-toluidine blue and gold-glutathione-tin chlorin e6. The
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synthesis of these particles has proven to be versatile and the coupling chemistry robust
enough to be applied to different systems. The covalent attachment of photosensitisers
to gold nanoparticles has antibacterial properties and nanoparticles with the motif
gold-tiopronin-toluidine blue enhance the bacterial kill. This has been the first
application of nanoparticles coupled with photosensitisers in the lethal

photosensitisation of microbes.

The second area investigated was the mixing of nanoparticles and photosensitisers.
This was split into a further two systems of gold and CdSe quantum dots. Both systems
were found to enhance the kill of bacteria. The singlet oxygen experiments for both
systems found that the relative proportion of singlet oxygen produced by the
photosensitiser, in the presence of gold and CdSe nanoparticles was suppressed. This
indicates that the mechanism by which bacterial kill is achieved is not solely due to the
production of singlet oxygen and that other radical species such as hydroxyl radicals
play an important role. It was found that the photoluminescence of toluidine blue was
quenched by gold nanoparticles, whereas the photoluminescence of the quantum dots
was absorbed by the toluidine blue, suggesting that the enhanced bacterial kill operates
via different pathways. In the case of CdSe quantum dots and toluidine blue some
evidence was found to suggest a non-FRET mechanism whereby, the quantum dots
absorb light and re-emit the light at a wavelength optimum for the absorption by
toluidine blue. In the case of charge stabilised gold nanoparticles it was found that
mixing of these particles with certain basic cationic dyes achieved enhanced extinction
coefficients by UV-visible absorption spectroscopy. This enhanced absorption is
thought to be part of the reason behind the enhanced bacterial kills observed when gold

nanoparticles are mixed with photosensitisers.

In general nanoparticles of gold and CdSe enhance the lethal photosensitisation of
bacteria, and that covalent attachment of the photosensitiser to the surface of the
nanoparticle is not necessary for this enhancement to be observed. The relationship
between the nanoparticles and photosensitisers seems to be a complex one, where the
nature of the nanoparticles and photosensitisers, the ratio between the two and size of
the particles, all play a vital role. It appears that each system has its own mechanistic

pathway by which enhanced lethal photosensitisation of bacteria occurs. However,
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enough evidence has been gathered in this investigation to suggest an antenna effect by
the nanoparticle so that a higher concentration of toxic species (other than singlet

oxygen) is produced.

6.2 Future perspectives

There many other aspects of chromophore functionalised gold nanoparticles that could
be investigated. One of these is changing the linker tiopronin to other bioavailable
molecules such as amines. The core size could be further increased and decreased to
find an optimum, where the bacterial kill is highest. This could be achieved by
decreasing the temperature at which the gold core was formed along with altering the
coating : gold ratio. The gold—thiol nanoparticles acted as a supporting scaffold for
attachment of the photosensitiser groups and also conferred water solubility. Other
thiols which allow water solubility could be investigated. Additionally, the other
photosensitisers could be placed in the gold-thiol-photosensitiser motif. It should be
possible for the gold core to support further molecules. This could be utilised for the
attachment of a specific targeting moiety such as an antibody or antibody fragment that

is specific for a certain bacterial type, to obtain selective killing of bacteria.

In order to investigate the mechanism by which this enhanced bacterial kill operates
EPR studies should be performed, to identify the triplet state of the photosensitiser
when irradiated by light. This should be done in the presence and absence of gold

nanoparticles to detect any differences.
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