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Popular Science Summary of the Thesis

In order to treat a disease, the crucial first step is to determine what the disease is.
In the modern age, many different diseases are known and specific treatments for
them available, so information on exactly what is present in the patient’s body and the
impact of the disease on bodily functions is critically important. If you try and treat
one disease with another disease’s cure it can have serious consequences. At a research
level using model systems to understand exactly what is happening in the human body
can give us important insights into what the disease is doing and potentially open
up new treatments. This first paragraph essentially provides the motivation for the

projects covered by the "bioanalyte detection" in the title.

Although we now have so many different ways to treat diseases we are also becoming
more aware of areas where our treatments are lacking or where problems are emerging
with existing treatments. These problems can be a loss of efficacy or due to side effects
causing unwanted consequences alongside their desired effect. One cause for such
problems can be that although the treatment might achieve the target effect it is "always-
on'", so it circulates around the body and attacks the patient’s healthy processes. Another
problem can occur if the treatment is at levels insufficient to outright kill the disease or
other potentially disease-causing bystanders and so can allow these elements to "train"
themselves against the treatment. This process can, over time, lead to the treatment
becoming less effective or even ineffective. A potential solution to this is to only apply
the therapy when and where it is needed. Such that it can be activated by a local signal
and therefore apply its effect at a defined time and place. This describes the approach

and motivation for the project covered by "triggered antimicrobial therapy" in the title.

Lastly, we come to the technology which is applied here to achieve these effects. The
field of nanotechnology describes the use of structures on the same length scale as
proteins and viruses. They thereby lie somewhere in between the realm of atoms and
molecules and the larger-scale structures of cells which make up our bodies. This size
allows them to not only navigate within our bodies but also to interact with smaller
entities such as molecules and proteins around them in a sensitive manner. They can
also have unique properties due to their size, this can be due to interactions between
particles which are not found in larger-scale structures or due to interactions within a
particle and its environment. These aspects can be applied to design novel and effective
treatments and detection strategies. This potential of nanotechnology explains the
desire to apply "responsive nanostructured materials", as the title puts it, to develop

new systems.



Over the course of this thesis, I will be describing my work applying nanotechnology to
develop a treatment which can be switched on and off by light in Paper I and in order
to sense biologically relevant analytes (Paper II, Paper III, Paper IV). In Paper I an
easily produced surface is developed which can convert light of a tissue transparent
colour into heat. This means that the light can be applied through thin tissue layers
and is less damaging to tissues than other colours. The local temperature increase
produced is applied to kill bacteria which are growing in a biofilm structure which
is typically challenging to treat with antibiotics. In this biofilm structure, bacteria are
bound together and to a surface by sticky molecular ropes. This glue-like structure
brings the bacteria into a tight community and is the reason why bacteria are difficult
to treat as a biofilm. But the surface developed in Paper I was nonetheless able to kill
the bacteria in a lab setting. Paper II concerns the development of a pH-responsive
surface which can be "read" by light. Bacteria are grown on the surface again in the
challenging biofilm structure but in this project, the intention was to understand the
area between the biofilm and the surface that it grows on. The surface we developed

measures changes in acidity caused by the growth of bacteria in this biofilm structure.

In Paper III we continued the development of a sensor for the detection of the molecule
hydrogen peroxide. This same molecule can be found in some household cleaning
bleaches but it is also found at much lower levels in the human body. The sensor
uses light to detect hydrogen peroxide levels produced by both bacteria and human
cells as a way to communicate and defend against other "foreign" cells. In this paper,
we take this developed sensor further and improve its robustness so that it can find
application in a more complex medium and broaden its applicability. Finally, Paper IV is
a manuscript describing the development of a colour-change based sensor for the
detection of ammonia. Ammonia is also found in the human body at very low levels.
The body has intricate systems to control ammonia levels and keep them within healthy
ranges, if these systems fail the increase in ammonia can be hard to notice (no clear
symptoms) and be potentially fatal. So in Paper IV work is described developing an easy

to produce sensor with the aim to improve access to blood ammonia measurements.



Abstract

Inorganic nanomaterials are attractive candidates for biomedicine as they can offer
unique material properties and good stability while also offering the benefits of high-
throughput synthetic techniques such as flame spray pyrolysis. In this thesis, work
will be presented describing novel inorganic nanoparticle systems for biomedical ap-
plications. The works is presented in four papers of which three are published in

peer-reviewed scientific journals.

The first project in Paper I presents a surface treatment to address biofilm formation,
which is thought to be the major cause of implant-associated infections. A near-infrared
(near-IR) activated plasmonic nanoparticle system with photothermal properties is de-
veloped which utilises the inter-particle coupling of spherical silver nanoparticles. This
inter-particle coupling produces a strong plasmonic extinction with a wavelength de-
pendence on the spacing between neighbouring spherical silver nanoparticles. There-
fore by using a silica dielectric spacer to control the average spacing between spherical
silver nanoparticles in the synthesised nanoaggregates the optical and photothermal
behaviour of the nanoaggregates can be tuned into the near-IR. The effectiveness of
these nanoaggregates for the photothermal eradication of biofilms formed on catheter
mimicking surfaces was evaluated. Nanoaggregates were directly deposited onto sili-
cone substrates and entirely encased in a second layer of silicone. Biofilms of Escherichia
coli and Staphylococcus aureus were grown on the silicone surface and near-IR light
was used to activate the photothermal response of the nanoaggregates with complete

eradication of biofilms achieved in a temperature-dependent manner.

Application of nanomaterials to biofilms was further continued in Paper II, a character-
istic of biofilms is their dense nature as they are embedded in a glue-like self-produced
extracellular matrix which also attaches them to the substrate on which they grow.
This can promote the formation of heterogeneous microenvironments, with concen-
tration gradients of parameters such as oxygen, nutrients and pH readily occurring
between the substrate-attached interface and the liquid in which they are grown. An
understanding of the pH of these interfacial microenvironments and a high-throughput
compatible measurement system is desirable to help guide the development of targeted
anti-biofilm systems. In Paper II a novel all-inorganic system based on calcium phos-
phate nanoparticles doped with europium is presented which displays pH-dependent
luminescence as a deposited film. The growth of bacterial biofilms of different species
on these nanoparticle coatings allows the measurement of the acidic microenviron-

ments which they produce in an ordinary well-plate luminescence spectrometer.



Bacterial bioanalyte detection can be challenging due to the complex growth media
which bacteria may require and the dynamic changes to the optical properties of the
medium as the bacteria grow. Moreover, the developed detection mechanism should
be resistant to bacterial degradation, therefore the development of robust sensors for
such applications is essential. In Paper III the development of a dual-emission ratio-
metric luminescence sensor for the detection of hydrogen peroxide from bacterial cul-
tures is described. The sensing system consists of a reference emission from Y2O3:Tb3+
nanoparticles which are decorated with CeO2:Eu3+ nanoparticles providing the hy-
drogen peroxide sensitive emission. This system was applied for the determination
of hydrogen peroxide production levels by the known hydrogen peroxide producing

bacterium and major human pathogen Streptococcus pneumoniae.

Finally the manuscript Paper IV applies inorganic nanomaterials for the detection
of ammonia (here used to refer to total NH, and NHjr levels) which is an important
diagnostic bioanalyte. Ammonia production by urease producing gut bacteria is a major
contributor to blood ammonia levels and must be effectively detoxified by the liver for
excretion by the kidneys. Overproduction of ammonia or failure of the liver or kidney
can lead to high levels of ammonia which are neurotoxic. However, the symptoms of
this hyperammonemia are diffuse ranging from mild confusion to coma and death.
Therefore a readily available system for the measurement of ammonia levels is highly
desirable. In Paper IV a plasmonic silver nanoparticle-based system is described for
the detection of ammonia. The system relies on the reactivity of the CIO~ with both
ammonia and silver nanoparticles. If no ammonia is present upon addition of ClO~
to the silver nanoparticles a strong decrease in their plasmonic colour is observed.
However, in the presence of ammonia, the ClIO~ is removed and therefore no colour
change is observed. This system was able to detect ammonia levels around the 50 pm

limit defined as hyperammonemia.
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1 Introduction

Nanostructured materials are present in everyday life across a wide range of applica-
tions, from consumer cosmetics to paints and tyres.> Over the past years, potential
medical and biomedical uses of inorganic nanoscale materials have shown promise
with applications as diagnostic sensors, research tools and therapeutic agents. ®® The
advantages which such structures exhibit arise due to their size, typically from 1-100
nm, which allows them to have unique material properties such as, high sensitivity to
their surroundings, high loading of drugs and access to challenging biological targets. ¥
The size of the nanostructure can give rise to behaviours not found in bulk materials of
the same composition such as plasmon resonances which give rise to intense colours
useful for sensing and therapeutics.® Moreover, in comparison to a single solid object,
if a given mass is distributed across many tiny objects the surface area will be much
larger. This surface area is important for the sensitivity of inorganic nanostructures
for diagnostics, their intrinsic application as therapeutics and their loading capacity
as these processes typically occur at the interface between the inorganic particle and
the medium it is in. Lastly their size, charge and potential for targeting modifications
can allow them to pass through biological barriers to access challenging therapeutic
or diagnostic sites.® This allows nanotechnology to provide new approaches to help

tackle difficult medical challenges. ®7:®

One such medical challenge is bacterial infections which account for a significant num-
ber of hospitalised patients. Even in cases where the initial cause of hospitalisation was
not bacterial infection, subsequent nosocomial infection is frequent.® As the occur-
rence of such infections being caused by resistant or multi-resistant bacterial strains
increases the challenge of successfully treating them becomes ever greater. ' One
form of bacterial growth with properties allowing it to exhibit high antibiotic tolerance
is the biofilm. This form of growth is characterised by bacterial adhesion to a surface
as a microcolony and encapsulation in a self-produced extracellular matrix. ¥ Due
partly to the dense nature of the bacterial growth and protective properties of the

extracellular polymeric substance, these structures typically exhibit higher antibiotic
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tolerance compared with free-floating, planktonic bacteria. The close-packing of bac-
teria also enables easy transfer of genetic information between bacteria and therefore
the frequency of exchange of antibiotic resistance can also be higher.'? From a diag-
nostic perspective, these infections can be difficult to diagnose and identify accurately
as the bacteria are highly localised and therefore a sample taken at an easily accessible
site, such as a blood sample, may not reveal the infection.*® Biofilms are thought
to account for the majority of human bacterial infections and are especially frequent
on implant surfaces. ¥ These abiotic interfaces can allow bacterial biofilms to grow
and thereafter disseminate throughout the body. Due to the difficulty in treatment and
diagnosis such infections are often only identified by implant failure and subsequent

removal of the implant can be required for effective treatment. !>

Owing to to this limited selection of existing treatments for bacterial infections, there
is a clear need for novel strategies to prevent or eliminate bacterial biofilms on implant
surfaces. In order to tackle this problem surface modification of implants has been
explored. In this approach the fundamental aim is to modify the surface of the implant
such that the biofilm cannot begin to form or is eradicated without the need for in-
vasive intervention. “? This can be achieved for instance by applying a topographic
effect by nanopatterning or by modification of the surface with an antimicrobial agent
thereby disfavouring the initial attachment of bacteria to the surface, which is an impor-
tant first step in biofilm formation. !® Alternative strategies include the development
of surfaces which respond to the generation of a characteristic biofilm microenviron-
ment by releasing an antimicrobial agent, thereby providing an automated triggered
antimicrobial delivery system to eradicate biofilms in the early stages of their forma-
tion. Techniques to target formed biofilms include the development of molecules or
nanocarriers which are designed to degrade and/or penetrate the bacterial biofilm and
effectively deliver an antimicrobial agent into the established biofilm.*” Alternatively,
more physical or mechanical means have been developed, in these systems aspects
such as pressure through ultrasound waves or temperature by photothermal therapy
are exploited to locally induce an environment capable of disrupting or eradicating
the biofilm. *® Photothermal therapy is an attractive prospect due to the entirely non-
contact nature of the treatment and the potential for in situ implementation. Many
complex geometric nanostructures with excellent photothermal properties have been
developed. '” However, a key challenge of photothermal therapy for bacterial biofilm
removal is the realisation of efficient photothermal agents which can also be easily
applied to an implant surface and translated to larger-scale production. Therefore syn-
thetically simple and flexible approaches are critical as will be further explored in this

thesis and in Paper 1.
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An additional strategy discussed previously is triggered antimicrobial delivery. Due to
the dense nature of biofilms and their surface attachment, there can be large gradients
of substances such as nutrients, water, oxygen, pH and toxic compounds or ions within
the biofilm. By leveraging an understanding of exactly what local microenvironment
a biofilm forms on a device close to the device-biofilm interface a surface can be de-
signed to spontaneously react to the formation of this characteristic microenvironment
and release an antimicrobial cargo.!” The most popular trigger for such surfaces is
the low pH which some bacterial biofilms can form under certain conditions at their
surface-attached interface. However, a prerequisite for the design of such surfaces is
a good understanding of the relevant local pH, this has been measured using tech-
niques such as electrochemistry, and fluorescent dyes in conjunction with confocal
fluorescence microscopy. ?®21 The invasive nature of microelectrodes used for elec-
trochemical pH determination and the specialised equipment and low throughput of
confocal fluorescence microscopy present some disadvantages. An alternative strat-
egy for measurement of the interfacial biofilm pH microenvironment will be further
explored here and is presented in Paper II.

The detection of bacterial bioanalytes from bacteria growing in a planktonic state
can also be valuable. Streptoccocus pnuemoniae is a gram-positive bacterium and a
significant human pathogen which can infect the upper respiratory tract. Like many
bacteria, S. pneumoniae has evolved key mechanisms which allow it to both evade
the host immune response and combat other bacterial species with which it may be
competing. ?® One such mechanism of S. pneumoniae is the production and release of
hydrogen peroxide into its environment. ®® Aside from bacterial hydrogen peroxide
production the ability to accurately determine hydrogen peroxide levels is attractive
for enzymatic assays which frequently apply detection of hydrogen peroxide for final
analyte quantification. Moreover, hydrogen peroxide is produced by the human im-
mune response as a signalling method to promote inflammation and combat foreign
cells. ®¥ Therefore the development of sensors capable of accurately quantifying hy-
drogen peroxide levels from the complex environments used to culture cells is highly
desirable. In Paper III work describing the further development of a luminescent hydro-
gen peroxide sensor to improve its capacity to operate in relevant biological settings
will be described.

Bioanalyte detection can also be critical from a broader patient health perspective, to
give the clinical staff the best understanding of patient condition and aid in diagnosis.
While for some bioanalytes the range of acceptable values can be relatively large, other

bioanalytes can cause serious consequences even at low levels and must be tightly
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regulated in a healthy body. This is true for ammonia, used here and throughout the
thesis to refer to total ammonia including non-ionic NH; and ionic NH,*, which in a
healthy human must be kept below 50 nM. ?> Due to the toxicity of ammonia, there
has been intense interest in developing ammonia sensors, these can make use of a
number of properties such as the pH, electrochemistry and reactivity of ammonia. ?®
Due to the size and charge of ammonia, selectivity in sensors is often attained by the
use of a barrier or membrane with relatively high permeability to ammonia.?”’ An al-
ternative common strategy is to exploit the volatile nature of the non-ionic NH; form to
drive the sample ammonia into the gas phase and subsequently perform detection. ?®
Ammonia detection can also be performed by chemical reaction, whereby the ammo-
nia reacts with specifically designed reagents to provide a coloured product, allowing
colorimetric ammonia detection. ®” Typically these detection strategies require well-
equipped clinical laboratories and specialised staff to perform them forming an obstacle
to their application in resource-limited point-of-care settings. The development of a

paper-based low-cost ammonia sensor is presented here and in Paper IV.

Critical to all nanomaterials enabled strategies is their synthesis. Such procedures
can be broadly classified into "bottom-up" processes such as crystallisation and "top-
down" as in lithography, referring respectively to the gradual addition or removal of
material from a larger object until the correct nanoscale dimensions have been at-
tained. The number and range of nano synthetic procedures have expanded greatly
with approaches such as "wet" synthetic chemistry, biologically generated materials
and aerosol-based inorganic synthesis. In this thesis a critical aspect in the choice
of synthetic method is the scalability of the process, the aerosol synthesis technique
employed here for nanoparticle preparation is flame spray pyrolysis (FSP).® This
process involves the atomisation of an organic solution containing inorganic precursor
materials. A pilot flame is used to ignite the atomised spray causing the organic compo-
nents to combust and the resultant high temperature vaporises the inorganic precursor
materials which subsequently form nanoaggregate structures. Such aerosol synthesis
procedures are applied for the tonne/h scale synthesis of dry nanoparticle powders or
the direct deposition of nanomaterials onto even thermally fragile substrates. ¢-*2 One
important limitation of this synthesis method is that the nanoparticles to be produced
must be compatible with the high temperatures and oxidising nature of the flame pro-
cess. Therefore, materials produced are typically metal oxides or more complex metal
salts such as metal carbonates and phosphates. Metallic nanoparticles can be formed
in reducing flames or of sufficiently noble metals such as Au and Ag by conventional
FSPG%



2 Background

2.1 Nanomaterials and nanomedicine

Nanomaterials today can be found in a wide range of products from medical devices
to the automotive industry, they can be inorganic nanoparticles, organic polymers or
biologically derived materials. ®*® In order to provide a focus more relevant to the
thesis, the discussion will be mainly focused on inorganic nanoparticles. Silica can
be found in commercial rubbers, cosmetic products, alloys and even under E551 as a
food additive. ®>-® The antimicrobial properties of nanosilver have found applications
in medical products, packaging and textile products including face masks. ®**? Tita-
nium dioxide and zinc oxide nanoparticles are applied in paints and cosmetics such as
sunscreen as they exhibit strong absorption of ultra-violet (UV) light while retaining
stability and demonstrating photo-catalytic behaviour which can allow for self-cleaning

and antimicrobial properties.

The field of nanomedicine specifically deals with applications of nanotechnology to
medicine and inorganic nanoparticles find applications here too.®3*Y A large portion
of these applications concern the development of coatings for implants and biomedical
devices. Hydroxyapatite nanoparticles are applied to commercially available titanium
implants as coatings to improve osseointegration. “? Silver nanoparticles can be found
in some urinary catheters and other implant coatings as antimicrobial agents. *® The
field of dentistry makes prolific use of inorganic nanomaterials as coatings, dental fillers

and toothpaste. *¥

Aside from these coating technologies applications of nanomaterials in medicine and
biomedicine are prolific in the scientific literature. Plasmonic nanomaterials such as Au,
Ag, Cu and TiN capitalise on their strong interaction with electromagnetic radiation
to provide highly sensitive diagnostic readouts or potent photothermal therapeutic
effects. *> Iron oxide nanoparticles designed as superparamagnetic nanoparticles (SPI-

ONS) have been extensively explored as magnetic resonance imaging contrast agents,
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and their properties of magnetic hyperthermia are applied for the treatment of cancer
and bacterial infection. “® The properties of SPIONS have also prompted the develop-
ment of a promising new in vivo imaging modality, magnetic particle imaging. *” The
fields of in vivo and in vitro imaging also benefit from frequent advances in luminescent
nanoparticle development, including the use of rare-earth doped nanophosphors and
quantum dots which can have luminescence excitation and emission from the UV to

the near-infrared (near-IR). 4849

Inorganic nanoparticles also contribute significantly to the field of drug delivery and tar-
geting. Therapeutic agents delivered by such systems can be traditional small molecule
drugs or larger biologics including peptides, proteins and oligonucleotides. ®® Such
systems either incorporate the drug into the structure of the nanoparticle, as seen in
the case of many calcium phosphate-based delivery systems®? or load the molecule
onto the surface of the nanoparticle by exploiting physicochemical interactions such
as electrostatics and direct chemical conjugation. ®2°® These systems offer several ad-
vantages as due to their size, charge and the density of therapeutic agents they can
be trafficked differently compared with the free agent. By the addition of a targeting
moiety or property, e.g. an antibody or pH-sensitive dissolution, such systems may

selectively yield higher local concentrations at the desired location. %

Surprisingly given this broad range of developed nanomedical strategies the number
of approved clinical treatments, outside of dentistry and implant coatings, are still
relatively limited. Perhaps the most successful group of inorganic nanoparticles are
SPIONS which found clinical application as MRI contrast agents under the brand names
Feridex® (AMAG pharmaceuticals), Resovist® (Bayer Healthcare) and Ferrotran® (SPL
Medical). However, to the best of the author’s knowledge, Feridex® and Resovist® have
been discontinued and Ferrotran® is only available in the Netherlands. An alternative
application of SPIONS for magnetic hyperthermia ablation of glioblastoma tumours
is available in Germany with approval across the European Union (EU) under the
brand name NanoTherm® (MagForce). Recently a hafnium oxide based system as a
radioenhancer for cancer radiotherapy was granted EU market approval under the

brand name Hensify® (Nanobiotrix). ®

Apart from the MRI imaging diagnostics referred to above, inorganic nanotechnology
has produced other ex vivo diagnostic tools. Perhaps most well-known is the application
in lateral flow assays, such as some pregnancy tests, which can leverage the plasmonic
properties of gold nanoparticles conjugated to an antibody to produce a clear opti-
cal signal visible to the naked eye. > More advanced systems for clinical diagnostic

laboratories are also on the market such as the plasmonic gold enabled Verigene® (Lu-
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minex) system for pathogen identification and easy analyte purification by magnetic
nanoparticle enabled separation in the Magtration® (Precision System Science Co.,
Ltd).®%%”) Nanomaterial applications to gas-phase sensors have also enjoyed success
for instance with the development of a methanol sensor Spark M-20 (Alivion) with a
sensing component consisting of Pd-doped SnO, nanoparticles made by flame spray
pyrolysis (FSP).®®

2.1.1 Plasmonic properties

The plasmonic properties of noble metals such as Au and Ag are frequently harnessed
for biomedical applications. These properties arise due to surface plasmons which are
collective oscillations of electrons usually found at the metal-dielectric interface. The
greatly enhanced interactions with the electric field of electromagnetic radiation gen-
erated by the localised surface plasmon resonance of nanostructures (as schematically
depicted in Figure 1) result in strong absorbance signatures. ®*®® The most popular
plasmonic materials are Au and Ag due to their low chemical activity and visible light
plasmonic properties. Cu and Al have also been investigated due to their reduced cost,
however, the surface reactivities of these metals make their application in biological
settings challenging. Alloys of these metals such as gold-silver alloys have also been
used as efficient plasmonic elements which can make use of the chemical inertness
of gold and the plasmon efficiency and reduced cost of silver. Other less traditional
plasmonic materials have also been investigated, particularly for near-IR applications,
such as TiN.®V

Plasmonic nanomaterials can also be further optimised by considering their morphology,
with sharp edges, small radius cones and core-shell structures giving rise to greatly en-
hanced localised surface plasmons. %% Moreover, the interactions between nanopar-
ticles can significantly impact the plasmon resonance and tuning of this inter-particle
spacing can be used to optimise the strength of the plasmon resonance at the desired
wavelength. Thus nanostructured materials can couple their inherently higher surface
area with strong localised surface plasmon resonance to outperform larger-scale materi-
als on two fronts. ®¥ Although many applications make inherent use of the absorbance
and scattering properties of plasmonic nanoparticles for the development of optical
systems they can also couple to other radiative processes such as fluorescence and

Raman scattering to enhance the signal strengths which can be achieved. ©¢>5¢
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Figure 1: Schematic depiction of the interaction occurring between light and the conduction
band electron density of plasmonic nanoparticles which give rise to the surface plasmon reso-
nance phenomenon and the strong light absorption of plasmonic nanostructures.

2.1.2 Luminescent properties

Photoluminescent inorganic nanomaterials find many applications in nanomedicine,
particularly for imaging, sensing and diagnostics. The characteristic property of these
materials is the emission of light upon photoexcitation. The photoluminescent prop-
erties of these materials can be broadly divided according to the energy relaxation
processes occurring after excitation. ®” These processes can occur quickly, known as
fluorescence, yielding light emission on the nanosecond timescale. Phosphorescence
is the term applied to slower emission, due to the passage of the electron into a long-
lived triplet state with timescales from milliseconds to minutes. ®® Due to the loss of
energy during the decay process, the wavelength of emitted light is typically longer
than the excitation wavelength termed down-conversion, although more complicated
schemes making use of multiple excitation processes can allow for emission at shorter
wavelengths than the excitation in up-conversion processes. ®” These differences are

schematically illustrated in Figure 2.

The two most prominent classes of inorganic photoluminescent nanomaterials are
quantum dots (QDs) and nanophosphors. Semiconducting QDs give rise to lumines-
cence emission by the recombination of an electron-hole pair after excitation by elec-
tromagnetic radiation. This property is inherently emergent from the confinement

of the excited state to the nanometre scale particle, giving rise to an atom-like elec-
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Figure 2: Simplified Jablonski diagrams illustrating A) the essential differences between phos-
phorescence and fluorescence phenomena with the example of a downconversion system and
B) illustrating a possible up-conversion scheme with the sensitiser on the left and emitter on
the right. The colours other than black are intended to reflect trends in the wavelengths of
light, going in order from shortest wavelength (highest energy) to longest wavelength: purple,
green and red.

tronic structure. The wavelengths of luminescence emission from these QDs can be
tuned by controlling their size, typically in the sub 10 nm range. This narrow range of
sizes means that in order to achieve narrow emission bands the synthetic procedure
must yield sufficiently monodisperse nanoparticles. 7” These nanomaterials are found
in commercial electronic products, however, the reliance on toxic heavy metals has
hampered their application to nanomedicine with significant research activity being

directed towards the development of non-toxic QDs such as carbon QDs. 7172

Nanophosphors are nanomaterials with phosphorescent photoluminescence. Inorganic
nanophosphors are typically made up of or doped with lanthanide elements which
provide the phosphorescent properties. Luminescence emission in these materials can
occur by direct excitation of the lanthanide ion or by excitation of the host lattice in
which the lanthanide ions are doped and subsequent energy transfer to the lanthanide
ion.*® The emission wavelengths of these materials are therefore principally deter-
mined by the choice of lanthanide ion, although it can also be influenced to a lesser
extent by the electronic configuration in the vicinity of the lanthanide ion.”>’# The
luminescence emission intensity and spectral profile of the emission, however, can be

greatly influenced by the symmetry of the lattice site in which the lanthanide ion finds
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itself. Particularly Eu®* finds applications as a tool to evaluate changes to local lattice
symmetry due to the strong dependence of its pseudo electric dipole transitions and

relative stability of the magnetic dipole dependent transitions. 7>

The design of up-conversion luminescence nanophosphors, undergoing multi-photon
excitation processes, enables the use of longer excitation wavelengths, which are bio-
logically less damaging and more penetrating. ”® Moreover, the emitted lower wave-
length radiation can be harnessed by other photoactive materials located close to
the nanophosphor such as catalysts and photodynamic therapy agents.”” However,
by their very nature, up-conversion luminescent nanophosphors typically yield lower

quantum yields than their down-conversion counterparts.

Nanophosphors find important biological and medicinal applications as bioimaging
agents and sensors with a key characteristic being their photostability. 7® A key issue
for many fluorescent dyes is that over time, under illumination their emission fades
in a process known as photobleaching, nanophosphors, however, have been shown to
exhibit excellent photostability under relevant imaging conditions.”® In addition, the
longer time scales of nanophosphors allows for time-gating to filter out background
auto-fluorescence to improve the signal to noise ratio. ®” This has been taken to an
extreme with persistent luminescent nanophosphors, in which the excitation takes place
before the addition of the particles to the sample, removing, therefore, the excitation
source for any background fluorescence emission. ® However, as in the case of QDs,

nanophosphors are currently confined to in vitro and animal in vivo experiments.

2.1.3 Optical detection mechanisms

Both plasmonic properties and luminescent properties find important applications in
sensing. Analyte dependent spectral changes are often harnessed in order to provide
the sensor response. ® The exact nature and the advantages of these different spectral
responses can be an important consideration when considering potential applications
in the target environment, some examples of such spectral changes are illustrated in
Figure 3. Perhaps the simplest optical sensor, shown in Figure 3A, correlates a change
in the intensity of the optical process to the analyte concentration. Many colorimetric
assays are based on this principle, whereby a coloured dye is produced in an analyte
dependent fashion.®® In carefully controlled environments these can be highly effec-
tive, however, in more dynamic environments changes to the optical properties of the

medium can seriously affect the readout leading to inaccurate results. %

If these dynamic changes could be measured then the output of the single peak sensor
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Figure 3: Schematic examples of different optical sensing mechanisms with Sy indicating the
analyte dependent sensor response. A) shows a simple relationship between peak intensity at
520 nm (I5,,) and analyte, B) demonstrates the use of analyte dependent shift in the peak
maximum (A,,,,) C) illustrates a ratiometric sensor response between two close-lying peaks
and D) provides an example of using lifetime measurements for analyte sensing where t 1
denotes the halflife of the luminescence emission.

could be corrected for them. An attractive improvement to do this is to equip the
sensor with a reference signal. This can be achieved for instance by loading an analyte
sensitive fluorescent dye on the surface of a luminescent nanoparticle with stable
emission. Therefore instead of correlating the change in intensity alone, the relative
change in intensities between the two peaks can be correlated to the analyte illustrated
in Figure 3C. Here it is beneficial to choose two spectrally close peaks, which are still
sufficiently well resolved, this helps to ensure that any interfering changes to the optical

properties of the medium influence both spectral peaks equally. ¢8>

Due to the dependence of the maximum absorbance wavelength of localised surface
plasmon resonance peaks on the refractive index of the nanoparticle’s surroundings,

a common optical output when applied for analyte detection is a shift in the spectral
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peak position as shown in Figure 3B.®® An alternative example is in assays which
can be designed such that a plasmonic nanoparticle’s aggregation state is altered and
therefore the absorbance maximum wavelength. ®” This method can also be tolerant
to some dynamic changes to the optical properties of the medium such as increased
scattering and has effectively been applied for naked-eye detection. The last example,
presented in Figure 3D, involves the lifetime of the luminescence emitter. ® In some
conditions, such as low oxygen environments, the lifetimes of excited states can be
altered. These optical sensors are also quite robust to changes in potentially interfering
properties of the analyte medium. A limitation to their application is that particularly
for short-lived states the experimental apparatus required can be specialised and not

readily available.

2.2 Flame spray pyrolysis

Throughout this thesis, all intentionally generated nanoparticles have been produced
by the aerosol synthesis technique: flame spray pyrolysis. The technique was initially
derived from established flame aerosol technology used to produce at the tons/h scale
nanoparticles such as carbon black, TiO,, fumed silica and Al,O, in a market worth
more than $15 billion per year. ® A key aspect of this established technology for the
synthesis of ceramic nanomaterials is that the precursor is fed into the flame as a vapour,
e.g. SiCl, and TiCl4.(90) This limits the accessible materials to those with a suitable
vapour precursor and provides additional risks due to the reactive nature of the precur-
sors. FSP distinguishes itself in that a liquid precursor is used and the combustion of
the organic and inorganic compounds provides the majority of the enthalpy needed for
particle synthesis. ®V A third related flame aerosol synthesis technique exists allowing
the use of aqueous solutions, which rely on an external heat source such as a hydrogen

flame to provide the majority of the combustion enthalpy. ©»

The FSP reactor design as developed by Madler et al. involves the pressure-assisted dis-
persion of an organic precursor with dissolved inorganic components into a fine droplet
spray and subsequent ignition by a pre-mixed methane-oxygen flame.®*?* The basic
aspects of synthesis in this nozzle design are schematically depicted in Figure 4. The
components of the precursor-solvent should be chosen such that their highly exother-
mic combustion is able to yield a metal vapour in the flame of above 2000 K.®® The
turbulent high-velocity nature of the flame leads to high air entrainment and therefore
also rapid cooling, the high-temperature residence times are therefore extremely short

(in the millisecond timescale).®> This prevents the excessive growth of the nanoparti-
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cles after formation from the metal vapour, while the high temperatures can produce
homogeneous crystalline nanoparticles. The rapid cooling can even yield metastable
crystalline phases such as monoclinic Y,0, and Maghemite. ®®°”) Subsequently, the dry
nanoparticle powder can be collected by vacuum filtration on a suitable filter medium

such as glass fibre or deposited by thermophoresis on a water-cooled substrate. ©%°%

The mechanism by which particle formation occurs is an important consideration
and dependent on the precursors used. The desired formation route occurs when
the precursor is completely combusted and the metal component goes into the gas
phase, from which upon cooling primary particles form by coalescence and sintering
and subsequently fractal-like aggregates of the primary particles form. ®%1°? It should
be noted also that there is some debate around the terminology of aggregates and
agglomerates with inconsistencies and contradicting definitions highlighted in a review
by Nichols et al. 1° In the present text aggregate is preferentially used and should
be understood to refer to firmly bound clusters of primary particles. Whether all FSP
produced particles form as such nanoaggregates and do not also include more loosely

bound structures, such as agglomerates, likely depends on the exact material properties.

The primary particle size of these nanoaggregates is largely determined by two crucial
considerations in FSE the high-temperature residence time and vapour phase metal
concentration. These can most easily be regulated by controlling the concentration of
dissolved metal in the precursor, the flow rate of the precursor solution and the flow
rate of the oxygen used for dispersion of the precursor. 19%1%®) Constraining cooling
and combustion by reducing air-entrainment also yields larger nanoparticles and can

be controlled by placing a suitable tube around the flame. ©®>199

Under certain conditions (e.g. if the melting temperature of the metal precursor is
greater than the solvent boiling point) less desirable particle formation routes can
occur by precipitation of the metal precursor, incomplete evaporation or combustion,
of the droplets to yield inhomogeneous micron-sized particles, the so-called droplet-to-
particle route. ®>10>1%) In order to improve the homogeneity of synthesised nanopow-
ders a mixture of two solvents, one with a significantly lower boiling point than the
other can lead to beneficial microexplosions in the droplets which can reduce the

frequency of the droplet-to-particle formation route. 107:198)

Multi-material nanoparticles can also be formed by FSP, usually by one of three mecha-
nisms. By dissolving multiple metal precursors into the same precursor solution multi-
material nanoparticles can be formed, the structure of which depends largely on the

concentrations of the components and metals used. Doping of a crystalline lattice of
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Figure 4: Diagram of the FSP reactor showing core components and basic processes which
lead to nanoparticle formation. A liquid precursor, consisting of the desired metal dissolved in
a combustible organic solvent, is flown through a capillary with the help of a syringe pump.
Concentric to the tip of the capillary is a high-velocity flow of dispersion O, which forms a
spray of the precursor. Supporting flamelets in an annular configuration ignite the spray, the
precursor droplets combust and the inorganic phase is forced into the vapour phase. As the
flame temperatures decrease particles begin to form by nucleation and grow by coalescence
and sintering, as the flame temperature decreases further primary particle aggregation into
fractal-like aggregates occurs.

Y,0, with Eu®* (denoted henceforth Y203:Eu3+) can be achieved in this way, or the
formation of Ag-Au alloyed nanoparticles demonstrating the formation of single-phase
nanoparticles. ©7"199 Alternatively, phase separation of the materials can occur, yield-
ing either mixed nanoparticles with different material sub-domains or well-separated
nanoparticles which have aggregated together. *'? In order to avoid phase mixing of
materials inside a particle a dual flame setup can be used as shown in Figure 5A. In
this case the nanoparticle formation occurs separately for the two materials and the
flames are oriented such that the formed nanoparticles meet at a point where they can
be well-mixed and the temperature is sufficiently high for aggregation to occur. ¥ Ap-
plied for instance for the synthesis of separated BaCO, and Al,O, nanoparticles which
are nonetheless present in the same nanoaggregate structures. !!? Silica coatings can
also be formed in situ on nanoparticles by confining the flame within quartz tubes and
injecting at a suitable height a flow of silica precursor vapour, depicted in Figure 5B.
This has been used for example for the formation of hermetic silica coatings to passivate

TiO, nanoparticles or to prevent silver ion release from Ag nanoparticles. 1+!!%
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Coatings of nanoparticles synthesised by FSP can also be formed on substrates by direct
deposition illustrated in Figure 5C. In this process a, typically water-cooled, substrate
is placed above the flame with deposition of nanoparticles occurring directly from the
flame by thermophoresis and collision. ®®°® This process has been used to deposit
multi-layer coatings with different materials and due to the water-cooling can even be
applied for the deposition on thermally more fragile materials such as polymers. 11411
The deposited coatings, exhibit very high porosity up to 98 %, although this allows for
excellent sensitivity for instance in sensing applications, it also renders the coatings
somewhat fragile. In order to stabilise the coatings in situ annealing can be performed
by impinging a particle-free flame onto the substrate. 11® Alternatively, an impinging

flame containing metal precursor can be directly applied to the substrate and has been

used to synthesise stable, highly-porous coatings in a single step. !”
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Figure 5: Diagram depicting the three modifications of the standard FSP shown in Figure 4. A)
Dual FSP involves the orientation of two FSP nozzles such that their aerosolised nanoparticle
products are able to inter-mix while maintaining segregated phases. B) The silica coating
reactor involves injecting vapour of hexamethyldisiloxane (HMDSO) above the flame into
the hot-aerosol of the formed nanoparticles. The HMDSO combusts and the nanoparticles
become hermetically coated in a thin silica layer. C) Direct deposition allows the deposition of

nanoparticles directly onto a water-cooled substrate by ballistic and thermophoretic processes.
This allows the direct single-step synthesis of functional nanocoatings.

. VAN

ESP has therefore been shown to be a flexible synthesis technique, not only for the large
scale production of homogeneous nanoaggregates but also with the potential for cus-

tomisation to achieve complex, controlled multi-phase and multi-material aggregates
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as dry powders or highly porous coatings. Over the past 20 years, the development of
FSP as a synthesis method for inorganic nanoparticles has been proceeding at a rapid
pace, with applications in catalysis, energy storage, nanomedicine and many more.
The successes have led to the formation of a number of companies based around the
technology for example TurboBeads GmbH provides FSP produced magnetic beads for
sample purification, ParteQ GmbH provide lab-scale FSP reactors, Hemotune AG de-
velops FSP produced magnetic nanoparticle-based dialysis technology, Anavo medical
develops a surgical nanoglue based on FSP made nanoparticle ionic networks, and
Alivion AG develops gas-phase sensors which use FSP deposited nanoparticle films as

the sensing element. Y

2.3 Bacterial infections

The intention of this section is to give a brief introduction to bacteria and the infections
they can cause in humans with emphasis on providing important background informa-
tion for nanomedicine and the papers included in this thesis. Bacterial infections are an
important sub-category of medical microbiology and can cause serious consequences
for overall health, including limb loss and death. Although some respite was offered
in the early 20" century due to the discovery of antibiotics, the rise of antibiotic resis-
tance is an urgent problem. 18119 The number of deaths due to antimicrobial resistant
infections was predicted in a 2016 study to surpass 10 million by 2050, in contrast
to the 8.2 million annual deaths caused by cancer. 129 The ever-increasing density of
the human population, interconnectedness of the world and intensity of agriculture is

thought to only contribute to this problem. (121122

Bacteria are prokaryotic microorganisms which therefore lack a defined nucleus and
membrane-bound organelles. The ribosomes, deoxyribonucleic acid (DNA) and other
critical components are therefore spread out in the bacterial cytoplasm. Bacteria are
smaller than eukaryotic cells typically with volumes < 3 pm?. This volume can be
in the form of 3 typical shapes and their intermediates: spheres (cocci), cylinders
(rods) and spirals (spirochaetes).!?® Bacteria are bounded by a cell wall which is
traditionally classified into two sub-groups gram-positive and gram-negative. This
naming is derived from the Gram staining procedure developed in 1884, crystal violet
dye applied to the bacteria can be washed away from gram-negative bacteria. Whereas
a thick outer peptidoglycan layer retains the dye in gram-positive bacteria and they
therefore appear as positively stained by microscopy. Thus this difference in naming

reflects critical differences between the structures of the bacterial cell wall which has
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an enormous influence on antibiotic efficacy and the interaction of bacteria with their

surroundings (e.g. immune response, temperature, attachment). 429

Although bacteria can cause disease it is rare for bacteria or any microbiological organ-
ism to exist in a purely pathogenic capacity like in the cases of Bacillus anthracis and Ra-
bies lyssavirus. 1% Instead, most disease-causing bacteria are opportunistic pathogens
and can co-exist as commensal bacteria in their particular biological niche only causing
disease when transferred to a new location. *> For instance Staphylococcus aureus is
a facultative anaerobic gram-positive coccus which can exist as a commensal in the
skin, respiratory tract and female lower reproductive tract, but if provided with for
instance a wound site can become a serious infection and lead to sepsis. S. pneumoniae
is a gram-positive aerotolerant anaerobe which can reside asymptomatically in the
respiratory tract of carriers, but when transmitted to hosts with a weakened immune
system due to age, medication or other illnesses, can become pathogenic and cause
conditions such as pneumonia and meningitis. Pseudomonas aeruginosa is a ubiquitous
gram-negative rod that is found in water, soil, human skin, the human gut and many
other locations such as hospital surfaces. P aeruginosa can infect a large number of
sites for instance: it is a common cause of pneumonia in cystic fibrosis patients, causes
severe burn wound infections and is often found in urinary tract infections. Klebsiella
pneumoniae is a rod-shaped gram-negative facultative anaerobe which naturally oc-
curs in the soil and is also frequently found in the mouth, skin and intestinal flora.
Nosocomial infection is again thought to be a major mode of transmission, with el-
derly individuals being a key demographic, causing a wide range of diseases such as
pneumonia, urinary tract infections and wound infection. Escherichia coli is another
rod-shaped gram-negative facultative anaerobe and exists to a large degree as a harm-
less commensal in the microbiota of the gut. However, virulent strains can cause serious
disease such as enterohemorrhagic E. coli which can cause life-threatening hemolytic
uremic syndrome. E. coli is also a common cause of urinary tract infections, termed
uropathogenic E. coli. 2%

Bacteria often share a biological niche and there can be intense competition between
bacterial species. To achieve this bacteria have developed numerous systems of bi-
ological weaponry. 12®) P aeruginosa has a particularly large arsenal, including the
redox-active toxin pyocyanin, which also gives rise to the characteristic green colour
of P aeruginosa. Alternatively R and F pyocin are protein molecules with a more me-
chanical mode of action, forcing apart the cell wall akin to phage entry and causing
lysis. 127:128) Both, S. pneumoniae and S. aureus are found in the nasopharynx and have

evolved weapons to try and gain a competitive advantage in their shared niche. For in-
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stance, S. pneumoniae is a potent producer of hydrogen peroxide which has been shown
to inhibit the growth of S. aureus.*?” Moreover, the complex relationship between

hydrogen peroxide and the immune system results in hydrogen peroxide production

by S. pneumoniae having an immune-suppressive character. 130
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Figure 6: Highlighting the differences in planktonic and biofilm growth. In planktonic growth
free-floating bacteria grow in the medium and are therefore easily accessed, however, by using
charge, surface properties such as lipophilicity and specific attachment elements (like adhesins)
bacteria can attach to a surface. As they grow on the surface they can begin to excrete an
extracellular polymeric substance which encases them and reinforces their surface attachment
while protecting them from many stress factors such as shear forces and antibiotics. The dense
nature of this growth can lead to the build-up of gradients within the biofilm, as shown in the
case of pH, where the biofilm-substrate interface can be at a significantly more acidic pH than
the liquid facing surface.

The bacterial biofilm as shown in Figure 6 is a mode of growth in which cells are em-
bedded in a self-produced extracellular polymeric substance (EPS) and attached to a
surface, distinct from the free-floating planktonic bacterial growth often performed in
laboratory cultures. 13V Biofilms grow throughout nature as a highly successful form
of growth, as seen in microbial mats on the beds of fast-flowing rivers and problematic
biofouling of industrial processes. 13213% They also form persistent infections in hu-
mans both on tissue and implant surfaces. ** These highly complex structures encase
bacteria in a self-produced extracellular matrix which provides a scaffold to grow in,
protecting the bacteria from external stresses such as shear forces of moving liquids
or desiccation if the biofilm finds itself temporarily in a dry environment. The EPS is a
highly hydrated structure and is the origin of most of the biomass of the biofilm, compo-
nents of the EPS include polysaccharides, proteins and extracellular DNA (eDNA). 'V
Bacteria produce specialised biomolecules to modulate the EPS such as the increase

in rigidity conferred by the eDNA cross-linking cationic exopolysaccharide Pel of the
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potent biofilm former P aeruginosa. ¥ Although dense the biofilm is not a static or
impassable body, bacteria continuously remodel the structure and nutrient channels
can be formed. Moreover, essential to biofilm virulence is the sensing of nutrient avail-
ability and dissemination of bacteria from the biofilm in favourable conditions. This
behaviour is enabled by EPS degrading enzymes which allow the bacterial release to

colonise new sites. 13>

Although often studied as a mono-culture biofilm in laboratories, natural biofilms are
rarely composed of a single species and can also integrate bacterial and fungal species
into a single biofilm. The different bacterial cells can adopt very different roles and effec-
tively cooperate. 13® Such multi-species cooperative biofilms can have much-increased
resistance to treatment compared with the individual mono-species biofilms. **”’ Even
in a biofilm composed of a single strain, the bacteria can adopt heterogeneous roles,
for instance, some bacteria may go into a more dormant state, lowering their metabolic
activity to allow them to survive in harsher environments and becoming providing an
opportunity for regrowth when the stress is reduced. These cells are termed persis-
ter cells and contribute to the stress tolerance of the biofilm.®*® The dense EPS also
provides a diffusion-limited environment, therefore, bacterial enzymes secreted into
their surroundings do not diffuse easily away and can be used for effective nutrient
recovery. 1V The lack of clearance can also build up steep concentration gradients of
oxygen, nutrients and pH. *3% All linked to the metabolic activity of the bacteria, in
particular for species capable of fermentation the anaerobic environment can lead to

a sharp decrease in pH. 149

Antimicrobial efficacy is also typically reduced against bacteria growing in a biofilm.
This can, in part, be due to decreased local concentrations due to diffusion compared
with planktonic culture, however, other factors can also play an important role. The
EPS is able to bind to many cationic antimicrobials and metal ions such as copper.
Antimicrobials that rely on an oxidative mechanism can be effectively quenched by
reaction to EPS components. 141142 The high enzyme concentrations of the biofilm
can also cause antimicrobial degradation. The presence of slow-growing persister cells
can also hinder antibiotics such as vancomycin which require active metabolism. These
mechanisms can cause sufficiently low effective local concentrations of the antimicro-
bial that selection for antimicrobial-resistant bacteria can occur. ¥ Additionally, the
proximity of cells and physical spatial stability of their environment can promote hori-
zontal gene transfer of resistance promoting genes. 143149 These factors cause biofilms
to often have significantly lower susceptibility to antibiotics compared with planktonic

bacterial cultures. For instance, S. aureus biofilms have been shown to be up to 1000
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fold more tolerant to some antibiotics than the planktonic cells. > These unique fea-
tures of the biofilm help to explain the significant role of biofilms in infections with
some estimates suggesting as many as 80% of bacterial infections could be in the form
of biofilms. ®® These challenging aspects of the biofilm structure further highlight the
need to develop additional novel treatment strategies, such as local temperature or

pressure manipulation, which can circumvent the biofilm defences.

2.4 Photothermal nanomaterials in the near-IR

Photothermal nanomaterials convert incident electromagnetic radiation into heat. Such
materials find uses in applications such as energy harvesting from sunlight, but they
have also been shown to hold promise for nanomedicine. 14%147) Temperature is usually
a closely controlled parameter in mammals, and the input of local heat can be enough to
induce cell apoptosis at temperatures exceeding 42 °C.**®) This has been applied to the
photothermal ablation of cancer. Although bacteria cannot regulate their temperature
as efficiently as mammals, human disease-causing bacteria are adapted to survive
within the normal ranges of human body temperature and can be susceptible to even
moderately high temperatures. Therefore, photothermal nanomaterials can be applied

for both killing eukaryotic and prokaryotic cells. (*46:149

The specificity of photothermal treatments relies on the co-location of the photothermal
device with the site of infection or disease. The source of heat should be the photother-
mal agent and the temperature is, therefore, highest in the immediate vicinity and
equilibrates to ambient temperature with distance. Therefore the physical location of
the photothermal agent is important. >? Approaches to achieve this co-localisation
can consist of targeting by functionalisation of a nanoparticle to achieve selective de-
livery, injection into the local site or in the case of implants applying the coating to the
implant prior to implantation. Targeted delivery is seen as a promising approach for
anti-cancer treatments, whereas the tendency of biofilms to form on implant surfaces

makes photothermal implant functionalisation attractive for anti-biofilm surfaces. >

Since light is a key component of the therapy, the interaction of light with biological
tissue is a key issue since in order for the photothermal material to be effective the
intensity of light at the material’s location must be sufficient. This absorption of light
is highly wavelength dependent as shown in Figure 7, in the visible region between
400 and 700 nm there is strong absorption by tissue, especially by blood. *>? The first
so-called near-IR window occurs between 650 and 900 nm, where there is a minimum

in the absorption spectrum.*® The second near-IR window occurs between 1000



2. Background 21

and 1350 nm. *>¥ By using these wavelengths of light the tissue absorption can be
minimised and the light can therefore penetrate deeper to more effectively access the

embedded photothermal device. 1>

f'_\ —— Blood
S 10%) Near-IR I Near-IRI[ |~ Sk
= —— Water
§ L

g 10

&

8

] 0

o 10

2

§ 10—1

2

<

102 :/\/'\,J_\
M

101 n

100 |

Scattering coefficient (mm™1)

| | | | |
500 750 1000 1250 1500
Wavelength (nm)

Figure 7: Re-plotted data of scattering and absorption coefficients of skin, 1°® blood > and
water 152 Demonstrating the favourable decreases in absorbance leading to the two near-IR
windows, overlayed as red shading, in which light can penetrate deeper. These near-IR wave-
length ranges, therefore, provide attractive potential for in vivo measurements and treatments.

The design and synthesis of nanomaterials which achieve this near-IR photothermal
activity has been greatly developed and inorganic nanomaterials play a significant
role in this field. By tuning oxygen vacancies in molybdenum trioxide photothermal
properties of the material could be tuned which have been applied as antibacterial and
anticancer treatments. *°”) However, it should be noted that this material is not only
photothermal but also produced reactive oxygen species thereby acting as a dual pho-
tothermal/photodynamic agent. Inorganic nanosheets of metal dichalcogenides have
also been developed with photothermal properties such as MoS, and Bi,S, particularly

for anti-tumour treatments. 154169 However, plasmonic nanomaterials are undoubt-
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edly the most popular class of inorganic photothermal agents for the near-IR. 161,162
Silver has excellent photothermal properties, however, the peak of plasmon resonance
absorbance is typically at 400 nm for unmodified spherical silver nanoparticles. :°®
Therefore modifications applying silver must tune the absorbance to yield effective
near-IR activity. Moreover, the chemical instability and toxicity of silver nanoparticles
can limit their applicability. *'>¢* Gold has many attractive properties for use in such
nanoparticles, for instance, it has low toxicity and high chemical stability. Moreover,
the plasmon resonance of spherical gold colloidal suspensions is typically between 500
and 600 nm and near-IR photothermal behaviour is, therefore, more accessible. 15
A more recently developed material for photothermal plasmonics consists of titanium
nitride nanoparticles which have good activity in the near-IR and were demonstrated

for killing cancer cells. ©1:16%)

Careful tuning of plasmon resonance absorbance wavelength into the near-IR can be
achieved by synthesising complex structures such as nanoshells, *®” nanostars, 16®

169 and nanocages.*’® Controlling properties of the nanomaterials such

nanocubes
as their aspect ratio, size and interparticle coupling can also be used to tune the near-IR
photothermal activity of the nanomaterials. 1”%17? Given that in a recent clinical study
applying gold nanoshells for the photothermal ablation of prostate tumours 1-2 g of
nanoparticles were required per patient (body mass-dependent dosing of 7.5 mL/kg
of a 4.5 mg/mL gold nanoshell suspension) a clear emphasis on scalable synthesis

techniques and readily available precursor materials should be applied. ">

Therefore, the FSP enabled synthesis of nanoparticles with controlled interparticle plas-
monic coupling to yield efficient near-IR absorbance remains an attractive prospect.
This has been realised for spherical gold and silver nanoparticle powder synthesis using
FSP coating reactor methods to apply a thin silica coating around the primary gold
or silver nanoparticles thereby limiting the interparticle distances within a nanoaggre-
gate. 174175 In Paper I an alternative method is described for the direct deposition of
near-IR photothermal coatings using the standard FSP reactor and co-oxidation of the

silica interparticle spacer.

Of particular relevance to this thesis is the application of such surfaces to the near-
IR photothermal treatment of bacterial and more specifically biofilm infections. Gold
nanomaterials for such applications have been explored. For instance, Khantamat et al.
demonstrated the functionalisation of a model urinary catheter with gold nanoshells
and subsequent ability to photothermally kill Enterococcus faecalis biofilms. 7% How-
ever, silver has been applied only to a lesser extent with two articles by D’Agostino

et al. demonstrating the synthesis and antibacterial effect of silver nanotriangles on
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biofilms of E. coli and S. aureus and subsequent larger-scale surface application. 77:17®

Magnetic Fe, 0, coated silver nanoparticles with near-IR photothermal activity have
also been realised but only demonstrated to be effective against planktonic E. coli. 17
The application of near-IR photothermal spherical silver nanoparticle coatings against

formed biofilms of E. coli and S. aureus will be demonstrated in Paper I.

2.5 Biofilm pH sensing

As described in 2.3 biofilms can develop low pH microenvironments which can con-
tribute to substrate decay and the knowledge surrounding this acidic phenomenon
can be used to design smart surfaces. Such surfaces release antimicrobial components
upon biofilm formation due to the generation of this characteristic low pH microenvi-
ronment. Therefore accurate information on the pH microenvironment which different
bacterial biofilms can form is essential. Approaches to do this have been developed
utilising confocal microscopy, microelectrodes and pH-sensitive surfaces which will be
described here.

Accurate determination of pH in solution is often performed by electrochemical meth-
ods utilising electrodes or micro-electrodes. This has also been applied for biofilm
microenvironment pH determination using microelectrodes attached to a translational
stage. Measurements have been demonstrated in dental biofilms formed in patients,
with local pH measurements after 7 days of incubation demonstrating pH microenvi-
ronments of below pH 5 after the addition of glucose. 8 The effect of sucrose and
chlorhexidine on biofilm pH was also evaluated on in vivo formed dental biofilm by
micro-electrode measurement with pH values of below pH 4.5 attained in the presence
of only sucrose and pH 5.9 in the highest chlorhexidine concentration. '8V Although
clearly effective methods to determine pH the disruptive nature of the measurement
technique raises some concerns about the relevance of the measurement and the meth-

ods are also low-throughput. (82

Fluorescent dyes and particles labelled with fluorescent dyes have also been success-
fully applied to evaluate biofilm pH. The complete 3D pH distribution of E. coli and
mixed-species wastewater biofilms was evaluated using core-shell silica nanoparti-
cles with a cy5 rich core and a fluorescein rich outer shell. Thereby a ratiometric
pH-dependent sensor could be developed due to the stable cy5 emission and the pH-
dependent fluorescein. By employing confocal microscopy a topographic map of the
biofilm microenvironment could be obtained. *®® A similar system was demonstrated

with mesoporous silica loading with rhodamine B and fluorescein. ‘8 Alternatively,
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the fluorescent dye C-SNARF-4 exhibiting ratiometric pH-dependent emission has also
been applied for the three-dimensional mapping of pH microenvironments of in vivo
formed dental biofilms. ‘% In both cases, local pH values of below pH 5 were recorded.
A combined measurement and treatment strategy was developed by Albright et al. by
producing coatings containing the pH-sensitive fluorescent dye SNARF-1 and gentam-
icin or polymyxin B. Imaging of the fluorescence provided pH information and pH-
dependent release of the antimicrobial yielded antibacterial activity. 1% All of these
techniques utilise confocal fluorescence microscopy to measure the local biofilm mi-
croenvironment which is ill-suited to high-throughput screening and the reliance on
fluorescent dyes can cause unwanted photobleaching over time potentially affecting
the measurement, “®

2.6 Hydrogen peroxide sensing

Hydrogen peroxide is a small reactive oxygen species with strong oxidative activity
and therefore generally limited stability in biological media. An important producer
of hydrogen peroxide in the human body is the enzyme superoxide dismutase where
hydrogen peroxide is produced as an important intermediary in the clearance of toxic
superoxide species. 18 Itself hydrogen peroxide is also toxic to cells due to its oxidative
activity and levels must be carefully controlled generally by the enzymatic activity of
catalases. 187 Although often a by-product of other processes hydrogen peroxide can
also be deliberately produced as illustrated in Figure 8 and expanded over the coming
paragraphs.

Biological systems can use elevated hydrogen peroxide levels for a range of purposes
including production by the host immune system as part of the defence mechanism
against infection and to modulate inflammation. Bacteria produce hydrogen perox-
ide for signalling and interbacterial warfare or host-immune modulation. 88189 For
instance, in the case of S. pnuemoniae conversion of pyruvate to acetyl phosphate
and hydrogen peroxide is used to generate high hydrogen peroxide levels to help
out-compete other bacteria in the upper respiratory tract. :°%1°Y Moreover, hydrogen
peroxide finds many interesting biomedical applications as a common readout for
enzyme-linked assays which commonly consume or produce hydrogen peroxide as
a part of their readout. 1°21°® Given the biological importance of this molecule the
ability to rapidly, accurately and sensitively detect relevant concentrations in complex
media is desirable.

Nano-enabled electrochemical sensors have been developed for the detection of hydro-
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Figure 8: Illustration of some of the roles hydrogen peroxide production can have both as part
of the immune system and bacterial survival. At the site of inflammation, hydrogen peroxide
release can lead to recruitment of immune cells such as leukocytes, upon arrival antioxidants are
secreted and thereby hydrogen peroxide dependent immune signalling can occur as illustrated
in A). In B) hydrogen peroxide secretion is illustrated as an important component of the
hostile environments which phagocytes can produce in their phagosomes to kill bacteria. Two
important roles of bacterial hydrogen peroxide are illustrated in C): as a chemical agent to
inhibit the growth of a competing bacterial species (e.g. S. pneumoniae (green) inhibition of S.
aureus (golden)) and for immune modulation whereby hydrogen peroxide production can be
used to interfere with immunological signalling pathways.

gen peroxide. These systems can be broadly categorised into three categories: chemire-
sistive, conductometric and field-effect transistor systems. ! Chemiresistive sensors
rely on a change in resistance of a sensor film to detect analyte concentration, in the
case of hydrogen peroxide this is typically caused by a direct reaction with the sen-
sor. For instance, SnO, nanostructured films with surface adsorbed oxygen displayed
a hydrogen peroxide dependent electron loss and consequent increase in resistance
with a linear range from 0.5 to 20 mM. ‘> Conductometric sensors measure an over-
all change in the conductivity of the solution due to analyte dependent creation or
consumption of ions, for instance, hydrogen peroxide reaction with iodide ions with
a measurement range from 0.005 to 0.3 mMm. 19 Lastly, field-effect transistors exploit
the dependence of current flow on the surface charge to detect their analyte as in the

case of ZnO nanorods with a linear range from 0.05 to 70 mM. 4°” The role of nano-
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materials in these cases is mainly to increase the surface area and thereby to lower
the limits of detection. All of these methods require contact between the measurement
system and the sensor, with the potential for increased contamination. Moreover, these
methods are poorly suited to the higher throughput of well-plate systems commonly

used in biological assays.

An alternative form of sensing which can avoid these problems is optical sensing. Inor-
ganic nanomaterials for optical hydrogen peroxide sensing have emerged as important
technologies in this field. Such systems can be based on chemically modified quantum
dots as in the case of glutathione-capped CdTe with detection in the range of 0.1 to
10 mMm. 199 Fluorescent N-doped silicon quantum dots which were quenched with sil-
ver nanoparticles were applied, utilising the hydrogen peroxide oxidation of the silver
to recover the fluorescent properties, yielding a limit of detection of 1.5 pm.*°? The
ability of cerium dioxide nanoparticles to catalytically reduce hydrogen peroxide has
also led to wide interest in their application for hydrogen peroxide measurement. For
instance, the affinity of cerium dioxide nanoparticles for hydrogen peroxide over DNA
was made use of in a sensor designed by Biwu et al.?°” In the sensor design, the
DNA was fluorescently tagged such that when it was adsorbed on the cerium dioxide
surface the fluorescence of the DNA was quenched. The presence of hydrogen peroxide
displaced the DNA and therefore its fluorescence properties were restored with the

detection of hydrogen peroxide down to 0.13 um. 29

Luminescent cerium phosphate doped with terbium has been used for hydrogen per-
oxide sensing due to hydrogen peroxide-induced luminescence quenching with a limit
of detection at 1.03 pM.®°Y Similarly, cerium dioxide nanoparticles doped with eu-
ropium have also been used, with detection down to 0.15 pM.?%? The luminescence
emission of these nanoparticle systems originates from the lanthanide ion (Tb®* and
Eu®"), but their excitation occurs due to the Ce-O charge transfer absorbance in the
UV. % The proposed sensing mechanism suggests that due to the oxidation of the
cerium dioxide there is an increase in the Ce-O coordination number and therefore a
decrease in the Ce-O charge transfer absorbance which also lowers the emission from
the lanthanide ions. ?**2%%) Although excellent limits of detection were achieved with
such a system, due to the reliance on a decrease in luminescence intensity of a single
peak the sensors lack robustness to some potential forms of sample interference. ® For
instance, in the case of bacterial growth in a medium, the scattering of light is greatly
enhanced compared with the sterile medium which could appear as an increase in
hydrogen peroxide concentration. Therefore, the realisation of a ratiometric sensing

system could greatly improve the robustness as will be described in Paper III.
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2.7 Biological ammonia sensing

Ammonia is another biologically important small molecule with carefully controlled
levels in the human body linked to a broad range of metabolic functions, it is therefore
also an interesting bioanalyte for detection. Ammonia can be found both in the basic
NH, and the conjugate acid NH; , although with a pK, in human plasma at 37 °C of 9.01
the ionised NH; form is predominant (approximately 98%) at physiological pH. ?°*2°7)
Unless indicated the term ammonia is used here to refer to the total content of both
NH, and NHI. A significant contribution to blood ammonia levels is due to bacterial
ammonia production in the gut, where urease activity produces carbon dioxide and
ammonia from urea. ?*® Another significant ammonia source are the kidneys through
hydrolysis of glutamine. Levels of blood ammonia are carefully controlled to a large
extent by regulatory mechanisms in the liver which incorporate ammonia in urea for
excretion by the kidneys. @°”) Alternatively, ammonia can also be removed by extrahep-
atic tissue by incorporation into glutamine for subsequent processing by the kidneys to
ammonia and ultimately conversion to urea by the liver for subsequent excretion by the
kidneys. These intricate regulation mechanisms, illustrated in Figure 9, exist due to the
toxicity which ammonia can present. Ammonia can traffic through the blood-brain bar-
rier and cause neuro-toxicity potentially leading to coma and death. Plasma ammonia
levels should be below 50 pM in adults and 100 pM in newborn babies, ammonia levels
greater than these are considered hyperammonaemia. Visual diagnosis can be chal-
lenging as patients can present with symptoms from mild cognitive and behavioural
changes to coma.® Thus there is a clear need for readily available point-of-care

diagnostic devices for the determination of blood ammonia levels.

Due to the volatile nature of the non-ionic NH, breath ammonia analysis may appear an
attractive strategy. However, ammonia clearance by the lungs is minute in comparison
to other clearance mechanisms. ?!® In addition, exhaled breath ammonia is influenced
by the urease activity of the resident microbiota of the oral cavity and therefore may not
accurately represent blood ammonia levels. @' Therefore, although in well-controlled
settings a breath ammonia sensor may present a valid option for continuous monitor-
ing, such as during hemodialysis, in poorly controlled point-of-care applications direct
blood ammonia concentration determination may present a better option. At the time
of writing to the best of the author’s knowledge, there exists only one commercially
available point-of-care ammonia analyser the PocketChem™ BA Blood Ammonia Meter
(Arkray). The blood sample is first alkalised to convert ammonia present to volatile
non-ionic NH, which by gas phase diffusion can pass through a membrane and cause

a colour change in a bromocresol green indicator strip. The colour of the strip is mea-
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Figure 9: Schematic diagram of major ammonia metabolic routes in the human body. Significant
quantities of ammonia are produced by the resident microbiota of the intestine by urease action.
The ammonia enters the bloodstream by diffusion and is transported by the portal vein to the
liver where ammonia is converted to urea to be secreted by the kidneys. The kidneys also break
down glutamine produced in the muscles which releases ammonia. In some disease states, for
instance, liver cirrhosis, the regulation of ammonia may fail leading to high ammonia levels
(> 50 pM) reaching the brain and leading to neurotoxicity.

sured by the PocketChem meter and correlated to an ammonia concentration. ?® An
alternative gas-phase sensor for blood ammonia concentration measurement has been
developed, relying again on the conversion of ammonia to volatile non-ionic NH, and
applying a fuel cell which generates a current in the presence of ammonia.®® In prin-
ciple, it seems that many of the other gas-phase sensors should also be compatible with

such a measurement approach. ?1?

Clinical ammonia determination is typically done in liquid with glutamate dehydro-
genase enzymatic assays with spectroscopic readout. This has also been expanded
to a paper-based enzymatic assay by Sheini with detection down to 35 pum.?® Di-
rect electrochemical determination of blood ammonia has also been demonstrated by
Branelly et al. in 15 minutes with a limit of detection in serum of 25 pm.?¥ Selec-
tive membranes have also been applied for ammonia detection, for instance by the
application of selective polymerosomes with encapsulated fluorescent dyes. !> Alter-
natively, perfluorosulfonic acid polymers have been used to allow for the separation
of ammonia from whole blood and subsequent detection using a modified version of

the well-known Berthelot reaction. @21 Although ammonia levels can be effectively
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determined in clinical laboratories and point-of-care systems do exist the development
of a cheap disposable system which does not rely on a custom readout device remains

an attractive proposition as will be explored in Paper IV.
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3 Research aims

The overall aims of this thesis were to develop translatable nanotechnological strategies
for the treatment of established biofilms and the development of novel sensors for the

measurement of bioanalyte concentrations relevant to disease.

More specifically, the aims were:

* To develop a near-IR photothermal spherical silver nanoparticle based approach

capable of killing established biofilms on a catheter mimicking surface (Paper I).

* To synthesise a luminescent pH sensitive surface capable of measuring the pH at

the interface of the biofilm and the surface it is growing on (Paper II).

* To further improve luminescent cerium dioxide sensors for the robust detection

of hydrogen peroxide produced by bacteria in complex media (Paper III).

* To detect ammonia concentration in physiologically relevant ranges optically
in a fashion compatible with naked-eye detection and with the potential for
point-of-care application (Paper IV).
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4 Methodological considerations

In this chapter considerations regarding the choice of methodologies applied across
the work described in this thesis will be discussed. Rather than a discussion of each sep-
arate work similar methods across the papers will be combined and discussed together.

Detailed materials and methods sections can be found in the individual publications.

4.1 Regarding synthesis and characterisation

An important initial consideration valid for all publications in this thesis regards the
synthesis technique: flame spray pyrolysis. The main advantages of this synthesis tech-
nique are scalability and reproducibility of the generated dry nano-powders. However,
the nanoparticles or more descriptively termed fractal-like nanoaggregates generated
by this technique are, typically, confined to metal oxides and metal salts such as phos-
phates. Post-synthetic modifications can be applied to alter the nanomaterials, however,

this inevitably impacts the main two advantages of scalability and reproducibility.

Moreover, aerosol assembly of these nanoaggregates defines their aggregate structure.
Therefore, the FSP production of single non-aggregated nanoparticles is poorly feasible.
Even if size-selection is applied to the aerosol, resulting in significantly lower yields,
the primary particle sizes would be challenging to select for as the nanoaggregate
size will dominate. Therefore although primary particle sizes can be below 5 nm the
nanoaggregate size can be upwards of 100 nm. However, despite these limitations, FSP
remains a highly attractive synthesis method. Synthesis of a wide range of elemental
compositions can easily be performed. Control of the oxidation state and primary parti-
cle size can be performed directly in the flame by controlling process parameters such
as gas flow rates, precursor flow rate and precursor composition. Meta-stable phases
can be accessed in the steep flame temperature gradients. The fractal-like nanoaggre-
gate geometry can give rise to unique properties, and the exposed surface area of the

nanoparticles need not differ greatly from equivalent dispersed particles. The high
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exposed surface area is therefore maintained and available for applications such as
sensing and drug loading. Finally, FSP allows for the production of dry nanopowders
in a scalable fashion or their direct aerosol deposition onto substrates. Therefore FSP

remains a highly attractive synthesis technique. ¢1-32:8%91

A critical aspect of characterisation is size determination, over the course of the pa-
pers described in this thesis determination of nanoparticle size has been performed
with scanning transmission electron microscopy (STEM), transmission electron mi-
croscopy (TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS),
powder X-ray diffraction (XRD) and specific surface area measurements by application
of Brunauer-Emmet-Teller theory (BET) to N, adsorption measurements. SEM involves
scanning a beam of highly focused electrons across a sample and detecting the scat-
tered or emitted electrons, back-scattered electrons provide information on topology
and atomic mass since heavier elements scatter more. Secondary electrons are inelasti-
cally scattered from the sample and due to the lower energy, those detected arise close
to the material surface, providing greater topological information than back-scattered
electrons which can be detected from deeper into the material. TEM involves focusing
a broader beam of electrons onto a sample and re-focusing the transmitted electrons
onto a detector to form an image. Electrons which are scattered by the sample cannot
be re-focused onto the image providing information about the sample, scattering is
greater for higher density, thickness and atomic mass. An important consideration is
that the overall sample thickness must be sufficiently thin so that electrons can be
transmitted. STEM is a modification of TEM in which, rather than illuminating the
whole image, the beam is focused to a point and scanned across the sample. Therefore
the scattered electrons or generated X-rays from each point can be measured separately
allowing for additional spectroscopic information to be derived while retaining spatial

information.

Provided the sample shows sufficient contrast STEM, TEM and SEM can perhaps give
the most realistic understanding of the particle sizes as they are able to image both
the primary particles and the nanoaggregates. Moreover, SEM, STEM and TEM can
provide information on the size distributions. BET determined specific surface areas
can also be correlated to a primary particle size assuming particular particle geom-
etry and density distributions (e.g. spherical and uniformly dense). Finally, the only
solution-phase measurement of size performed in this thesis is DLS. This technique
determines hydrodynamic diameter by measuring particle diffusion using scattering of
laser light. This technique, therefore, measures on the level of the entire nanoaggregate

and moreover, is susceptible to solution-phase aggregation. All these techniques mea-
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sure distinct aspects of nanoparticle size and careful consideration of the determined

sizes is important for a good understanding of the nanoparticle properties.

XRD allows for the analysis of the crystalline structure of materials. An X-ray beam is
used to irradiate the sample at an angle, due to the short wavelength of X-rays they
can be diffracted by the atoms present in the sample. If there is a periodic arrangement
of atoms in the sample, as in a crystalline material, then constructive interference can
occur at particular detection angles. The exact angles at which this interference occurs
is determined by the wavelength of the X-rays (usually kept constant) and the periodic
spacing of the atoms. Therefore by measuring the angles at which constructive interfer-
ence occurs information on the crystal planes of the crystalline lattice can be derived.
By analysis of the angle and pattern of the diffraction peaks observed and compari-
son with a database of known materials crystal phase composition can be determined.
Subsequent analysis by whole powder pattern fitting such as Rietveld refinement can
provide detailed information such as relative phase concentrations and the average size
of the crystallites in the sample. Where applicable, particle composition was further
assessed by vibrational spectroscopy using Fourier-transform infrared spectroscopy
(FTIR). This technique utilises the absorbance of photons resonant to molecular bond
vibrations of certain allowed vibrational modes. In this way, vibrational frequencies
of molecules can be determined which are characteristic of the particular molecular
bonds involved. Thus the presence and quantity of infrared active chemical species can

be determined as applied in Paper II.

Elemental analysis has been performed using energy-dispersive X-ray spectroscopy
(EDS) in SEM and STEM. In this technique core-level electrons of an atom are excited to
higher energy levels, subsequent relaxation processes may result in X-ray emission. Due
to the discrete characteristic spacing of core energy levels of elements the wavelengths
of X-ray emission can identify the element they originate from. However, the infrequent
nature of this process of X-ray generation means that EDS spatial resolution must
often be decreased to allow for reasonable measurement times and signal to noise
levels in EDS spectra can be low. A complementary technique for elemental analysis is
electron energy loss spectroscopy (EELS), performed in Paper I using STEM by Thomas
Thersleff. EELS analyses transmitted electron energies for inelastic losses due to the
atomic core or outer energy level electron excitation. EDS has higher sensitivity to
heavier elements, whereas EELS is more suited for light element identification. The
computational data fusion of EELS and EDS developed by Thersleff et al. allows for
remarkable enhancements in signal to noise but is still a highly specialised technique

requiring advanced instrumentation and all collection and analysis was performed by
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Thomas Thersleff in Paper 1.7 The STEM and EDS data collection and analysis in
Paper III were performed by Ling Xie and Klaus Leifer.

Detailed chemical and elemental information can be obtained from X-ray photoelec-
tron spectroscopy (XPS) and electron paramagnetic resonance (EPR) spectroscopy as
applied in Paper III. XPS involves X-ray bombardment of a sample and measurement
of emitted electron energies which can be related to the electronic energy levels from
which they originate. Thus XPS can provide elemental information, and at higher spec-
tral resolution XPS can also provide information on subtle shifts in energy levels which
can be linked to, for instance, the oxidation states and bonding of the elements. EPR
spectroscopy relies on energy level splitting of the spin quantum number in unpaired
electrons (paramagnetic materials) when a magnetic field is applied, this provides a
ground-level and excited state which can cause photon absorption allowing precise
determination of the energy difference between the split energy levels. The variables
determining the magnitude of the energy level splitting are the magnetic field strength
and the "g-factor" or dimensionless magnetic moment of the electron. The g-factor can
be strongly influenced by the electronic environment of the electron and can there-
fore provide important information on the bonding environment of the electron. The
XPS and EPR measurements and analysis presented in Paper III were performed by

Eleftherios Mouzourakis, Constantinos Moularas and Yiannis Deligiannakis.

The optical extinction measurements consist of passing a beam of light with a defined
bandwidth through a sample and recording the intensity for comparison against a refer-
ence intensity to determine how much of the incident beam passed through. However,
the processes giving rise to a difference in measured transmission intensity need not
only arise due to the absorption of light by the sample. If scattering processes occur
then some of the light intensity can be redirected, and not detected, without being
absorbed. Therefore, quantification of absorbance requires separate measurements of
both total scattered and absorbed light. With molecular solutions and small nanopar-
ticles, the contribution of the scattering to the extinction measurement is typically
small and therefore the extinction is sometimes considered to be equivalent to the
absorbance.

Photoluminescence measurements have been performed in Paper II and Paper III with
a luminescence spectrometer. In order to characterise the emission wavelengths of a
system, a beam of light with a controlled wavelength illuminates the sample and the
wavelengths of emitted light are recorded. Excitation wavelengths can be assessed by
scanning the wavelengths of a broadband light source across the sample and recording

the emission of either a single wavelength or the entire emission spectrum. Importantly
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for phosphorescence measurements, a pulsed light source can be used allowing for
control over a delay between the excitation pulse and emission measurement. This can
be used to remove the fast-decaying autofluorescence background and retain the slow-
decaying phosphorescence signal thereby improving the signal to noise ratio. Wide-field
fluorescence microscopy has also been applied, in which case the excitation beam and
the emission from a sample are passed through optical filters and dichroic mirrors to
select for the desired wavelengths before impinging on the sample or detection camera

respectively.

Supporting simulations to better understand the interparticle coupling of silver nanoag-
gregates were performed. The prerequisite for this is three-dimensional models of
representative nanoaggregate structures. Models have been developed to generate
such nanoaggregates using for instance finite element modelling to recreate flame
processes. However, simpler less computationally intense packages have also been de-
veloped which are able to recreate the nanoaggregate morphologies. FracVal developed
by Moran and others is one such package and was used here to generate the fractal
nanoaggregates. ?'® These nanoaggregates were then loaded into R and processed by
the coupled dipole approximation package cda developed by Baptiste Augié to simulate

their extinction spectra. (219220

4.2 Considerations regarding bacterial work

In this section, [ will briefly discuss the choice of bacterial species and strains as well as
growth conditions. The growth of bacteria has been assessed principally by two meth-
ods optical scattering at 600 nm (OD600) and colony-forming units (CFU). OD600
measurements provide an easy and quick method to determine the approximate num-
ber of bacteria in a culture and were used here principally to normalise bacterial starting
dose rather than quantify an effect. This measurement relies on live bacteria being
intact scattering bodies, whereas upon death they should lyse and therefore scattering
should decrease. This, therefore, does not give any information on whether the bacteria
are still metabolically active or capable of reproducing. In addition, differently sized
bacteria and clumped bacteria can scatter light differently leading to differences in their
OD600 even if the bacterial concentration is similar. To assess the number of bacteria
capable of reproducing the bacteria are spread onto a solid surface containing a growth
medium. This allows them to grow but only supports minimal opportunity for move-
ment, if the bacteria are capable of dividing then they will produce a cluster of bacteria

around them which will eventually form a macroscopically visible colony. By spreading
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the bacteria from liquid culture out at a sufficiently low density the number of such
macroscopic colonies can be counted and related to the number of live bacteria (CFU
counting). Live/dead staining was also applied for the assessment of bacterial viability,
the method used here relied on two dyes which greatly enhance their fluorescence
upon DNA binding: propidium iodide (red emission) and SYTO 9 (green emission).
SYTO 9 is membrane permeable and so can pass into cells, bind to nucleic acids and
provide a green fluorescent signal. Propidium iodide is less membrane-permeable and
so can only traverse damaged membranes of dead, or dying cells. Propidium iodide
can displace bound SYTO 9, therefore under appropriate fluorescence illumination,
live cells with intact membranes appear green and dead or dying cells (with damaged

membranes) appear red.

Biofilm formation was assessed by determining the number of bacteria or the biomass
they produced which is adherent to a surface. In order to do this after incubation to
allow for bacterial growth, the substrates were rinsed, with the intention of displacing
loosely attached bacteria. This rinsing step is important as the intensity of it influences
bacterial removal and can be a source of great variability between experiments and
laboratories. Quantification of remaining bacteria was performed by CFU counting and

measurement of remaining biomass by crystal violet staining.

As discussed in 2.3 naturally occurring biofilms are typically multi-species phenomena,
however, for ease of reproducibility and interpretation mono-species biofilms are often
performed in laboratory settings. This was also the case for the projects described
here. Moreover, biofilms grown here were performed in static conditions, whereas
particularly in the case of urinary catheter implants shear stresses could be expected.
This decision was made due to the additional complexity of biofilm growth under flow

conditions.

An additional important consideration is the choice of bacteria. Catheters were cho-
sen as an example application in Paper I, as such two bacterial species commonly
associated with catheter infections were chosen: S. aureus (ATCC 25923) and E. coli
(HVM52). Both strains are clinical isolates and in particular, HVYM52 was isolated from
a catheter-associated urinary tract infection and therefore has high relevance. In Pa-
per II pathogenic bacteria which are known to form different biofilm pH were selected
with E. coli (strains HVYM52 and DH5a) known to produce highly acidic biofilms and P
aeruginosa (PA01) known to produce less acidic biofilms. K. pneumoniae (iA565) was
also included as it is a frequent cause of nosocomial infections, a facultative anaerobe

and known to be a potent biofilm former.
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Ethical Considerations

Scientific research involving the use of clinical samples or data requires a thorough
consideration of the benefits and potential risks in terms of both privacy and potential
harm to the patient. Moreover, animal experiments require careful consideration of
whether the methodology is appropriate and necessary, whether there is any other
possible non-animal alternative, how to minimise the number of animals and their
suffering and whether the results it will yield are sufficiently valuable. The projects
presented in this thesis did not involve patient samples or animal work and as such no

ethical permits were required.
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5 Results and discussion

In this chapter, the main findings of the papers included in this thesis will be briefly

presented and discussed.

Paper |: Plasmonic coupling in silver nanoparticle
aggregates and their polymer composite films for
near-infrared photothermal biofilm eradication

The main aims of Paper I (summarised in Figure 10) were to demonstrate the facile
synthesis of spherical silver nanoparticles with controlled extinction and photothermal
properties reaching into the near-IR. As a demonstration of a potential application, the
nanoparticles were deposited on a substrate to render it photothermal and used for
the eradication of established biofilms. Spherical silver nanoparticles were synthesised
by FSP supported on silica, during the aggregation process the silica acts as a spacer
between the silver nanoparticles and limits sintering and coalescence. Therefore the
silica acts as a dielectric glue which holds the silver nanoparticles apart. By carefully
varying the silica content the spacing between the silver nanoparticles can be controlled.
In this way, the interparticle plasmonic coupling is controlled to shift the extinction
into the near-IR. The extinction of deposited films and liquid solutions was measured
by UV-Visible spectroscopy, and with 25 wt% of silica the extinction peak was located at
just above 400 nm as can be expected for well-separated spherical silver nanoparticles.
However, as the silica wt% was decreased to 6 wt%, 4 wt% and 2 wt% a clear second

peak was observed at higher wavelengths with a tail extending into the near-IR region.

As described previously multiple phenomena can affect the extinction spectra of plas-
monic nanoparticles such as the size of the nanoparticles. Measurements by XRD of
the crystallite size showed that between 4 and 6 wt% silica there was only a difference

of 0.3 nm and by TEM the difference in primary particle diameter was 0.9 nm. Sim-
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ulations of extinction spectra from fractal-like nanoaggregates with varying primary
particle sizes were performed, based on these simulations and previous literature it
was determined that the small changes in primary particle size alone would not give
rise to the large shifts in extinction spectra observed. However, shifts of only a couple of
nanometers in the inter-particle distance were sufficient to produce large spectral shifts
in the simulated extinction spectra. Changes in inter-particle distances with increas-
ing silica wt% can be observed in the TEM images, however, accurate quantification
of inter-particle distance is challenging due to the dense nature of nanoaggregates
and since TEM images are two-dimensional representations of the three-dimensional
nanoaggregates. The differences in inter-particle distances between the silica wt%
were determined in order to perform an approximate comparison and a trend towards
increasing inter-particle distances was observed with changes on the order of 1 nm
between 4 and 6 wt%. Considering, therefore, the comparison between simulation
and experimental data together with previous studies the spectral shift in extinction
was mainly ascribed to changes in inter-particle distance. Elemental mapping was
also performed to confirm that indeed the silica was located between spherical silver

nanoparticles and therefore appears to act as a dielectric spacer.

Photothermal behaviour relies on a light source to provide the energy for heat gen-
eration, therefore, the choice of optimally tuned extinction is dependent also on the
wavelength of the light source. In this study, high extinction at 808 nm was desired as
this was the centre wavelength of the near-IR laser used, and therefore the 2 wt% silica
condition was most suited. However, high extinction does not necessarily guarantee
good photothermal activity and therefore all silica wt% were also evaluated with trends
consistent with the extinction data. In these dry conditions, 2 wt% silica reached the

highest temperature of over 100 °C and was therefore chosen for further experiments.

The application to demonstrate the effectiveness of the photothermal behaviour was
chosen to be biofilms on catheters. An immediate potential confounding factor would
be the antibacterial action of the silver nanoparticles themselves. Moreover, silver can
be cytotoxic and concerns exist regarding the clearance of these nanomaterials in
the human body. Therefore the photothermal nanoaggregates were directly deposited
from FSP on a layer of spin-coated polydimethylsiloxane (PDMS), which is the same
material used for many catheters and subsequently completely encased in PDMS by
spin-coating an additional PDMS layer on top. Although this did affect the extinction
profiles of the films, similar near-IR extinction values at 808 nm were maintained after
encasing in PDMS. No silver ion release was detected by silver ion selective electrode

measurements.
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Biofilms were then formed on the PDMS surfaces and irradiated with 808 nm laser
light at an intensity of 1.4 Wem™ for different periods of time. After 300s and 600s
no CFUs were retrieved from biofilms of E. coli and S. aureus respectively. This corre-
sponds to final temperatures of the liquid at 300 s and 600 s of almost 70 °C. Although
these temperatures are substantially higher than what would likely be desirable in a
clinical setting it nonetheless demonstrates the powerful photothermal capacity of the
deposited nanoaggregates. Paper I therefore demonstrates the facile synthesis of near-
IR photothermally active plasmonic nanoaggregates of spherical silver nanoparticles

and their direct aerosol deposition.
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Figure 10: Overview of the content of Paper I demonstrating the tuning of the extinction of the
silver nanoaggregates by using silica as a dielectric spacer to control the average interparticle
distance between primary silver nanoparticles. Having tuned the extinction into the near-IR
these silver nanoaggregates were deposited as a coating encased between two layers of PDMS.
Biofilms were then grown on this PDMS catheter mimicking surface and the temperature
increase due to near-IR irradiation used to eradicate the formed biofilms.
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Paper Il: Biofilm interfacial acidity evaluation by pH-
responsive luminescent nanoparticle films

Paper II describes the synthesis of pH-sensitive luminescent films of calcium phosphate
nanoparticles for the measurement of biofilm interfacial pH as schematically depicted
in Figure 11. The initial aim of this project was inspired by Paper III, and intended to
deposit films capitalising on the pH-dependent solubility of calcium phosphate doped
with europium (CaP:Eu®') and the pH-independent solubility of a reference signal
(e.g. Y,05:Tb*") to generate a ratiometric pH-sensitive surface. However, initial exper-
iments of CaP:Eu®" films revealed an interesting pH-dependent spectral feature. The
emission spectrum of CaP:Eu* consists of two spectrally resolved major peaks, one at
approximately 590 nm and the other at 614 nm. When immersed in an acetate buffer
at pH 5.5 the peak at 614 nm strongly reduces in intensity, whereas the peak at 590
nm undergoes no major decrease. However, in a pH 7 buffer or ultra-pure water, both
peaks at 614 nm and 590 nm remain stable. Therefore a ratiometric sensor response
was obtained with only CaP:Eu®*. Moreover, the two peaks are located spectrally close
to each other, and therefore any change in absorbance of the medium in which they

are immersed due to scattering phenomena is likely to affect both peaks equally.

The luminescence excitation of the CaP:Eu®' nanoparticle films is performed at 252
nm and therefore excites lattice charge transfer bands of the CaP which subsequently
transfer the energy to excite the Eu®*. It, therefore, follows that if the particles dissolve
this energy transfer process from the lattice to the Eu®* should stop. The ratiometric
shift should therefore be understood to be a more subtle process. The peak at 590
nm is due to a magnetic dipole transition which is relatively insensitive to changes
in site symmetry, however, the peak at 614 nm is an electric dipole transition which
is highly sensitive to the symmetry of the Eu®"."> An asymmetry ratio (Az = %) is
often used to compare this effect with a higher asymmetry in the Eu®* site leading
to a higher Agz. Thus at lower pH there appears to be some rearrangement in the
lattice symmetry around the Eu®* ion. This, therefore, enables the CaP:Eu®* to be an

all-inorganic ratiometric pH sensor.

A more detailed analysis of the synthesised nanoparticle composition reveals by XRD
the presence of crystalline hydroxyapatite and a very minor lime phase. By FTIR peaks
are detected corresponding to POfr‘ but also CO;, indicating that the hydroxyapatite
formed is likely carbonated hydroxyapatite. The presence of CO; can be explained
as a likely consequence of the Ca/P ratio used in the precursor, in order to promote

the formation of crystalline hydroxyapatite an excess of Ca was added at a Ca/P ratio
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of 2.19 (stoichiometric hydroxyapatite has a Ca/P of 1.67). The CO; can therefore
act as a counter-ion for the excess of Ca**. The COjJ is also suggested as the likely
cause of the changes in Ay at pH 5.5. A decrease in Ca/P ratio in the precursor of the
CaP coatings yields coatings with a decreased Ay and also a decreased CO; content.
Moreover, a clear decrease in CO; content was observed after the CaP coatings were
incubated in pH 5.5 buffer whereas no such change was observed in ultra-pure water.
It is therefore suggested that at pH 5.5 lattice rearrangements can occur releasing the
CO; from the lattice and increasing the symmetry of the Eu®" lattice site causing the

change in asymmetry ratio.

Since the target application was bacterial growth, calibration of the sensor was per-
formed in bacterial growth medium (modified M9) at 37 °C from pH 4 to pH 7 for up to
48 hours. Although even at a pH of 7 some gradual change in Ay was observed over the
48 hour period, at lower pHs the A; converged to stable values. Growth medium was
replaced with fresh medium after 8 and 24 hours. The relationship between pH and
Ag is non-linear and therefore interpolation was used to establish a relationship across
the pH range 4 to 7. The CaP films were subsequently incubated in the presence of
bacteria capable of forming biofilms on their surface in a buffered M9 minimal medium
at a pH of 6.75 and the luminescence of the films was monitored to determine the
pH which the biofilm produced. The pHs determined for the biofilms of E. coli and
P aeruginosa of close to pH 4 and pH 6.5 respectively were in good agreement with

values previously determined by confocal microscopy. 182221

Some limitations are apparent for this sensor, no detailed assessment of interfering
agents was performed, however, it is reasonable to expect properties of the medium
such as the ionic concentration and in particular the Ca*" and POi‘ concentrations to
play an important role in the solubility and therefore perhaps also lattice restructuring
of the CaP films. Therefore calibration should be performed in the desired growth
medium and at the desired measurement time points. Moreover, the release of Ca%*
and POi‘ into the medium at low pHs can be observed and potential influence on pH
and bacterial growth should be considered. In addition, the A; was not recovered when
the pH of the medium was increased, the pH values measured are therefore the mini-
mum values attained. However, provided these caveats are considered the developed
CaP:Eu®" can be used for biofilm pH determination. Moreover, the system is compati-
ble with the well-plate style format commonly used to achieve higher throughput in

biological applications providing a significant advantage over confocal microscopy.
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Figure 11: Graphical summary of the work in Paper II. Initially, the synthesised films were
subjected to various pH buffers in order to understand the pH dependence of the luminescence
emission, as shown in A), with a ratiometric sensor response observed. Biofilms were then
grown on the surface of the CaP:Eu* films as shown in B), with the luminescence emission of
the films over 48 hours correlated to the biofilm pH.

Paper lll: Luminescent CeO,:Eu3* nanocrystals for
robust in situ H,O, real-time detection in bacterial
cell cultures

In Paper III the core hydrogen peroxide sensing capabilities previously developed of
CeOz:Eu3+ are further developed to allow for more robust hydrogen peroxide detection
from complex media such as bacterial cell cultures. The essence of the previously devel-
oped system was that the luminescence emission of CeOZ:Eu3+ became quenched in a
hydrogen peroxide concentration-dependent manner. The readout was therefore purely
a decrease in luminescence intensity and as described previously could be vulnerable
to absorbance changes in the medium appearing as hydrogen peroxide concentration
changes. Therefore in order to generate a robust signal, several approaches were taken.

During bacterial growth changes to the optical properties of the medium occur. By



5. Results and discussion 47

depositing CeO,:Eu®* onto optically transparent glass coverslips measurements could
be performed through the glass without the luminescence emission or excitation beam

passing through the potentially scattering bacterial growth medium.

An alternative method is to develop a ratiometric sensor response by providing an
additional reference luminescent signal, therefore changes in absorbance due to the
relatively broadband scattering processes of bacterial growth should affect both the
reference signal and the sensor signal to a similar degree. The reference signal is pro-
duced by Y203:Tb3Jr which does not show hydrogen peroxide dependent luminescent
changes. Both Y203:Tb3Jr and CeO,:Eu** can be excited at the same wavelength but
YZOB:Tb3+ exhibits emission at 545 nm and CeOZ:Eu?’+ at 590 nm. This, however, poses
a synthetic challenge in a single flame as the CeO,:Eu** and Y,0,:Tb** phases should
exist separately and inter-mixing of the dopants between the two lattices is undesir-
able. The sensitivity of the hydrogen peroxide sensing capabilities of CeO,:Eu’" is also
dependent on the nanoparticle size, with a smaller primary nanoparticle size allowing
for higher sensitivity. Therefore a dual-flame synthesis was performed to allow the
separate formation of the Y,0,:Tb*" and CeO,:Eu** nanoparticles, while the angle of
the flame was controlled such that the high-temperature aerosols collided and allowed
nanoscale mixing and firm adhesion between the two nanoparticle compositions. A

schematic summary of this sensing system is provided in Figure 12.

Measurement of the luminescence emission at different hydrogen peroxide concentra-
tions confirmed the hydrogen peroxide sensing capabilities of CeO, :Eu** were retained
with the additional stable Y203:Tb3Jr reference signal. Calibration with known hydro-
gen peroxide concentrations was then performed in C+Y bacterial growth medium
and three strains of S. pneumoniae were grown in the presence of the dual emission
ratiometric CeOZ:Eu‘?Jr /YZOB:Tb3+ and the luminescence emission measured. Two of
the strains of S. pneumoniae generated elevated levels of hydrogen peroxide (strains
BHN 31 and BHN 32) whereas the third strain which was genetically modified to lack
the hydrogen peroxide producing spxB gene showed no hydrogen peroxide genera-
tion (BHN 123). These values were in good agreement with the previous enzymatic

measurement of hydrogen peroxide production in the literature by these same strains.

Some aspects of the sensor design should be considered for its successful application.
The wavelength of light used for excitation of the CeO,:Eu**/Y,0,:Tb*" is 330 nm
when performed in a fluorescence spectrometer, which can be strongly absorbed and
scattered. Therefore the sampling volume of the light should be considered in an ex-
perimental set-up, since excitation of the nanoparticles may not occur homogeneously

throughout the sample. Furthermore, CeO, is a known antimicrobial and therefore
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effects of the CeO, on bacterial growth should be considered. **? Provided these as-
pects are considered measurements performed in Paper III demonstrate the potential
for successful application of this inorganic ratiometric optical sensor for the detection

of hydrogen peroxide in complex biological environments.
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Figure 12: Schematic of the robust ratiometric sensor response developed in Paper III hy-
drogen peroxide sensitive red-emitting CeOz:Eu3+ is combined with reference green-emitting
Y203:Tb3+. The luminescence of the CeOZ:Eu3Jr decreases with increasing hydrogen peroxide
concentrations whereas the YZOB:Tb3+ maintains stable emission thereby providing a ratiomet-
ric sensor response. This sensor was then applied for the measurement of hydrogen peroxide
production by S. pneumoniae.

Paper IV: Ammonia sensing by silver nanoparticles
for point of care diagnostic applications

Paper IV describes the results obtained to date on the development of a silver nanopar-
ticle enabled ammonia sensing assay. Dispersed silver nanoparticles display strong
plasmonic extinction, observable by the naked eye as a yellow colour due to the ex-
tinction of light in the 400 nm region. Upon addition of a source of hypochlorite ions
(CIO) such as NaOCI oxidative dissolution of the silver nanoparticles can occur in a
stoichiometric fashion and therefore the extinction becomes attenuated. However, am-
monia readily reacts with ClO™ and can therefore prevent the dissolution of the silver
nanoparticles. In this way by adding a constant amount of CIO" the ammonia concen-
tration can be determined from the silver nanoparticle extinction: in high ammonia
concentrations, little change to the silver nanoparticle extinction is observed whereas

in low ammonia concentrations a strong decrease in silver nanoparticle extinction is
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observed (summarised in Figure 13).

An important consideration is also the colloidal stability of the silver nanoparticle sys-
tem and the ability for the measurement to be performed in solutions of different ionic
strengths. Therefore in order to improve their colloidal stability, the silver nanoparticles
are coated with a thin silica layer by using an FSP coating reactor. This allows for the
successful measurement of ammonia concentrations in isotonic phosphate-buffered
saline. By adjusting the concentration of ClO™ the sensing range can be adjusted. How-
ever, ClO is a reactive species and therefore the presence of easily oxidised species,
such as can be found in proteins or serum, interferes with the ability of the assay to

detect ammonia.

In order to allow for detection from these complex biological fluids a selective mem-
brane is applied, this nafion perfluorosulfonic acid membrane allows the selective
transport of small positively charged ions across it. The nafion membrane therefore
allows for the selective separation of the positively charged ammonium ion (NH,*)
from a biological fluid into a controlled sensing environment. This enabled the sensor
to detect ammonia concentrations at levels relevant for human hyperammonaemia
determination from PBS with concentrations of bovine serum albumin typically found
in serum. Measurement time is strongly influenced by the separation process of the
nafion membrane, occurring over 20 minutes to allow sufficient ammonia transfer.
With subsequent ammonia determination in approximately 7 minutes. Therefore total
measurement time approaches 30 minutes, a factor which further optimisation will

aim to reduce.

In order to further develop this system for ease of use, the silver nanoparticles were
collected as thin coatings on glass-fibre filter paper. The silver nanoparticle coated filter
paper was then cut into thin strips (~ 1.3 mm wide and 10 mm long) and used to
measure ammonia concentrations in a dip-stick style assay by inserting the end of the
strip into the liquid containing ammonia and ClO". The wicking properties of the glass-
fibre filter caused the liquid to travel up the strip and in low ammonia concentrations,

the ClO" dissolved the silver nanoparticles and removed the characteristic colour.
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Figure 13: Summary of the work described in Paper IV where silver nanoaggregates with a
silica spacer were synthesised. Upon addition of ClIO~ the silver nanoparticles are dissolved
removing the strong yellow colour in dispersion or as coatings on filter paper. In the presence
of ammonia, the reaction between ammonia and ClO~ reduces the dissolution of the silver
and therefore no colour change is observed. This was performed both in solution as a colloidal
suspension and also as a deposited coating on filter paper thereby allowing for a simplified
measurement procedure without the requirement of nanoparticle dispersion.



6 Conclusions

Over the course of the work described in this thesis inorganic nanomaterials have been
applied and developed for four biomedical applications including both anti-biofilm
treatment and bioanalyte detection. Plasmonic silver-based nanomaterials were har-
nessed for their photothermal properties with the development of a facile synthetic
procedure to optimise their near-IR optical activity. This was achieved by the addi-
tion of varying quantities of silica which fixed primary silver nanoparticles at varying
characteristic distances to one another and therefore could tune the inter-particle plas-
monic coupling to improve near-IR extinction and photothermal properties. Implant
mimicking coatings of these photothermal nanomaterials were then prepared and

demonstrated for the effective eradication of biofilms of S. aureus and E. coli.

The acidic microenvironment of biofilms was also studied by the developed lumines-
cent CaP:Eu®* pH-sensitive surface. Coatings of CaP:Eu®* were deposited onto silicon
substrates and the pH dependence of their luminescence was investigated. The lumi-
nescence emission of CaP:Eu®" occurred centred at two major wavelengths 590 and
614 nm the ratio between these two emissions exhibited pH dependence with a de-
crease of the 614 nm peak with decreasing pH. This ratiometric change was related to
a decrease in carbonate content of the CaP:Eu* coatings at lower pH and thereby a
decrease in the symmetry dependent peak at 614 nm, whereas the symmetry indepen-
dent peak at 590 nm remained relatively stable. These coatings were then applied for
the determination of interfacial biofilm pH of E. coli, K. pneumoniae and P aeruginosa
biofilms grown on the CaP:Eu®* surfaces. E. coli and K. pneumoniae were found to

develop highly acidic microenvironments.

Measurement of bacterial hydrogen peroxide production was also achieved by the
development of a ratiometric luminescent sensor. CeOz:Eu?’Jr had previously been de-
veloped as a hydrogen peroxide sensor with good limits of detection, however, the
reliance on luminescence decrease of a single peak causes some limitations for appli-

cation in complex biological environments. Here this sensor was further developed by
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synthesising CeO,:Eu®* /Y,0,:Tb** which allowed for the use of small hydrogen perox-
ide sensitive CeOZ:EUBJr with red emission (590 nm) with a stable hydrogen peroxide
YZOB:Tb?’Jr green reference emission (550 nm). This was applied for the measurement

of hydrogen peroxide production by S. pneumoniae.

Finally, a silver nanoparticle-based plasmonic ammonia sensor was developed. This
relied on the dual reactivity of ClO~ towards both silver nanoparticle dissolution and
reaction with ammonia. In low ammonia concentrations, the plasmonic silver was dis-
solved causing a strong decrease in absorbance whereas as ammonia concentrations
increased the amount of remaining plasmonic silver also increased and therefore less
change in absorbance was observed. This was demonstrated for the detection of am-
monia at levels corresponding to hyperammonemia from simulated serum. This assay
was also adapted to a paper-based format thereby avoiding the necessity of forming a

colloidal dispersion and improving ease of use.



7 Future perspectives

Over the course of the work presented in this thesis, additional avenues of investiga-
tion have presented themselves. Although the photothermal coatings developed in
Paper I presented good plasmonic performance some additional potential improve-
ments can be considered. An obvious concern is the effect of high local temperatures
on human tissues in proximity to the implanted device. The specificity of this treat-
ment approach is mainly achieved by localisation of the photothermal effect, with
the intention of treating biofilms formed directly on the photothermal surface in this
case. Photothermal plasmonic structures produce high temperatures in their immediate
vicinity, therefore the distance between the biofilm to be treated and the photothermal
nanoparticles could be important and was not optimised in Paper I with a compara-
tively thick approximately 6 pm top PDMS layer. By reducing the thickness of this top
PDMS layer the temperatures experienced by the biofilm formed directly on the de-
vice surface for a given illumination intensity could be increased therefore potentially
reducing the temperature increase in the human tissue surrounding the device and

improving specificity.

An additional modification of potential interest could be the investigation of a ther-
mally released antibiotic on the surface of the coating. Thus upon irradiation and
photothermal action, the temperature increase not only has a direct action on the bac-
teria but also could cause the release of the antibiotic with additional antibacterial
action. Such combined antibiotic/thermal action has been shown to even lead to syn-
ergistic antibacterial action.??® Finally, the dielectric constant of the material used
as the spacer between silver nanoparticles is likely to also play a significant role in
the spectral properties of the silver nanoaggregates. Currently, silica with a refractive
index close to 1.46 is used, however, an investigation of the spectral shift induced by
the use of other materials with higher dielectric constants such as TiO, could provide

yet further improved near-IR characteristics.

Presently the developed photothermal system has only been tested in a proof-of-concept
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setting. In order to demonstrate a viable application for use as a coating for implanted
medical devices, much further testing would be required. As a first step both sufficient
temperature evolution at safe lasers doses through animal tissue should be demon-
strated. Subsequently, an optimisation of temperatures providing antibacterial action
without causing harmful tissue damage should be performed. Upon evaluation of these
results, the decision could be made on the feasibility of further studies for clinical trans-

lation and final application.

The pH-sensitive surface for biofilm microenvironment pH determination developed
in Paper II also has the potential for further optimisation. Although not presented in
the publication early experiments showed some size dependence on the pH sensitivity
range of the sensor. In the finally developed coating, only nanoparticles synthesised
with one flame condition and therefore size range were used, therefore further experi-
ments to explore the benefit of using multiple size ranges in order to broaden the range
of pH sensitivity could be of interest. The initial plan as described in 5 was to use a
ratiometric system similar to Paper III with a pH-sensitive emission and a reference
pH-independent emission from a different nanoparticle. This design was abandoned
when the intrinsic ratiometric nature of the CaP:Eu®" was discovered. However, the use
of this sensing mechanism with a defined reference and sensing phase could provide a
system in which different lanthanide ions could be used and therefore the emission and
excitation wavelengths could be altered. It could therefore be interesting to investigate
the synthesis of CaP or other pH-sensitive nanoparticles with Nd** or other near-IR

emitting lanthanide ions to develop a near-IR pH-sensitive surface.

The robust luminescent hydrogen peroxide sensor described in Paper III also has the
potential to be applied for the near-IR detection of hydrogen peroxide. A key aspect
of the sensing mechanism of this sensor is changes to the charge transfer band of the
lattice which therefore changes the luminescence emission intensity. However, EPR
data presented in Paper III also indicated oxidation of Eu?* to Eu®*. By harnessing
this change in the oxidation state of the lanthanide ion there could be potential for
a near-IR hydrogen peroxide sensor as luminescence emission typically occurs from
the (III) oxidation state. For instance, Tm can exist in both the (II) and (III) oxidation

states and exhibits emission from the Tm3" state in the 800 nm range.

The silver nanoparticle ammonia sensor developed in Paper IV is still a manuscript
and actively undergoing further investigations. Currently, separation of ammonia from
biological samples must be performed prior to application of the CIO~ due to the
reactivity of CIO~ with components expected to be found in blood or serum such as

proteins. This significantly increases the time required for the measurement and the
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complexity. Further developments are ongoing to combine both the ammonia detection
and the separation into a single paper-based step. Moreover, although samples of
both whole blood and serum from sheep have been tested they were found to have
high baseline ammonia levels and are therefore poorly suitable for validation of the
developed sensor. An immediate next step is therefore the evaluation of the sensor
with healthy fresh human blood.
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