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Photothermal antibacterial biomaterials utilising gold nanorods and near-infrared light
MAIJA UUSITALO
Department of Chemistry and Chemical Engineering

Chalmers University of Technology
Abstract

Biomaterials serve an integral role in modern medicine, providing essential functions for
therapeutic, prosthetic, and diagnostic purposes. However, once introduced into a biological
setting, biomaterials are prone to bacterial colonisation, resulting in hard-to-treat infections with
severe clinical consequences. Biomaterial-associated infections (BAIs) are commonly caused
by biofilm-forming bacteria. The reduced sensitivity of biofilm-forming bacteria to antibiotics,
along with the increased occurrence of antibiotic resistant pathogens, significantly limits the
effectiveness of conventional antibacterial strategies. As our growing life expectancy is
accompanied by an increased use of biomaterials, there is a pressing need for novel strategies
that can combat the infections associated with these materials. A promising approach is the
development of antibacterial biomaterial modifications. In this thesis, a photothermal
antibacterial modification strategy using surface-immobilised gold nanorods and near-infrared
(NIR) light has been investigated.

Procedures were developed for immobilisation of gold nanorods on glass and titanium
substrates. Material characterisation was conducted using UV-Vis spectroscopy, electron
microscopy, and X-ray photoelectron spectroscopy. In situ X-ray diffraction studies were
performed to evaluate the photothermal properties of the gold nanorods on glass, and the in situ
datasets were corroborated with scanning electron microscopy and UV-Vis spectroscopy
characterisation. The findings revealed that the supported gold nanorods displayed a linear
temperature increase with NIR laser power until an onset of morphological changes around 120
°C, and the slope of the temperature increase demonstrated a dependence on the surface
coverage of gold nanorods. The in vitro antibacterial activity of the gold nanorods on glass and
titanium upon illumination with NIR light was evaluated against Staphylococcus aureus. On
titanium, the antibacterial activity was attributed to NIR light absorption of the titanium leading
to heating of the substrate, with no evident effect from plasmonic heating of the gold nanorods.
In contrast, on glass a significant NIR light-intensity dependent antimicrobial activity from
plasmonic heating of the gold nanorods was observed. The findings provide insights into the
photothermal behaviour of surface-immobilised gold nanorods and highlight the important role
of the support material for the antibacterial activity of the systems. Altogether, the results are
of relevance for advancing the design of antibacterial biomaterial modifications using supported
gold nanorods and near-infrared light.

Keywords: biomaterial-associated infections, photothermal therapy, gold nanorods, near-
infrared light
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1. Introduction

Humans today live longer than ever. Over the last decades, the global life expectancy has seen
a continuous increase, which is a trend that is projected to continue [1]. This progress is the
result of a wide range of contributing factors, including improved hygiene, living conditions,
and access to essential health services. A significant role is also played by the remarkable
advancements within medicine and healthcare, and we currently have treatment strategies for
a range of diseases and physical injuries that some decades ago were not imaginable. The
discovery and development of new drugs has been a crucial part of the advancement of modern
medicine, with the introduction of antibiotics serving as the most significant example. In
addition to treating infectious diseases, antibiotics have facilitated a range of medical
procedures, making their impact on the medical field far-reaching. Although the development
of new drugs like antibiotics has been essential, the important impact on modern medicine from
advancements in materials science providing us with new and improved biomaterials should
not be overlooked. A biomaterial can broadly be defined as a material used in contact with
living tissues, organisms, or microorganisms [2]. Biomaterials can be natural or synthetic and
are used to repair, augment, or replace damaged tissue or a biological function. The use of
biomaterials encompasses a variety of applications, including medical implants like joint
prostheses, heart valves and dental implants, and other medical devices such as urinary
catheters, sutures, and staples.

As apparent from their widespread application, the use of biomaterials is central within
medicine, providing essential functions for therapeutic, prosthetic, and diagnostic purposes.
Nonetheless, there are still challenges in regard to their practical implementation, with the most
common being biomaterial-associated infections (BAls). The surface of a biomaterial is
designed to interact favourably with the macromolecules and cells of our own body; however
this property also makes it a potentially favourable environment for bacterial adhesion.
Bacterial colonisation, proliferation and subsequent biofilm formation on a biomaterial surface
causes hard-to-treat infections with severe clinical consequences. The infection incidence
varies greatly depending on the function and location of the biomaterial, from 1-2% in hip and
knee prosthesis, up to 30% for indwelling urinary catheters [3,4]. Currently, prevention and
treatment strategies for these infections include conventional antibiotics, and when applicable,
revision surgery with debridement or removal of the implanted material. In addition to severe
discomfort for patients and high societal costs, the risk of reinfection after revision surgery is
considerable [4].

While the use of antibiotics is essential for infection prevention and treatment, bacterial
biofilms exhibit increased tolerance to antibiotics [5], making them very difficult to eliminate.
Furthermore, the problem is aggravated by the increasing occurrence of antibiotic resistant
pathogens [6], limiting the effectiveness of many conventional drugs. As our growing life
expectancy is accompanied by an increasing use of biomaterials, we are now faced with a
pressing need for novel strategies in combatting the infections associated with these materials.

An alternative approach to combatting BAIs is developing modifications of the biomaterial that
provide it with antibacterial properties. These properties can be attained through a range of



strategies, which either actively eradicate bacteria like in designing contact-killing surfaces and
antimicrobial-releasing coatings, or prevent bacterial colonisation through the use of non-
adhesive (antifouling) surfaces [4]. Advancements in nanotechnology have had a significant
role in the development of these antibacterial strategies. The unique properties of nanomaterials
provide a wide range of possibilities, including the introduction of nanotopography to prevent
bacterial adhesion, and harnessing the bactericidal properties of various nanoparticles [7]. In
this thesis, an antibacterial modification strategy using photothermal gold nanorods activated
by near-infrared (NIR) light has been investigated.

This aim of this thesis was to develop and evaluate a photothermal antibacterial biomaterial
modification strategy based on supported gold nanorods excited with NIR (808 nm) light. For
this purpose, material preparation protocols for the surface-immobilisation of gold nanorods
on glass and titanium were developed, and the produced materials’ properties were evaluated.
The two main focuses of the thesis were assessing the materials’ photothermal characteristics
using in situ X-ray diffraction (gold nanorods on glass), and in vitro antibacterial activity (gold
nanorods on glass and titanium).



2. Background

The following sections provide the relevant theoretical background concerning the concepts,
materials, and characterisation techniques included in the thesis. Initially, an overview of the
modification strategies employed in the development of antibacterial biomaterial modifications
is given, followed by an introduction to photothermal therapy. Thereafter, the properties and
synthesis of gold nanoparticles are explained. Finally, a summary of nanothermometry methods
developed to determine the temperature of gold nanoparticles is provided.

2.1 Antibacterial modifications of biomaterials

The need for alternatives to conventional antibacterial agents like antibiotics in combatting
BAIs has led to a great interest in the development of antibacterial modifications of
biomaterials. The development of such antibacterial modifications is a considerable challenge
due to the complexity of finding a strategy that fulfils all the necessary requirements. The
biomaterial modification should not only provide an antibacterial activity against a range of
microorganisms, but also not be harmful the local immune competence or surrounding tissue.
Depending on the biomaterial type, the modification should furthermore not influence the
biomaterial’s innate tissue integrative properties. Taking this into consideration, it is clear that
there is no universal modification strategy, and the importance of considering the specific
requirements for each biomaterial application is highlighted.

The strategies developed to achieve an antibacterial functionality of a biomaterial can broadly
be divided into contact-killing surfaces, antimicrobial-releasing materials, non-adhesive (or
antifouling) surfaces, or a combination of the above [4]. Examples of contact-killing surface
modifications include immobilisation of quaternary ammonium compounds and antimicrobial
peptides. For antimicrobial-releasing systems the active compound can either be incorporated
in the bulk, e.g. by addition during material preparation or adsorption in permeable materials,
or in a coating on the biomaterial. An array of antimicrobial substances has been integrated in
the release-systems, including conventional antibiotics, silver, and antimicrobial peptides [7].
Non-adhesive modifications include various polymer or polymer brush coatings, as well as
superhydrophobic surfaces obtained by tuning surface roughness. As a part of these broad
categories of antibacterial modifications, strategies exist that use surfaces or coatings that
exhibit a photoinduced antibacterial activity. Examples of such photoactive surfaces are
titanium oxide that when irradiated with suitable photon energies produces reactive oxygen
species [7], and materials with immobilised photothermal agents, like plasmonic nanoparticles,
which generate heat when irradiated with resonant light [8].

2.2 Photothermal therapy

In photothermal therapy (PTT), photothermal agents that convert light energy into heat are used
to treat a medical condition. Photothermal therapy has been extensively studied as a cancer
treatment approach, wherein light is used as an external stimulus to achieve controlled and
confined thermal damage to tumour tissue. However, photothermal therapy has also been
investigated for applications beyond cancer therapy, for example in treating bacterial
infections. The principle behind the therapy approach is that light absorption of photothermal
agents leads to electron excitation, and when the electronic excitation energy relaxes through
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nonradiative decay, heating of the local environment around the absorbing agent occurs [9]. If
the photothermal agent is introduced in vicinity of the targeted group of cells, the heat released
upon irradiation can induce thermal damage, generally through cell membrane disruption and
protein denaturation.

The photothermal agents employed in PTT can be for example natural chromophores in tissue,
photoabsorbing dyes [9], or nanomaterials like polymer nanoparticles, carbon nanotubes, or
plasmonic metal nanoparticles [10]. As natural chromophores exhibit very low light absorption
and dye molecules suffer from photobleaching under laser irradiation, the use of nanomaterials
has emerged as a suitable alternative to overcome these limitations. For in vivo photothermal
therapy, using near-infrared (NIR) light around 650-900 nm is preferable, as these wavelengths
exhibit optimal tissue penetration due to minimal absorption by water and haemoglobin [11].
Several nanomaterials exhibit light absorption in this spectral region and thus have potential as
photothermal therapy agents. However, using plasmonic gold nanoparticles is especially
promising due to their ease of preparation, large absorption cross-sections, and ready
(bio)functionalisation [9]. Furthermore, gold nanoparticles have tuneable optical properties,
which allow their light absorption to be tuned to specific wavelengths in the NIR region by
changing the size and shape of the particles.

2.3 Gold nanoparticles and their biomedical applications

Over the last decades, the research interest in gold nanoparticles has seen a continuous increase
and they have found application within a wide range of research areas including sensing,
imaging, catalysis, PTT, and drug delivery [12]. However, utilising the unique properties of
gold nanoparticles it not a modern phenomenon, but something that has been done for
centuries, for example in producing the vibrant colours of stained-glass windows in medieval
churches. Naturally, these early applications were without understanding the phenomenon
causing the observed colours. It was first in the mid-19™" century when Michael Faraday began
examining the interaction between light and metal particles that scientists started to study the
topic [13]. Nowadays, we have a good understanding of the origin of the unique properties of
gold nanoparticles, facilitating their practical implementation.

When the dimensions of a material are reduced to the nanoscale (1-100 nm), the small size and
high surface-to-volume ratio make new properties manifest, stemming from the spatial
confinement imposed on the materials’ electronic motion. For gold and other noble metal
(plasmonic) nanoparticles, their interesting optical properties are caused by unique interactions
with light. In the presence of the oscillating electromagnetic field of light, a coherent oscillation
of the conduction band electrons of the gold nanoparticle with respect to the positive metal
lattice takes place [14]. This coherent oscillation is resonant at a specific frequency of light and
is called localised surface plasmon resonance (LSPR). Resonant photons can thus be confined
within the gold nanoparticle and excite the LSPR oscillations, and the plasmonic confinement
results in a great enhancement in properties like light absorption, light scattering, and
fluorescence [15]. Following excitation, the LSPR oscillations decay through radiative
processes giving rise to photon emission, or through nonradiative processes resulting in the
emission of heat [15]. By exposing a gold nanoparticle to resonant light it can thus strongly
absorb the light and convert it into heat, making them efficient photothermal agents.
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The LSPR frequency depends on the size and shape of the gold nanoparticle, as well as the
dielectric constant of the surrounding medium, making it possible to tune where the
nanoparticle absorbs light and the excitation of the LSPR occurs. Spherical gold nanoparticles
exhibit one LSPR frequency due to their symmetrical shape, and in water their absorption
maximum lies in the visible part of the electromagnetic spectrum around 500 nm. By changing
the shape of the gold nanoparticle from spherical to rod-shaped, it will exhibit two resonances:
one transverse associated with oscillations along the short axis, and one longitudinal associated
with oscillations along the long axis (Fig. 1) [15]. The longitudinal LSPR frequency is strongly
dependent on the aspect ratio (length/width) of the gold nanorod, and by increasing the aspect
ratio it is shifted from the visible to NIR region.
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Fig. 1. Schematic illustration of the transverse and longitudinal localised surface plasmon
resonance (LSPR) oscillations of a gold nanorod induced by the electric field of incident
light, and the two associated LSPR bands in the visible and near-infrared spectral region.

2.3.1 Gold nanorod synthesis

As the properties of gold nanoparticles are affected by their size and shape, much effort has
been spent on developing reproducible and scalable synthesis protocols yielding nanoparticles
of narrow size and shape distributions. Gold nanoparticles are commonly synthesised via
bottom-up, wet-chemical procedures, with one well-known example being the Turkevich
method for synthesis of gold nanospheres. In the Turkevich method, an aqueous solution of
gold(IIT) chloride trihydrate (HAuCls) is reduced by citrate under boiling [16], wherein the
citrate works both as the reducing agent for the gold salt and as a stabilising ligand on the
formed nanoparticles. Transitioning from synthesising spherical to rod-shaped gold
nanoparticles requires achieving preferential reduction of gold ions onto certain crystal facets
of the nanoparticle, tuning the growth rates so that the particle grows faster in one direction.

For synthesising gold nanorods, a seed-mediated synthesis in the presence of
hexadecyltrimethylammonium bromide (CTAB) and silver is the most popular approach due
to its simplicity, ease of particle size control and high quality and yield [15]. It is a two-step
synthesis where (1) a seed suspension is made by reducing HAuCls in the presence of CTAB
with sodium borohydride, and (2) the spherical seed particles are added to a growth solution
containing Au" ions in the presence of CTAB and silver nitrate, which is obtained by reduction



of HAuCl, with ascorbic acid. Ascorbic acid can only reduce the Au* to Au® in the presence of
the gold seed particles that catalyse the reduction [17], meaning that deposition of gold onto
the existing seeds will occur, causing them to grow in size eventually forming single-crystalline
gold nanorods. The CTAB used in the synthesis works as a stabilising ligand capping the
nanoparticles and also has an important shape-directing role, while the silver ions are important
in facilitating rod-formation and controlling the aspect ratio. In this thesis, the seed-mediated
synthesis using CTAB and silver nitrate was used to synthesise gold nanorods with longitudinal
resonance bands in the NIR region around 825-850 nm.

The growth mechanism of single-crystalline gold nanorods has been a discussed topic, with
multiple mechanisms proposed. The key elements are that CTAB molecules preferentially bind
to the {110} side facet of the nanoparticle. Ag* ions are reduced to Ag’ at the gold nanoparticle
surface (through underpotential deposition) and the deposition of Ag” is faster on the side {110}
facet than on the end {100} due to a lower reduction potential on the {110} facet. Silver
deposition and CTAB binding to the {110} facet thereby inhibits growth on the sides, resulting
in preferential growth at the ends along the [110] direction into a rod-shape [15].

2.3.2 Photothermal therapy using gold nanorods

By synthesising gold nanorods of suitable aspect ratio their LSPR excitation frequency, and by
extension their photothermal heating, can be tuned to the NIR region. As gold nanorods provide
the benefit of using light in this spectral range for extracorporeal excitation and heat generation,
they have been employed for a range of photothermal therapy applications, including therapy
of different types of cancer cells [18,19] and bacterial infections [20,21]. For photothermal
cancer therapy relying on systemic administration of gold nanorods, the particles are commonly
functionalised in order to improve stability and to achieve targeting specificity.

Functionalisation strategies employed include utilising ligands, like antibodies, specific to
biomarkers on the targeted cells, and passivating the particles with polyethylene glycol (PEG).
PEG functionalisation improves the biostability of the gold nanorods, preventing aggregation,
and for in vivo applications PEGylated nanoparticles are accumulated in tumour tissue due to
the enhanced permeability and retention effect [9]. Through this, the PEGylation works as a
passive targeting approach towards the tumour cells, in comparison to the active targeting using
antibodies. As a treatment approach for bacterial infections, similar active targeting strategies
have been investigated, wherein the gold nanorods were conjugated with ligands or antibodies
specific to moieties in the bacterial cell membrane [20,21].

However, the systemic administration approach faces certain challenges. Active targeting using
antibodies can be negated by the formation of a protein corona in vivo, and passive targeting
relying on the enhanced permeability and retention effect has been shown to be rather
inefficient [22]. As previously mentioned, the photothermal properties of plasmonic
nanoparticles have also been utilised in the development of antibacterial modifications of
biomaterials. By immobilising gold nanorods on a biomaterial surface, some of the challenges
faced when using systemic administration can be overcome and the therapy approach becomes
more suitable for combatting BAIs. The gold nanorod-functionalised surface can provide a



light-activated, broad-spectrum, local antibacterial activity at the site of the bacterial
colonisation, while simultaneously ensuring the nanoparticles’ stability.

Using the photothermal properties of surface-immobilised gold nanorods to obtain antibacterial
biomaterials is something that has been studied on a range of materials, including titanium [23],
polypropylene [24], polyurethane [8], and glass [25,26]. These works have shown that surface-
immobilised gold nanorods can provide an antibacterial activity against several bacterial
species upon irradiation with NIR light. The materials from past studies have used gold nanorod
loadings ranging from a couple of hundred nanoparticles per um? to complete multilayer
coatings, and the antibacterial activity has been evaluated mainly for low laser intensities as a
function of irradiation time.

To further investigate and understand the photothermal antibacterial activity of supported gold
nanorods, this thesis studied gold nanorods surface-immobilised in well-defined monolayers
on both glass and titanium. The antibacterial efficacy of the developed materials was evaluated
as a function of NIR light intensity, and the role of the support material has been examined.

2.3.3 Nanothermometry of gold nanoparticles

For applications utilising the photothermal properties of plasmonic nanoparticles such as gold
nanorods, the question of the nanoparticles’ temperature is of great relevance. However, as the
heat that is generated from a gold nanoparticle irradiated with resonant light is spatially
confined on the nanoscale, determining the temperature of these systems is a non-trivial task.
A range of methodologies have been developed for experimental determination of the local
temperature increase caused by the excitation of gold nanoparticles with resonant light. Many
of the methods evaluate the temperature by measuring some change in property in the
surroundings of the gold nanoparticles. This has for example been achieved by introducing
fluorescent molecular probes [27,28] and upconverting nanoparticles [29] in the close vicinity
of the particles, by using the phase transition of lipid bilayers and measuring the melted area
around the particles [30,31], and by monitoring changes in refractive index or viscosity in the
surrounding medium [32,33]. While these approaches have shown good accuracy and
temperature determination in a rather wide range, they are limited by the fact that only the
temperature in the close proximity of the gold nanoparticle can be assessed. Moreover, many
techniques in literature rely on optical detection, placing limitations on the spatial resolution
due to the diffraction limit of visible light [34].

An alternative temperature determination approach that has been explored utilises the lattice
expansion associated with heating of the gold nanoparticles. With X-ray diffraction (XRD) it
is possible to monitor shifts and shape changes in the Bragg peaks of the crystalline gold
nanoparticles as they are excited by resonant light, and from this determine their exact
temperature as well as monitor potential structural changes occurring in the particles. This
approach has previously been employed at synchrotron facilities using pulsed laser excitation
of spherical gold nanoparticles in water [35] and on silicon substrates [36]. The studies have
shown the effectiveness of the method and evaluated the temperature increase of the
nanoparticles as a function of laser power, pre-melting and recrystallisation of the particles,
and heat-transfer to the support material. In this thesis, the approach is extended to evaluate the



photothermal characteristics of the more biologically relevant system of gold nanorods
supported on glass substrates upon excitation with NIR light.



3. Methodology

The following sections describe the material preparation and characterisation covered in this
thesis. The methodology for the evaluating the photothermal properties of the supported gold
nanorods using in situ XRD is summarised and an overview of the antibacterial activity
evaluation is given. The NIR laser utilised in the thesis had a central wavelength of 808 + 3 nm
(BWT Beijing Ltd., model DS3-51523-50.00W). The laser was connected to an air-spaced
doublet collimator (F810SMA-780, Thorlabs) and a 2X beam expander (GBE02-B, Thorlabs).
More detailed material and procedure descriptions are available in Paper I and Paper II
appended to the thesis.

3.1 Material preparation

3.1.1 Gold nanorod syntheses

Two different aspect ratios of gold nanorods (AuNRs) were synthesised, one with an average
aspect ratio of 3.9 (AuNR 3.9) and one with an average aspect ratio of 4.4 (AuNR 4.4). In Paper
I, only the 3.9 aspect ratio gold nanorods were used and is referred to as simply “AuNR”.

The gold nanorod synthesis protocols were adapted from a seed-mediated synthesis procedure
described elsewhere [17]. The seed-mediated synthesis involves firstly preparing a seed
suspension consisting of small (d < 5 nm) single-crystalline gold nuclei. Briefly, 25 pl of 50
mM gold(III) chloride trihydrate (HAuCl4) solution was added to 4.7 ml of 100 mM CTAB
solution in a 30 °C water bath. Thereafter, 300 pul of freshly prepared sodium borohydride
solution was added under strong stirring.

For synthesising the 3.9 aspect ratio AuNRs, a growth solution was prepared in a 30 °C water
bath by adding 1.14 ml 1 M hydrochloric acid and 600 pl of 50 mM HAuCl4 solution to 60 ml
100 mM CTAB solution. Subsequently, 720 pl of 10 mM silver nitrate and 600 pl of 100 mM
ascorbic acid solution was added, completing the growth solution. Lastly, 144 ul of the seed
suspension was added to the growth solution, thoroughly mixed, and then left undisturbed at
30 °Cfor 1 h and 50 min. To obtain the 4.4 aspect ratio AuNRs, the same procedure was utilised,
but the silver nitrate and ascorbic acid concentration in the growth solution was adjusted to 11
mM and 90 mM, respectively. Furthermore, the growth time for the 4.4 aspect ratio AuNRs
was extended to 2 h.

The synthesised gold nanorods were purified from their reaction mixture by three repeated
centrifugations, in which the gold nanorods were redispersed in ultrapure water in between
each centrifugation step. Once purification was complete, the stock AuNR suspensions were
stored at 4 °C protected from light.

3.1.2 Gold nanorod surface-immobilisation

The gold nanorods were immobilised onto two different substrates: glass coverslips (2 13 mm,
#1.5, VWR) and titanium discs (2 9 mm). In Paper I, both support materials are included as
support for the AuNR 3.9 and referred to as Glass-AuNR and Ti-AuNR. In Paper II, only glass
was used as support for the two morphologies of AuNRs evaluated (AuNR 3.9 and 4.4).



The immobilisation was based on electrostatic interaction between the positively charged
AuNRs and negatively charged support surfaces. The glass and titanium substrates were rinsed
with 95% ethanol followed by ultrapure water before being dried with nitrogen gas. The pre-
treatment of the substrates conducted to achieve the negative surface charged varied depending
on the material. The glass substrates were immersed in nitric acid (65-67%) overnight (18-19
h), whereafter they were rinsed thoroughly with ultrapure water before being immersed in an
AuNR suspension. The titanium substrates were treated with UV/O3 for 15 min, whereafter
they were immersed in an AuNR suspension. The surface coverage of AuNRs on the substrates
was varied by adjusting the concentration of the AuNR suspension and the immersion time.
The concentration of the AuNR suspensions was estimated in terms of weight of gold per
volume (pg/ml) from the absorbance value at 400 nm, based on a correlation described
elsewhere [17]. After the AuNR immersion was completed, the AuNR suspension was
exchanged to ultrapure water before the substrates were removed, immersed in 99.5% ethanol,
and finally allowed to air dry.

3.2 Material characterisation

3.2.1 Electrophoretic and dynamic light scattering

For Paper I, the surface charge of the AuNR 3.9 was estimated by measuring the electrophoretic
mobility of the nanoparticles. Electrophoretic light scattering (ELS) and dynamic light
scattering (DLS) was performed using a Litesizer DLS 500 from Anton Paar. The stock AuNR
suspension was diluted to an estimated gold concentration of 15 pg/ml with ultrapure water.
The measurements were run at 25 °C, the angle used for DLS was 175°, and both ELS and
DLS measurements were repeated three times.

3.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed to determine the dimensions and
crystal structure of the synthesised AuNRs. TEM is a high-resolution electron microscopy
technique wherein a thin sample (< 100 nm) is exposed to a high-energy electron beam and
characteristic signals (secondary electrons, back-scattered electrons, characteristic X-rays) that
are transmitted through the sample are detected. In this thesis, bright-field imaging was used
to evaluate the morphology and phase contrast of the samples.

TEM samples were prepared by placing 5 pl droplets of diluted AuNR suspension (25 pg/ml
gold concentration) onto UV/Os-treated copper grids with an ultrathin carbon film on a lacey
carbon support film (TED Pella). Excess AuNR suspension was removed by blotting the grid
with filter paper. TEM characterisation was performed using a FEI Titan 80-300 operated in
TEM mode at 300 kV. The obtained TEM micrographs were analysed using GATAN
Microscopy Suite 3 and the image analysis software Fiji (ImageJ). The AuNR dimensions
(Iength, width, aspect ratio) were determined by measuring a total of 400 nanoparticles for each
morphology.

3.2.3 UV-Vis spectroscopy

The optical properties of the synthesised AuNR suspensions as well as the AuNRs supported
on glass were characterised with UV-Vis spectroscopy. Characterisation was performed using
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a Multiskan GO Microplate Spectrophotometer for the AuNR suspensions and for the samples
of AuNRs supported on glass while immersed in water. The absorption spectra of the AuNRs
supported on glass in air was measured by placing the samples in the light path of a Hewlett
Packard 8453 spectrophotometer. Absorption spectra were measured in the wavelength range
of' 400-1000 nm.

3.2.4 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to image the AuNRs supported on glass and
titanium. In SEM, a focused electron beam is scanned across an area of the sample and in each
position characteristic signals (secondary electrons, back-scattered electrons, characteristic X-
rays) generated by interactions between the electron beam and the sample are detected. In this
work, secondary electron detection was used to obtain micrographs with topographic
information. SEM was performed using a Zeiss Ultra 55 scanning electron microscope. AuNR-
functionalised glass and titanium samples were imaged in secondary electron mode with
acceleration voltage 2-5 kV. The SEM micrographs were analysed with respect to surface
coverage of AuNRs (percentage projected area covered by AuNRs).

SEM was further used to study the bacteria-material interaction on the samples from the in
vitro antibacterial activity evaluation. The samples were fixated in 4% formaldehyde (VWR)
for 90 min before being dehydrated by stepwise immersion in an ethanol gradient. After
dehydration, the samples were transferred to a solution of 50% v/v hexamethyldisilazane
(HDMS) in ethanol and left for 15 min. Lastly, a final immersion in 100% HDMS for 15 min
was performed before the samples were air-dried. Prior to SEM characterisation, the samples
were sputter coated with approximately 5 nm of gold.

3.2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed for paper I to characterise the surface
chemical composition of the AuNR 3.9 supported on glass and titanium. XPS is a surface
sensitive technique where the sample is exposed to monochromatic X-rays and the kinetic
energies of emitted photoelectrons are measured. The characteristic photoelectrons emitted
from the sample surface provide information on the electronic states of the atoms. XPS was
performed to determine the chemical composition of the AuNR-functionalised glass and
titanium samples, before and after the UV/Os-treatment conducted as a sterilisation step prior
to the in vitro antibacterial activity evaluation. Focus was placed on the amount of gold and
silver in the samples, providing information regarding the AuNRs, as well as the amount of
carbon before and after UV/Os-treatment, as an indicator of CTAB removal from the surface
of the AuNRs. XPS was conducted using a Versaprobe III spectrometer (PHI) with
monochromated Al Ka radiation. A 100 x 100 pm spot size on the samples was illuminated by
the X-ray beam.

3.3 In situ X-ray diffraction

In paper II, the photothermal properties of the AuNRs supported on glass upon irradiation with
NIR light were evaluated with in situ X-ray diffraction (XRD). In XRD, an incident
monochromatic X-ray beam is scattered by the regularly arranged atoms in the sample, and
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constructive interference between the scattered X-rays occurs when conditions satisfy Bragg’s
law. By detecting the intensity of the scattered beam through a range of 26-angles (angle
between incident and scattered beam), the diffraction peaks in the resulting diffractogram can
give information about crystal structure and chemical composition. Here, XRD was used to
monitor shift and shape-changes in the Bragg peaks of the AuNRs supported on glass caused
by heating of the nanoparticles.

Furnace heating experiments were performed to determine the thermal expansion coefficient
for the AuNRs and to evaluate how conventional heating influence the morphology of the
supported AuNRs. The main series of furnace heating experiments were performed on a D8
Advance X-ray diffractometer (Bruker) using a Cu X-ray source, position-sensitive detector,
and variable slit set to 6 mm sample length. The instrument was equipped with a XRK900
heating chamber (Anton Paar). As-prepared samples were placed on a Macor ceramic support
inside of the heating chamber. Temperature calibration was performed using MgO powder
deposited on the same glass substrate as the AuNRs. The displacement due to thermal
expansion was determined from a series of Z-scans using the same temperature ramp. Data for
the AuNRs was corrected accordingly, for the sample displacement error and temperature
readout error. The evolution of the (200) Au peak was monitored with 10-20 min scans in the
20 range 42-46°, wherein the scan times depended on the signal-to-noise ratio. Heating ramps
were 0.1°/s and the samples were equilibrated for 30 min at each set temperature.

A complementary series of measurements were conducted on a SaxsLab MAT:Nordic system
equipped with a microfocus Cu source and Pilatus 300K (SAXS) and 100K (WAXS) detectors
from Dectris. A Linkam HFSX350 heating stage was used for heating and the temperature was
calibrated with MgO powder. The configuration provides less peak position accuracy but better
signal-to-noise ratio due to the focusing X-ray source and large 2D detector, as well as higher
temperature accuracy. Experiments were performed with the entire beam path under vacuum,
and the heating stage was mounted at a 22° angle to the incident beam to fulfil the Bragg
condition for the (200) peak. The distance between the sample and detector was calibrated
using LaBg powder, and the data was integrated using Saxsgui software. As the setup did not
allow precise correction for the thermal dilatation of the stage, lattice parameter determination
was not possible and hence the results were only used to observe changes in peak shape as a
function of temperature. Due to significant instrumental broadening of the peaks, for these
datasets the increase in the intensity was monitored rather than Full Width Half Maximum
(FWHM).

Texture analyses experiments were performed on a D8 Discover (Bruker) equipped with a Cu
X-ray source, a compact Eulerian cradle (Phi, Z, Chi), and Eiger 2D photon counting detector.
Samples were aligned in the X-ray beam, and patterns were collected with varying Phi and Chi,
up to 80°.

In situ NIR laser heating experiments were performed on the same D8 Discover with the laser
placed within the enclosure of the instrument. Samples were placed on two 0.5 mm (outer
diameter) glass capillaries with a wall thickness of 0.01 mm and aligned with the X-ray beam.
The collimator of the laser system was placed 10 cm from the sample surface at a 90° angle, to
ensure the whole sample was irradiated and that the irradiance was comparable between the
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experiments. The support stage was designed to ensure that the NIR beam was not heating any
elements in vicinity of the sample except the AuNRs. An overview image of the experimental
setup is provided in Fig. 2. The peak evolution was monitored at each power plateau until no
more changes were observed in the obtained diffraction patterns, typically 10-30 min
depending on the laser power. Scan time was set to obtain satisfactory signal-to-noise ratio.

Collected data was analysed using EVA, TOPAS, and TEXTURE software from Bruker. The
background was simulated with a Chebychev polynomial with between 1 to 3 coefficients.
Diffraction peaks were fitted with a PearsonVII or Split PearsonVII function in TOPAS.

Laser collimator
Detector

X-ray source

Fig. 2. Schematic illustration showing the experimental setup for the in situ XRD
laser heating experiments, image insert showing the sample and sample holder.

3.4 Antibacterial activity

In Paper I, the antibacterial activity of the AuNR 3.9 supported on glass and titanium upon
irradiation with NIR light was evaluated against Staphylococcus aureus, a bacterial species
commonly found in BAIs [37]. Prior to the antibacterial activity evaluation, the samples were
sterilised by UV/Os-treatment for 5 min. For the in vitro studies, an agar plate model was
developed to evaluate the antibacterial activity of the materials. In brief, S. aureus was
inoculated in tryptic soy broth and incubated at 37 °C until it reached approximately 108
CFU/ml (determined by measuring the optical density). The bacterial inoculum was diluted
with phosphate buffered saline (PBS) to a concentration of approximately 5x10* CFU/ml and
then streaked onto brain heart infusion agar plates using cotton swabs. The samples were
thereafter placed onto the agar plates with AuNR-functionalised side of the samples facing the
bacteria. Non-functionalised glass and titanium substrates were used as controls.

13



Once placed on the agar plate, the samples were irradiated with the NIR laser. The glass
samples were irradiated through the back, while the titanium samples that are not transparent
to the NIR light were irradiated through the bottom of the agar plates. The sample placement
on the agar plates and the irradiation order were randomised. A schematic illustration of the
experimental setup is shown in Fig. 3. After NIR irradiation, the agar plates were incubated at
37 °C for 16 hours, whereafter the bacterial colonies on each sample were counted. To avoid
growth from the perimeter of the samples to influence the quantification, colonies on the
outmost 1 mm of the samples were excluded.

For the antibacterial activity evaluation, all sample groups were run in triplicates and the
experiments were performed three times (n = 9). Statistical hypothesis testing was conducted
using two-sample t-test assuming unequal variances. Significant differences in bar charts are
indicated with letters. Two groups with the same letter indicates that there is no statistically
significant difference between the means and two groups with different letters indicates that
there is a statistically significant difference between the means.

NIR itani
AuNR Titanium
S. aureus . . .
AUNR GIaSS ‘ Agar
S. aureus . . A o .
Agar NIR

Fig. 3. Schematic illustration (not to scale) of the experimental setup used for NIR
irradiation in the in vitro antibacterial activity evaluation.
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4. Results and discussion

4.1 Material characterisation

4.1.1 Gold nanorods

The electrophoretic light scattering measurements performed in Paper I determined the
electrophoretic mobility of the AuNR 3.9 to be 4.12 +£0.07 um-cm/Vs. From the electrophoretic
mobility, the average zeta potential was calculated to be 52.9 mV using the Smoluchowski
approximation. The positive zeta potential determined was expected of the CTAB-stabilised
gold nanorods and indicated a sufficient colloidal stability of the nanoparticles. The DLS results
were not used as a metric of particle size due to the limitations of DLS for non-spherical
particles.

The synthesised AuNR suspensions had longitudinal plasmon resonance bands around 800-850
nm, with AuNR 3.9 exhibiting a maximum absorption at 825 nm, whereas the maximum for
AuNR 4.4 was slightly red-shifted to 850 nm (Fig. 4A). The high shape purity of the
synthesised AuNRs is indicated by the high relative intensity of the longitudinal resonance
band compared to the transverse [38]. The 3.9 aspect ratio gold nanorods (Fig. 4B) exhibited a
more dumbbell-shaped morphology compared to the straighter 4.4 aspect ratio gold nanorods
(Fig. 4C). The two observed morphologies have been correlated to different stages in the
growth process of the gold nanorods, wherein the dumbbell-shape occurs at an earlier stage
before reshaping into straight nanorods later in the process [17,39]. It was thereby assumed that
the utilised synthesis protocols arrested the growth of the gold nanorods at different growth
stages, explaining the observed morphological differences.
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Fig. 4. (A) Absorption spectra of the synthesised gold nanorods. Overview TEM micrographs of the

(B) 3.9 aspect ratio gold nanorods (AuNR 3.9) and (C) 4.4 aspect ratio gold nanorods (AuNR 4.4).
Scale bars are 20 nm.

The dimensions of the synthesised AuNRs determined by measuring 400 particles in TEM
micrographs are available in Table 1. The average dimensions of AuNR 3.9 were 67 x 18 nm,
and of AuNR 4.4 66 x 15 nm.
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Table 1. AuNR dimensions expressed as average + standard deviation, determined from measuring 400
particles in TEM micrographs. For each particle the length, the width in the middle and the width of
each end were measured. The values for “Width ends” are calculated from the average end width of
each AuNR, and the values for “Width overall” are calculated from the average of all three widths
measured. Aspect ratio = Length/Width overall.

Length Width middle Width ends Width overall ~ Aspect ratio

(nm) (nm) (nm) (nm)
AuNR 39 672+6.9 16.1+£2.0 184+2.2 17.6 £2.1 39+0.5
AuNR 4.4 66.0+9.7 147+£2.2 153 +2.1 15.1+2.1 4.4+0.7

High-resolution TEM revealed the fcc single-crystalline structure of the gold nanorods (Fig.
5). In the TEM micrographs, clear lattice fringes could be observed with spacings in good
agreement with the (200) planes in gold (0.203 nm) in parallel with and perpendicular to the
growth direction of the AuNR (Fig. 5B and D). Spacings in fair agreement with the (110) planes
in gold (0.287 nm) were also noted. Overall, the crystal structure of the gold nanorods was
consistent with literature regarding gold nanorods synthesised in the presence of silver [40].

d =0.203 nm
(200)

\

d=0.203 nm ——
(200)

Fig. 5. High-resolution TEM micrographs of the synthesised gold
nanorods with FFT inserts and lattice spacings indicated. (A) and (B)
showing the 3.9 aspect ratio gold nanorods, (C) and (D) showing the
4.4 aspect ratio gold nanorods.
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4.1.2 Gold nanorod-functionalised materials

In paper II, glass substrates were used as support for both AuNR 3.9 and AuNR 4.4 in the
preparation of the samples for the in situ XRD experiments performed to evaluate the
photothermal properties of the materials upon irradiation with NIR light. In paper I, both glass
and titanium substrates functionalised with AuNR 3.9 were utilised, and the materials’
antibacterial activity upon irradiation with NIR light was evaluated.

For the in situ XRD experiments in paper II, both the effect of the AuNR shape, a known
parameter affecting their properties, and the collective heating were investigated. To this end,
the two different morphologies of gold nanorods were immobilized onto glass substrates.
Additionally, the collective heating was investigated by adjusting the surface coverage on the
glass support. The three different samples of AuNRs supported on glass that were prepared are
presented in Fig. 6. They include (1) AuNR 3.9 with an average surface coverage of 10.7%
(Fig. 6A, AuNR 3.9 11%), (2) AuNR 3.9 with an average surface coverage of 13.4% (Fig. 6B,
AuNR 3.9 13%), and (3) AuNR 4.4 with an average surface coverage of 11.0% (Fig. 6C, AuNR
4.4 11%). The absorption spectra of the samples in air (Fig. 6, inserts) revealed that the AuNRs
retained their plasmonic properties when supported on glass. Compared to the AuNRs in
aqueous suspension (Fig. 4A), a blue-shift of the longitudinal resonance bands to 775-825 nm
was observed for the supported AuNRs. The shift was attributed to the change in refractive
index of the medium surrounding the AuNRs associated with transitioning from aqueous
suspension to the interface between glass and air. The longitudinal LSPR peak maxima
overlapped well with the 808 nm NIR laser.
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Fig. 6. SEM micrographs and UV-Vis spectra of AuNRs supported on glass. (A) AuNR 3.9 with an
average surface coverage of 11%, (B) AuNR 3.9 with an average surface coverage of 13% and, (C)
AuNR 4.4 with an average surface coverage of 11%. Scale bars are 200 nm.

For paper I, the AuNR 3.9 were immobilised onto glass and titanium substrates (Fig. 7).
Measuring the absorption spectrum of the AuNR-functionalised glass immersed in water (Fig.
7A) showed that the particles retained their plasmonic properties. Compared to the AuNR 3.9
in aqueous suspension, a slight red-shift of the longitudinal LSPR peak maximum from 825
nm to 850 nm was observed. This shift was as well attributed to a change in refractive index of
the medium surrounding the AuNR 3.9, but here due to transitioning from aqueous suspension
to the interface between glass and water. The average surface coverages of the materials used
in paper I were 13.7% for glass and 11.7% for titanium, which using the average dimensions
of the AuNR 3.9, was estimated to 113 AuNR/um? and 97 AuNR/um?, respectively.
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Fig. 7. (A) UV-Vis spectrum of AuNR-functionalised glass immersed in water. SEM micrographs of
AuNR 3.9 on (B) glass and (C) titanium. Scale bars are 200 nm.

SEM characterisation showed that the electrostatic immobilisation procedures developed
yielded even coverage of AuNRs on both glass (Fig. 6 and Fig. 7B) and titanium (Fig. 7C),
where the AuNRs were attached in a well-defined manner without forming any larger
aggregates. Bringing plasmonic nanoparticles in close proximity to one another will lead to
interaction of their LSPR, known as plasmon coupling, causing a shift in the resonance
frequency to occur. Here, the well-dispersed surface-immobilisation achieved allowed the
AuNRs to largely retain their optical properties, with only small perturbation by plasmon
coupling observable through the broadening of the longitudinal resonance peaks (Fig. 6 and
Fig. 7A). The developed materials thus showed potential for achieving high photothermal
efficiency at the NIR laser wavelength of 808 nm.

The procedures developed in paper I provide a straightforward approach for the surface-
immobilisation of AuNRs on glass and titanium. By using suitable pre-conditioning of the
substrates, successful and reproducible AuNR-functionalisation was achieved without
requiring any additional linking molecule between the AuNRs and the support. Avoiding the
use of linking molecules is beneficial for simplifying material preparation protocols and for
preserving the surface chemistry of the biomaterial. On titanium, a simple activation by UV/Os-
treatment was enough to obtain the desired negative surface charge. However for glass, the pre-
conditioning was shown to be of high importance. Before the final protocol using nitric acid
(section 3.1.2) was established multiple procedures were evaluated, including functionalisation
with (3-mercaptopropyl)trimethoxysilane, as well as pre-treating the substrates with basic
piranha solution, with UV/Os, and with oxygen plasma. Neither of said procedures yielded
functionalisation as even and reproducible as the HNOs pre-treatment, which has been shown
to reduce the amount of sodium, calcium, and aluminium cations on the surface of the glass
[41], leaving behind a strongly negatively charged surface to which the positively charged
AuNRs readily attach.

XPS was used to characterise the elemental composition of the AuNR-functionalised glass
(Glass-AuNR) and titanium (Ti-AuNR) developed in paper I. Measurements were performed
on untreated samples and on samples after the UV/Os-treatment conducted as a sterilisation
step prior to in vitro antibacterial activity evaluation. The survey spectra are shown in Fig. 8
and the quantified elemental composition in Table 2. The XPS measurements validated that the
AuNRs constituted a minor part of the materials’ surfaces as observed with SEM (Fig. 7A and
B), shown by the few atomic percent of Au and Ag present. That the surface elemental
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compositions of the materials’ remain dominated by the chemical compositions of the
substrates (here SiO2 and Ti/TiOz) is important when considering the aimed application as a
biomaterial. By modifying a biomaterials’ surface, its innate properties, like osseointegration
for titanium, will be influenced. Therefore, it is desirable to design an antibacterial modification
strategy that minimises altering the surface chemical composition of the biomaterial. After
UV/Os-treatment, a reduction in the amount of carbon could be observed (Table 2), indicating
removal of CTAB from the surface-immobilised AuNRs. CTAB alone is toxic to cells at sub-
micromolar concentrations, and though studies have shown that CTAB adsorbed onto gold
nanoparticles have limited impact on cell viability [42,43], its removal remains important to
minimise the risk of the AuNR-functionalised materials having detrimental impact on tissue
cells.
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Fig. 8. X-ray photoelectron spectroscopy (XPS) survey spectra of Glass-AuNR and Ti-AuNR, with and
without UV/Os-treatment.

Table 2. Surface chemical composition in atomic percent of Glass-AuNR and Ti-AuNR with and
without UV/O; treatment, determined with XPS.

Atomic concentration %

Cls Ols Si2p Ti2p Br3dd Ag3d Au4f

Glass-AuNR 10.61 62.01 22.49 0.31 0.82 3.75
Glass-AuNR UV/O; 7.08 6432 23.77 0.29  0.80 3.75
Ti-AuNR 2349 53.68 17.17 037 097 4.31
Ti-AuNR UV/O; 16.05 59.38 19.65 0.29  0.87 3.75
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4.2 Evaluation of photothermal properties

4.2.1 Theory: heating of plasmonic nanoparticle arrays

The temperature increase of a perfect 2D array of individual plasmonic nanoparticles upon
illumination with resonant light stem from two factors: (1) a self-temperature increase caused
by heating of the NP (47%°), and (2) an external temperature increase caused by heating from
the surrounding NPs in the array (47,°"), where the 0 subscript indicates the centre of the array.
The relative contribution of the two can be expressed as a dimensionless parameter (> [44].

2

=5-  (Eq.1)

Where p is the interparticle distance, L the characteristic size of the irradiated area, and R the
NP radius. When A74% is dominant (> >> 1), the NPs exhibit a temperature increase that is
unaffected by the neighbouring particles, meaning that the temperature increase is localised
around each individual NP. When 47, is dominant ({> << 1), the temperature increase of each
NP is primarily due to heating of the neighbouring particles, i.e. collective heating dominates,
and the temperature increase is delocalised with a smooth temperature distribution over the
whole array. For the systems studied in paper II, > was estimated to = 10, and thus collective
heating was predicted to dominate the photothermal properties of the materials.

The temperature increase of a regularly arranged 2D infinite NP array under uniform and
circular irradiation can be estimated from summarising the self- and external heating of the
system: [44]

ATy = ATS + ATg™ = 2o 4 ZabsD (4 (Eq. 2)
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Where a5 is the absorption cross-section of the NP, / the irradiance of the light source, k the
average thermal conductivity of the medium and substrate, R the NP radius, D the diameter of
the heated area, and 4 the unit cell area of the NP array. For a square lattice 4 = p” and for
hexagonal lattice 4 = V3/ 2p°, where p is the interparticle distance. Although these models
apply for perfect arrays of regularly arranged NPs, whereas the AuNR arrays studied in paper
IT were randomly arranged, they provide a qualitative understanding of the factors influencing
the heating of the systems. From Eq. 2, a linear increase in temperature with laser power (given
as irradiance, /, power per unit area) is expected, if the interparticle spacing and NP absorption
cross-section are constant. Moreover, a greater temperature increase is expected with a smaller
interparticle spacing (4 o p?), and thus an increase in surface coverage of AuNRs would result
in a greater temperature increase for a set laser power.

4.2.2 In situ X-ray diffraction

In situ XRD was performed to evaluate the characteristics of the supported AuNRs during
conventional furnace heating and NIR laser heating. The absence of the (111) peak in the
Bragg-Brentano scan of a flat mounted sample demonstrate the strong orientation of the single
crystal AuNRs supported on the glass, wherein only a broad (200) peak together with
background from the glass substrates is observed (Fig. 9). Further texture analysis using a
Eulerian cradle stage (Fig. 10) revealed that the majority of the AuNRs are single crystals, with
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the (200) planes parallel to the longer axis and on the support, they are lying flat with the long
edge on the glass substrate. The observed crystal structure correlates well with TEM
characterisation (Fig. 5) and the orientation on the support is confirmed in the SEM
micrographs (Fig. 6).
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Fig. 9. XRD patterns of AuNR 3.9 11% and AuNR 4.4 11% with broad
(200) peaks from the supported AuNRs.

By monitoring the position and shape of the (200) peak, the structure and morphology changes
during heating can be followed. A series of in sifu heating experiments were conducted on the
samples discussed in section 4.1.2, firstly using conventional furnace heating, followed by NIR
laser heating under constant illumination.
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Fig. 10. Texture analysis of AuNR 3.9 11%. Intensity maps for an (A) untreated and (C) furnace heated
(250 °C) sample. XRD patterns showing the (200) peak at Chi = 0° and (111) peak at Chi = 50° for an
(B) untreated and (D) furnace heated (250 °C) sample.

4.2.2.1 Conventional heating

In Fig. 11 the lattice parameter, determined from the position of the (200) peak, as a function
of the calibrated temperature for the AuNR 3.9 11% and AuNR 4.4 11% samples from
conventional furnace heating in the XRK900 cell up to 150 °C is shown. Also included is the
bulk lattice parameter, aq0i4(T), as calculated from the thermal expansion coefficient for gold
[45].

Ago1a(T) X 10® = 12.00269 + 0.00953 - T —8.4-107° -T2 4+ 543 -107°- T3 (Eq. 3)

In comparison to literature data for the thermal expansion of gold, the expansion coefficients
of the AuNRs seem to be similar (within the limits of instrumental resolution). Fig. 11 also
shows the evolution of Full Width Half Maximum (FWHM) of the (200) peak for the AuNR

4.4 11% sample, serving as a probe for morphological changes in the particles, where a
decrease in FWHM is observed at the onset of morphological changes.
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Fig. 11. Lattice parameter of the gold cubic structure together with Full
Width Half Maximum (FWHM) plotted against temperature for AuNR
3.9 11% and AuNR 4.4 11%. The solid line represents the thermal
expansion of bulk gold. The decrease in FWHM above 120 °C is
attributed to morphological changes of the AuNRs.
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Fig. 12. SEM micrographs of AuNRs supported on glass. AuNR 3.9
11% (A) untreated, and (B) after furnace heating to 250°C. AuNR
4.4 11% (C) untreated, and (D) after furnace heating to 250°C. Scale
bars are 100 nm.
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Up to 100-120°C, the evolution of the (200) peak during heating is attributed to thermal
expansion of the nanorods. Heating above 120°C introduces morphological changes, indicated
by irreversible modification of the peak’s shape. In the complementary heating experiments
using a Linkam heating cell it was observed that the decrease in FWHM continues until at least
250 °C (details in paper II). SEM characterisation of the samples heated to 250 °C show a
substantial reduction in the AuNRs aspect ratios, as well as coalescence of clusters of AuNRs
into more spherical structures (Fig. 12). The morphological changes are also accompanied by
prominent deviations in the UV-Vis absorption properties of the samples (Fig. 13A and B).
Interestingly, the crystallite orientation of the particles is not affected by the morphological
changes, shown by the continued absence of the (111) peak in the diffraction pattern after

heating to 250 °C (Fig. 10D).
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Fig. 13. UV-Vis absorption spectra of AuNR supported on glass. Spectra were obtained of
untreated samples and of samples after the in situ XRD NIR laser and furnace heating
experiments. (A) AuNR 3.9 11% (NIR up to 20 W), (B) AuNR 4.4 11% (NIR up to 24 W),
and (C) AuNR 3.9 13% (NIR up to 24 W).
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4.2.2.2 NIR laser heating

In the in situ NIR laser heating experiments, the samples were exposed to continuous NIR light
at varying power up to 24 W and the thermal dilatation of the rods, resulting in a shift of the
(200) peak to lower angles, was monitored. Similarly to the furnace heating experiments, a
morphological evolution was observed. From comparing the measured thermal lattice
expansion to literature values, a relation between the laser power and the temperature of the
AuNRs in samples AuNR 3.9 11%, AuNR 3.9 13%, and AuNR 4.4 11% was established (Fig.
14). The AuNR 3.9 11% 24 W data point is missing due experimental setup failure.
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Fig. 14. Temperature as a function of laser power estimated from
comparing the measured lattice parameters with bulk gold thermal
expansion for samples AuNR 3.9 11%, AuNR 4.4 11% and AuNR 3.9
13%. Dashed lines represent linear trends up to 120 °C.

We observe a linear increase of the AuNRs’ temperature with laser power until the onset of
morphological changes around 120 °C, in line with the predictions made from the theoretical
model presented in 4.2.1. Moreover, the slope of the linear trends increases with surface
coverage, which also aligns well with the model. Increasing the average surface coverage from
10.7% to 13.4% for AuNR 3.9 yielded a corresponding 1.4-fold augmentation in the obtained
temperature at a given power. The deviation from the linear trend observed above 120 °C can
be explained by the morphological changes and the accompanying modification of the
absorption properties of the AuNRs, shown by UV-Vis spectra of the NIR laser heated samples
(Fig. 13). A blue-shift in the longitudinal LSPR peak can be observed, resulting in a lowering
of the heating efficiency at 808 nm, eventually preventing further heating by increasing laser
power. These observations are in line with the theoretical model, as morphological changes
would result in variations in the AuNR radius (R) and absorption cross-section (caps) in Eq. 2.
No apparent difference between the two morphologies of AuNR (aspect ratio 3.9 and 4.4) could
be discerned regarding the temperature reached for a given power. As collective heating seems
to dominate for the supported AuNRs, as predicted by Eq. 1, it is feasible that the potentially
small differences in R and caps between the two AuNR morphologies have limited impact.
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For the samples with 11% surface coverage of AuNRs, the peak intensity or FWHM did not
change significantly above 12 W laser power but remained constant up to 24 W (details in
paper II). Indications of morphological changes in these samples are the deviations from the
linear trend in the temperature-power plot and the blue-shifts in the UV-Vis spectra obtained
after NIR heating experiments (Fig. 13A and B). For the 13% coverage sample however, there
was an obvious change in the peak shape upon NIR exposure of sufficient intensity, similarly
to what was observed during conventional furnace heating. This discrepancy could potentially
be linked to different level of clustering of the AuNRs in the 11% and 13% samples. SEM
micrographs after furnace heating to 250 °C reveal that the clusters appear to have transformed
into larger, more spherical structures, while the singular AuNRs have retained their rod-shape
but with a decreased aspect ratio (Fig. 12). The two fractions of nanoparticles would contribute
differently to the peak shape in the XRD patterns, wherein individual AuNRs would produce a
relatively broad peak, while sharpening and possibly intensity increase would be expected from
the larger, more spherical structures. A lower number of clusters in the 11% coverage samples
and lower temperatures reached during NIR laser heating compared to the 13% coverage
sample, could explain why we observed no discernible changes in the peak shape of the AuNR
3.9 11% and AuNR 4.4 11% samples during NIR illumination.

Based on the results from the in situ XRD studies, a precise correlation between the NIR laser
power, exposure time, temperature of the AuNRs, and onset of morphological changes can be
established. The findings give valuable insight for the practical application of the supported
AuNRs for PTT and in the development of antibacterial biomaterial modifications. The
observed onset of morphological changes of the AuNRs around 120 °C sets limitations on the
temperature than can be achieved for therapeutic purposes without permanently changing the
photothermal properties of the materials. The studies further show that by adjusting the surface
coverage of AuNRs on the support, it is possible to tune the NIR laser power required to reach
this temperature threshold.

4.3 Antibacterial activity

The antibacterial activity of the AuNR-functionalised materials upon irradiation with NIR light
was evaluated against S. aureus as a function of laser intensity for 30 s irradiation time. The
evaluation was performed using an agar plate model, wherein samples were placed with the
AuNR-functionalised side down onto bacterial-covered agar plates, irradiated with NIR light,
and after incubation, the number of colonies on the samples counted. Bare titanium (Ti) and
glass (Glass) samples were used as control.

4.3.1 Gold nanorod-functionalised titanium

From the in vitro antibacterial activity evaluation of the AuNR-functionalised titanium (Fig.
15) a significant antibacterial activity was observed for both Ti and Ti-AuNR irradiated at 10
W/cem? for 30 s, compared with all other sample groups. As no significant antibacterial activity
was observed for the non-irradiated Ti-AuNR, the AuNR-functionalisation in itself did not
influence bacterial viability. Irradiating the Ti-AuNR at 10 W/cm? resulted in an 82.1%
reduction in bacterial viability compared to the non-irradiated Ti-AuNR (average CFU/cm?
values compared). However, no significant difference was observed compared to the Ti
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irradiated with the same irradiance. Moreover, the Ti irradiated at 10 W/cm? exhibited at 70.9%
reduction in bacterial viability compared to the non-irradiated Ti. For the lower irradiance
evaluated of 5 W/cm?, no significant antibacterial effect was shown for Ti or T-AuNR.

The results from the in vitro antibacterial activity evaluation showed that when using titanium
as the support for the AuNRs, no significant antibacterial effect caused by photothermal heating
of the AuNRs could be discerned. The antibacterial activity observed could instead be

[Ti CTi-AuNR

a

I ..

Irradiance (W/cm?) Irradiance (W/cm?)

Fig. 15. Antibacterial activity against S. aureus of Ti-AuNR irradiated with NIR light
for 30 s of different irradiances (0 = non-irradiated, 5 and 10 W/cm? (A) Showing
example pictures from the agar plate model with bacterial colonies appearing as yellow
dots and the black dashed circles indicate the sampling area, and (B) data expressed as
CFU/cm? (n=9). Significance level: p < 0.05.

correlated to the laser irradiance used during NIR exposure, where at a high enough intensity
(10 W/cm?) a significant reduction in viable bacteria was noted for both Ti and Ti-AuNR. The
antibacterial effect was therefore attributed to NIR light absorption of the titanium, which has
a high optical extinction coefficient at 808 nm, resulting in bulk heating of the substrate. This
assumption is further corroborated by the fact that titanium is established to have plasmon
damping properties, wherein the disruption of the plasmon resonance stems from titanium’s
dielectric function, which introduces absorption and affects the refractive index locally [46,47].

4.3.2 Gold nanorod-functionalised glass

From the in vitro antibacterial activity evaluation of the AuNR-functionalised glass (Fig. 16) a
significant antibacterial activity was observed for the Glass-AuNR irradiated at 20 W/cm? for
30 s, compared to all other sample groups. The Glass-AuNR irradiated at 20 W/cm? showed a
99.1% reduction in viable bacteria compared to the non-irradiated Glass-AuNR, and a 99.2%
reduction compared to the Glass control exposed to the same irradiance (average CFU/cm?
values compared). For the lower irradiances evaluated, 5 and 10 W/cm?, no significant
antibacterial effect was observed for the Glass-AuNR irradiated with NIR light, showing the
clear laser intensity-dependency of the antibacterial effect. No significant antibacterial activity
could be noted for the non-irradiated Glass-AuNR, indicating that the AuNR-functionalisation
in itself did not influence bacterial viability. It furthermore highlights the light-activated nature
of the antibacterial effect observed.
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As the glass substrates are transparent to NIR light, the antibacterial activity observed for the
Glass-AuNR irradiated at 20 W/cm? can be attributed to plasmonic heating of the AuNRs. This
is further validated by the lack of antibacterial activity observed for the irradiated Glass control,
showing that the laser intensity itself did not influence bacterial viability. The local nature of
the photothermal antibacterial effect is emphasised by the clear bacterial growth observed
outside the illuminated area (Fig. 16A). Obtaining a local effect is of relevance as it is desirable
to develop a modification strategy that effectively can combat bacterial colonisation, while
simultaneously having minimal detrimental effects on surrounding tissue.

[1Glass [ Glass-AuNR
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Fig. 16. Antibacterial activity against S. aureus of Glass-AuNR irradiated with NIR light for 30 s of
different irradiances (0 = non-irradiated, 5, 10 and 20 W/cm?. (A) Showing example pictures from the
agar plate model with bacterial colonies appearing as yellow dots and the black dashed circles indicate
the sampling area, and (B) data expressed as CFU/cm? (n=9). Significance level: p < 0.001.

The SEM micrographs from the antibacterial activity evaluation in Fig. 17 were taken at the
edges of the colonies visible in Fig. 16A, where the number of bacteria were few enough to
visualise the underlying substrate, for the samples were this was relevant. The micrographs in
Fig. 17A-C for samples Glass, Glass 20 W/cm? and Glass-AuNR respectively, show the
formation of bacterial biofilms on the sample surfaces. In contrast, for Glass-AuNR irradiated
at 20 W/cm? (Fig. 17D) no biofilm formation occurred, and only small clusters of bacterial cells
could be observed at a few locations. The large difference in bacterial load on the samples
correlate well with the quantified antibacterial activity in Fig. 16. SEM characterisation
moreover revealed the AuNR-functionalisation to be largely unaffected after the in vitro
antibacterial activity evaluation (inserts in Fig. 17C and D).
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Fig. 17. SEM micrographs samples from the antibacterial activity evaluation against S.
aureus of Glass-AuNR irradiated with NIR light of different irradiances. The samples
shown being (A) Glass, (B) Glass irradiated at 20 W/cm? for 30 s, (C) Glass-AuNR, and
(D) Glass-AuNR irradiated at 20 W/cm? for 30 s. The low and high (insert) magnification
scale bars are 2 um and 500 nm, respectively.

In our study, a clear antibacterial efficacy was observed for glass functionalised with around
100 AuNR/pum? (12-13% projected area coverage), compared to previous studies where
material coverages ranging from a few hundred nanoparticles per pum? to complete multilayer
coatings on the surfaces can be found [8,23-26]. The AuNR loading required to obtain an
antimicrobial effect is an important aspect, as ideally the modification should not impede the
innate tissue-interactive properties of the biomaterial to any significant extent. By employing
high AuNR loadings, the innate properties of the biomaterial will undoubtedly be affected.
Moreover, tightly packed or clustered AuNRs will interact through plasmon coupling, resulting
in alteration of their optical properties and thereby impact on the photothermal efficiency. The
well-dispersed surface-immobilisation achieved here allowed the AuNRs to retain their optical
properties with minimum perturbation by plasmon coupling. Simultaneously, the low loading
of AuNRs allowed the surface elemental composition to be dominated by the chemical
composition of the substrate. Taken together with the clear antibacterial activity observed at
sufficient NIR light intensities, the AuNR-functionalisation developed shows promise as an
effective antibacterial modification strategy that minimises impact on the biomaterial’s innate
properties.
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5. Concluding remarks

This thesis focused on the use of supported gold nanorods and near-infrared light for the
development of photothermal antibacterial biomaterial modifications. Straightforward and
reproducible material preparation procedures for the surface-immobilisation of AuNRs on glass
and titanium have been developed, and the properties of the materials were evaluated. The two
main focus areas were evaluating the photothermal properties of the AuNRs supported on glass
with in situ X-ray diffraction (paper II), and investigating the in vitro antibacterial activity of
the AuNRs supported on titanium and glass (paper I).

From the results of the in situ XRD studies, a correlation between the NIR laser power,
temperature of the AuNRs, and the onset of morphological changes could be established. In
accordance with the referenced theoretical model for periodic nanoparticle arrays, we observed
that the temperature of the AuNRs’ increased linearly with laser power within a certain
temperature range. The slope of the temperature-power profile demonstrated a dependence on
the AuNR surface coverage, thus providing a way of tuning the photothermal behaviour of the
systems. Within the accuracy of our methodology, no differences in how the AuNRs responded
to NIR laser heating and conventional furnace heating were discerned. An onset of
morphological changes in the AuNRs was observed at 120 °C, far below the melting
temperature of bulk gold. SEM imaging of post-experiment samples revealed the
morphological changes to include a decrease in aspect ratio of individual AuNRs and
coalescence of clustered AuNRs. The changes were accompanied by a blue-shift in the
longitudinal LSPR peaks, shown in the UV-Vis spectra of post-experiment samples, motivating
the deviation from the linear temperature-power profile observed in the NIR laser heating
experiments. The findings give valuable insights into the photothermal properties of supported
AuNRs, critical for their practical application in antibacterial biomaterial modifications.

From the evaluation of the antibacterial activity of gold nanorods immobilised on titanium and
glass upon NIR light irradiation against S. aureus, a clear discrepancy between the two support
materials was demonstrated. A laser intensity-dependent antibacterial activity was observed for
both materials, however a significant difference in the origin of the effect could be noted. For
titanium, the antibacterial activity was attributed to NIR light absorption by the substrate
leading to heating of the samples, with no evident effects from plasmonic heating of the
AuNRs. However on glass, a significant antibacterial activity attributed to local plasmonic
heating of the AuNRs was observed. The developed modification strategy thus showed a clear
antibacterial effect on glass, while only introducing minor alterations to the surface chemical
composition of the support, showing promise for retention of the biomaterial’s innate
properties. The results are importance for advancing the design of antibacterial biomaterial
modifications using gold nanorods and NIR light, and for deepening our understanding of the
interactions between nanomaterials, biomaterials, and bacteria.
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6. Future perspectives

As revealed from the in situ XRD studies, the temperature-power profile from the NIR laser
heating experiments were dependent on the surface coverage of AuNRs on the support. Further
investigations into how this dependency behaves by examining additional surface coverages
would be of great interest to deepen our understanding of the systems. Additionally, performing
TEM characterisation of the post-experiment AuNRs could reveal more detailed information
on morphological changes induced by the NIR laser and conventional furnace heating, and
shed light on potential effects on the AuNRs’ crystal structure.

Regarding the antibacterial activity of gold nanorods on titanium, it would be of interest to
investigate whether an effect from plasmonic heating of AuNRs could be achieved by tuning
the system further, possibly by introducing a spacer or coating between the titanium substrate
and the AuNRs, which could reduce the influence of plasmon damping [46,47]. Furthermore,
extending the modification strategy to additional biologically relevant support materials would
be of significant importance, furthering the investigation of how the material influences the
antibacterial activity of the supported AuNRs.

For the gold nanorods on glass which exhibited a significant antibacterial activity from
plasmonic heating upon irradiation with NIR light, in vitro cytotoxicity evaluations need to be
conducted to evaluate the biocompatibility of the developed modification strategy. By
extension, future investigations on how the materials perform in vivo using an animal infection
model would be of great relevance.
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